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Executive summary

This graduation project explores the problem
ofteachingengineeringeducationthroughthe
course Understanding Product Engineering
(UPE) to first year bachelor students at the TU
Delft faculty of Industrial Design Engineering,
which is a significant issue in the context of
the reduction of time allocated to technical
subjects in the programme. Moreover,
students are not applying their engineering
knowledge and skills in their design projects,
possibly meaning theway itis educated is not
effective. The primary goal of this research
is to design an experiential machine, aiming
to address the lack of practical, hands-on
learning experiences in early engineering
education through the development of a
prototype and accompanying educational
module. This is guided by the Productive
Failure learning approach.

The project began with an initial exploration
phase, where the different subjects of
UPE were explored, a questionnaire was
conducted and literature was reviewed to
understand the end users’ needs and how to
effectively teach subjects. From this, several
key findings emerged, including the choice
of direction for statics with a focus on beam
bending. Additionally, it was discovered that
teaching relies heavily on the way motivation
in students is created.

Based on these insights, the next phase
involved  generating design concepts
and developing a proof of concept for
an experiential machine, guided by the
requirements that followed from a deeper
look into the subject of statics and beam
bending. This concept phase culminated
in the embodiment of the Educational
Deflection Analyser (EDA), which was further
refined through technical assessments and
user tests.

To validate the design, two user tests were
conducted, and the results indicated that
the EDA is a functional proof-of-concept
with the potential to engage students by
sparking their curiosity to learn something
new. Despite requiring some future iterations
concerning the usability and full integration
in the educational context, the project
successfully developed a setup to teach first
year students the fundamentals of product
engineering.

In conclusion, this report demonstrates that
with continued development, the EDA holds
the potential to become an effective learning
tool in the future to make engineering
education enjoyable and see the application
reflected in design projects. Future work
could focus on the improvement of the user-
friendliness, elaborate evaluation and digital
integration of the electronics.
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Introduction

This report is a master thesis by Kiet
Stiemer, created under the faculty of
Industrial Design Engineering (IDE) at the
TU Delft during the master programme
Integrated Product Design.

1.1 Context

At the IDE faculty, the bachelor program
Industrieel Ontwerpen is offered. During the
first-year course Understanding Product
Engineering (UPE) different basic engineering
subjects are covered: basic maths, statics,
NVM lines (normal-, shear force and bending
moment), stress and strain, manufacturing
techniques and product architecture. This
used to be split up in three different courses
spanning a total of 30 weeks, but due to
revisions of the bachelor this has been
condensed in a single 10 week course. This
means the way the subjects are taught needs
to be highly effective.

Figure 1: The LETT (Welling, 2014)

The course coordinators apply the Productive
Failure (PF) approach (Kapur, 2008), in
which they let ‘experiential machines’ play
an important role. Experiential learning is
based on a theory by David A. Kolb (Institute
for Experiential Learning, 2023). Students are
encouraged to try principles and methods
out by themselves, during which things
are allowed to go wrong. It is stimulated to
learn from mistakes. For example, the Low
Entry Tensile Tester (LETT) is used to teach
about material properties and tension and
compression (see Figure 1). The first year
consists of 350 students and during this
course they usually have an afternoon to use
such a machine to get practical experience
with the current week’s topic.
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1.2 Problem definition

Now, there is a lack of diversity in these ex-
periential machines. The coordinators have
evaluated the presence of UPE knowledge
in the bachelor final project, by asking the
project coaches to rate the presence in the
reports they assessed (Persaud & Flipsen,
2024).

The results are shown in Figure 2. They con-
clude that the visible usage of engineering
topics is very low, especially on the funda-
mental subjects like statics and internal
stresses. This forms another reason for the
wish of more experiential machines, as they
hope these improve the students’ retention
over time and to see this reflected in the final
project.

Mainly statics, manufacturing and product
architecture lack a setup like the LETT. It is
of great value that students can learn about
these techniques in a hands-on way, as this
stimulates the learning process. Especially

the more abstract principles like statics are
easier to understand when put into practice.
Therefore the assignment is to design a new
machine for any of those subjects, as stated
inthe original graduation project assignment
(Appendix 1). The original, formulated assign-
ment prior to starting this project is to Create
an experiential machine to improve the hands-on
education in basic engineering principles for first
year bachelor students (Appendix 2).

Students can stare at a text book for hours
and get a vague understanding, or spend one
afternoon practising this theory and under-
stand it way better. This will create value lat-
er in their studies or career, as however you
slice it, they will encounter moments where
their knowledge about basic principles helps
them. Furthermore, engineering should be fun
and attractive to beginning design engineers.
Based on the Motivation Continuum by Viss-
er (2017), it is crucial for students’ motivation
that their reason to take action is personal
interest and excitement-driven. Engineering

2. Concerning the students that have chosen IPD-technology solutions, which Mechanical Engineering
knowledge did your students apply for developing their design:

Meer details

M Nooit M Soms M Vaak

Mathematics (solving systems of linear equations,
MAPLE software)

Materials (mechanical properties, environmental
impact, Bill of Materials, Granta Edupack)

Manufacturing (Production techniques)

Connections, fasteners, and components (Solid
Works, Assembly, Exploded view)

Free body diagrams, external Forces (N) and
Moments (Nm)

Normal shear or bending stresses (compression,
tension, breaking, and bending)

100%

0% 100%

Figure 2: Different engineering topics applied in bachelor final project (Persaud & Flipsen, 2024)

is often seen as difficult and students get de-
motivated quickly. The imagined experiential
machines should spark more enthusiasm for
the engineering side of IDE.

The assignment requires the end product
to be low-cost, as it might be produced 20
times so all first year students have access
to it. Besides this, it should be possible to
apply the Productive Failure approach with
this machine, mainly meaning the way it is
setup needs to allow for trial and error. If it
is too perfect, students cannot make (valua-
ble) mistakes. Lastly, the design should also
come with an accompanying educational
module that includes assignments.

The initial goals and basic design require-
ments that follow from the problem defini-
tion are summarised in Table 1. The require-
ments are expanded throughout the project.

List of
requirements
Questionnaire Storyboard

Methods: Observation How-to'’s

Table 1: Initial design goals and basic require-
ments

Goal

Must have an accompanying educational module

The Productive Failure approach must be
implemented in the design and assignment module

Must offer a physical, hands-on experience

Must be scalable to 20 units

Cost must stay under €500

Users must acquire an improved understanding of
the subject

Product
Weighted usability
objectives How-to’s evaluation

Problem / Concept
assignment creation

Choose
direction of

statics /
bending

\ / concept

Finalise and
individual evaluate Result
prototype

Concept
evaluation

Choose final

Figure 3: The Triple Diamond process of the graduation project

1.3 Methodology

During this project, the Triple Diamond meth-
od isused.Thisis an adaptation of the classic
Double Diamond design method by Design
Council (2005) that can effectively be used
to communicate the design process of this
project (Figure 3). In broad terms, this report
follows the same structure. As shown, the di-

rection that is chosen for the project is stat-
ics as subject. This will be discussed in chap-
ter 4. Shown are also the design and research
methods that are used in the specific phases
of the project. Most methods are based on the
Delft Design Guide or DDG (Van Boeijen, Daal-
huizen, Zijlstra, & Van der Schoor, 2017).



Initial exploration

In this chapter, the problem space is ex-
plored. This is done by analysing the current
situation and reviewing relevant literature.
Simultaneously, first ideas are created,
shown in the following chapter. This leads
to a choice of direction, as the course UPE
involves 7 different subjects, each of which
has the potential to be improved with an
experiential machine.

2.1 UPE

The course UPE covers seven subjects, which
are shown in Figure 4 in chronological order.
The UPE subjects can be divided into the more
fundamental part of product engineering and
the more advanced part. Maths, statics, ma-
terials and stress & strain are fundamental,
where manufacturing and product architec-
ture are about the application of the funda-
mentals.

2. Materials 4. NVM lines S. Stre§s & 6. Manufacturing 78 Prod uct
strain processes architecture

Figure 4: Division of UPE subjects

The course is ten weeks and starts with sub-
ject one. Generally, one subject is covered
each week. This are many subjects for the
time span of the course and it is a conse-
quence of the renewal of the bachelor pro-
gramme. These subjects used to be taught
during three different ten week courses,
called Product Statics, Engineering for De-
sign and Manufacturing and Design. Now,
students need to learn the same subjects but
simplified and in shorter time. They general-
ly have half a day of lectures and half a day
for a workshop. The goal of the workshop is to
get familiar with the subject. To improve this,
the IDE staff chooses to use the Productive
Failure approach to these workshops. This is
described and explored in a separate section
(2.5).

The choice to teach these subjects derives
from the way the bachelor programme is or-
ganised, which is by means of Final Attain-
ment Levels (FAL’s).
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2.2 Education & regulation

The faculty works with FAL’s, these are skills
or knowledge that students should have ac-
quired at the end of their bachelor. The FAL's
aredivided over the bachelor courses to make
sure all levels are covered. The more technical
ones are connected to courses like UPE, e.g:

* Level 2.2.1 Statics and dynamics "Students

are able to apply the basic principles of
statics, mechanics and dynamics in prod-
uct engineering"

* Level 2.2.2 Materials and Manufacturing
"Students are able to apply knowledge of
a variety of materials and manufacturing
processes and the related opportunities
and limitations for embodiment design"

From the FAL’s, the LO’s of the course are de-

termined.

FAL 2.2.1 corresponds with
* 1.3 "Apply the basic principles of statics in
product engineering including free body di-
agrams and equilibrium equations."

FAL 2.2.2 corresponds with

* 1.4 "Apply knowledge about the most com-
mon materials and manufacturing pro-
cesses, and the associated possibilities
and limitations for product design"

* 1.5 "Apply the basic principles of mechan-
ics of materials and materials science in
the most common construction situations
within the context of product design"

1.7 Make a reasoned
judgement on the
choice of materials
to create an envi-
ronmentally
sustainable prod-
uct (3.3.2)

1.3 Apply the basic
principles of statics
in product engi-
neering i.a. free
body diagrams and
equilibrium equa-
tions (2.2.1)

1.6. Apply basic
mathematics in the
context of product
design (2.1.1)

1.5 Apply the basic
principles of
mechanics of materi-
als and materials
science in the most
common construc-
tion situations
within the context of
product design

The existing LETT machine fits the latter part
of UPE. Mainly material from LO 1.5 is covered,
as the LETT revolves around material proper-
ties like the Young’s modulus and yield and
tensile strength.

The different subjects and corresponding
learning goals are organised in a diagram
thatis made in collaboration with Robin Taen.
This diagram is used to identify design op-
portunities for the UPE subjects. In Appendix
3, the full version is presented. In the over-
view, the FAL’s and LO’s are categorised using
the (revised) Bloom’s Taxonomy (Anderson &
Krathwohl, 2001). This is a way of categoris-
ing educational goals and objectives, among
other assisting with structuring curricula.
The six levels of Bloom are shown in Figure 5.

Bloom’s Taxonomy

Produce new or original work
e Design, assemble, construct, conjecture, develop, formulate, author, investigate

Justify a stand or decision
evaluate appraise, argue, defend,judge, select, support, value, critique, weigh

jons among ideas
ize, relate, compare, contrast, distingiish, examine,

xecute, implement, solve, interpret, operate,

Explain ideas or concepts
dlassify, describe, discuss, explain, identity, locate, recognize,
understand BT

Recall facts and basic concepts
define, duplicate, list, memorize, repeat, state

Vanderbilt University Center for Teaching

Figure 5: Bloom’s Taxonomy levels (Armstrong,
2010)

The result of this analysis is summarised in
the visual in Figure 6.

1.4 Apply knowledge 1.1 Use semi-formal
of the most and formal meth-
common materials ods to analyse the
and manufacturing product architec-
processes and the ture of products
associated oppor- with respect to
tunities and limita- technical and
sustainability
aspects (2.5.1)

1.2 Use analytical
and experimental
methods to test and
evaluate functional
and non-functional
properties of a
technical product
architecture (2.5.2)

tions for product
design (2.2.2)

3. Statics

\

Density meter ?

Figure 6: Opportunities for UPE subjects

4.NVM lines

6.
Manufacturing
processes

7. Product
architecture

As can be seen, there are four subjects that
lack any experiential machine, as Materi-
als (2) has a setup that helps to find out the
density of a material and Stress & Strain (5)
has the LETT. The density setup is technically
not an experiential machine, but as the oth-
er subjects have no setup, it is decided to fo-
cus on those. Maths (1) have been excluded,
as the level that is taughtis considerably low,
therefore it does not seem a priority and is
left out of scope. In the analysis, open-book
UPE exams are also evaluated and questions
categorised on Bloom’s level. It becomes ap-
parent that there are subjects that should
be taught at a higher blooms level, like ‘an-
alyse’ or ‘evaluate’, but sometimes the ques-
tions only go as far as ‘remembering’. This is
most likely attributable to a shortage of time
in the course. That phenomenon is true for
Manufacturing processes (6), as the exam
questions are mostly to rate four statements
about a pictured process on correct/false,
while students can look this up in their book.

It also stands out that Product architecture
(7) is not examined in most of the exams, and
when it is, the difficulty of the question is
very low level. This subject does therefore not
seem to have a high priority.

2.3 Exploring student difficulties

in UPE

To get further insight in the opportunities,
the pitfalls that students encounter were
explored. Together with Robin Taen, another
graduate student with the same starting as-
signment, a questionnaire is conducted. The
questionnaire has two parts: in the first part,
the participants answer questions related to
technical insight. The goal here is to identify
what subjects are answered incorrectly the
most. The second part is more generic and
focused on their experience with UPE. Here
the students can, amongst other things, in-
dicate which part(s) of UPE were the hardest
for them. Full results of the questionnaire are
discussed in Appendix 5.

The questionnaire was filled in by 23 partici-
pants, of which some did not answer all ques-
tions due to a slight change to the questions
halfway through carrying it out. The partici-
pants were all bachelor students except for
one. From the participants, 87% finished the
course UPE successfully.

2.3.1 Findings

The results give an indication of what stu-
dents struggle the most with. Questions
about manufacturing or related design in-
sight fluctuate in response accuracy. Many
people know what the body of a car is made
of, but the large majority overestimates the
thickness of the material by a large factor.
It also is clear most people know injection
moulding as a common plastic manufactur-
ing process, but their knowledge does not go

13
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further as they mistakenly identify a rotation
moulded object for an injection moulded one.
In a typical statics exercise, choosing the cor-
rect option may not be too difficult for stu-
dents, but explaining why they made that
choice is often more challenging. Many stu-
dents forget that a force applied over a dis-
tance creates a moment. Despite this, their
intuition often guides them to the right an-
swer, even if they can’t fully explain the rea-
soning behind it.

Choosing the correct orientation for an H or |
beam under load is done incorrectly around
one third of the time, possibly indicating a
lack of understanding of where a load creates
the largest stress and of moment of inertia.
Something else the participants seem to
struggle a lot with is choosing the correct
shear force and bending moment diagram for
a given load situation. This also corresponds
with what they indicate when asked what
UPE subject they found the hardest (Figure
7). The top three are clearly the fundamentals
of product engineering. When asked why they
chose their answers, there is no clear reason
that occurs most often. The answers range
from abstraction and absence of preexist-

Count versus Subject

Basic mathematics and
vectors

Materials {determination,
metals, polymers,

Statics

MYM lines (normal force,
shearforce, bending

Subject

Stress and strain

Production methods

Product construction and
joints

ing knowledge for NVM lines to not getting
enough time to internalise something.

2.3.2 Limitations

The questionnaire is a first tool to explore
the problem space. Its execution is of value
for the project, but as it is quite broad and
quickly setup, fully scientific evaluation is
complicated. As stated by (Van Boeijen, Daal-
huizen, Zijlstra, & Van Der Schoor, 2017d), the
quality of the results depend heavily on the
quality of the questionnaire. If students an-
swer questions correctly, depends a lot on the
difficulty level of the question, which is deter-
mined by the questioners and only loosely-
based on exam questions. This decision was
made to ensure the questionnaire remained
approachable and not overly challenging for
participants. Additionally, keeping it concise
helped prevent participants from becoming
overwhelmed or stopping before completion.
The respondents were from different study
years and in the analysis it was not checked
if there was a performance difference be-
tween the cohorts. However, something simi-
lar is done by Persaud & Flipsen (2024) with
a retention test concerning UPE.

10 15

Count

Figure 7: Amount of times participants (n=23) rank a specific subject to be difficult

2.4 Retention

In the mentioned paper, the researchers try to
evaluate if their Productive Failure approach
in UPE affects the retention of theoretical con-
cepts. They do so by letting second year stu-
dents perform a mini-exam during the first
lecture of the engineering course Product En-
gineering (PE) and comparing the results over
the years. In the results, it is clear retention
reduces with each cohort, but no conclusions
can be drawn as to what the effect of the PF
approach is. The results do indicate the most
recent cohort to be more confident in answer-
ing, as they do not answer "l don’t know" as
often as the other cohorts, even though the
amount of wrong answers is similar.

This retention test will be done annually, so

Q1. Manufacturing

Q2. Free Body Diagram

Q3. Mechanics and materials

Q4. Internal forces

Q5. Internal stresses

Q6. Analyzing materials

0% 20%

B Wrong

I don't know

more data is gathered in the future. For this
experiential machine project, there is poten-
tial to test if a group that uses such machine
has better Retention Time than a group that
was instructed with a traditional approach. If
these experiential machines get implement-
ed in the course, this could perhaps lead to
improved retention in the cohorts that used
them.

In the test, there were six questions, each
about a different topic. The results of these
questions are shown in Figure 8.

Looking at the percentage of correct answers,
the fundamentals of engineering score the
worst. This also corresponds with what stu-
dents indicate in the questionnaire.

40% 60% 80% 100%

Half good Good

Figure 8: Results per retention test question, total of all cohorts (Persaud & Flipsen, 2024)
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2.5 Productive Failure

The used Productive Failure approachis about
letting students solve problems that they do
not have the skills for without instruction:
although it may seem counterproductive to
leave them to struggle with something they
will definitely fail at, it is actually a "produc-
tive exercise in failure" (Kapur, 2008). After
this struggle phase, instruction is given. This
hopefully creates an "aha!" moment where
the solution suddenly seems clear. The stu-
dents then revisit the problem or they solve
a similar one, now with better results. This
is distinctively different from the traditional
"direct instruction" approach, where a stu-
dent is taught quite in depth about a subject
and then given exercise material (Figure 9).

In another paper, Sinha and Kapur (2021)
prove that the approach works especially for
conceptual knowledge and transfer. For in-
dustrial design engineers, this specifically
is the most relevant type of knowledge. They
have to be able to account for mechanical
principles when designing, but do not have to
goin-depth like mechanical engineers.In this
graduation project, it is therefore most rele-
vant that conceptual knowledge about the
fundamental subjects of UPE is transferred
better.

To achieve this, the Productive Failure Design
Cycle (PFDC) is used to create an accompa-
nying workshop assignment. The PFDC is cre-
ated by Persaud and Flipsen (2023), who ap-
ply the PF approach in UPE and other courses
in the IDE bachelor curriculum. The cycle is
shown in Figure 10.

Productive

Traditional .
Failure

Instruction

Problem Solving

Instruction

Problem Solving

Problem Solving

Figure 9: Basic comparison between traditional
approach versus PF

1. Core
Concept

2. Exam

6. Redefine Question

Design Cycle
for complex
PF problem

3. Real

Application

4. Problem

Figure 10: The Productive Failure Design Cycle to
come to PF based workshop assignment (Per-
saud & Flipsen, 2023)

For this project, the LO’s of UPE (chapter 2.2)
are used for step 1 Core Concept. The struc-
ture of a workshop is recommended to be
as shown in Figure 11. This is how current
UPE workshops are organised, therefore this
structure can act as a template for the edu-
cational module of this graduation project.

PREPARE

* QUIZZ: Formative exam: questions related to the lecture (10 minutes)

PROTOTYPE

2. Problem Introduction: Explanation of the assignment (5 minutes)

* 3. Guided Brainstorm: Brainstorm Solution Strategies with the group (10 minutes)

*4. Select and Try: Student select a strategy and execute that in duos or individually (30 minutes)
*5. Share: Share their findings (15 minutes) )

*6. Direct Instruction: Video with explanation of the step by step approach to solve the problem\
(10 minutes)
* 7. New context with exactly similar problem: (5 minutes)

* 8. Solve Individually (30 minutes) )
\
*9. Wrap up: Evaluate key findings (15 minutes)
J

Figure 11: PFDC workshop structure (Persaud & Flipsen, 2023)
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2.6 Experiential learning

Using PF, experiential learning is promoted in
UPE as an autonomous learning approach
(Persaud & Flipsen, 2023). The Kolb Experi-
ential Learning Theory is a framework devel-
oped by David A. Kolb (Institute for Experien-
tial Learning, 2023). The theory describes how
people can learn through experiencing. The
ideal process of learning is described in the
Experiential Learning Cycle, shown in Figure
12.

Figure 12: Experiential Learning Cycle (Institute
for Experiential Learning, 2023)

The four steps of the cycle are integrated in
the UPE workshops. They can be recognised
in the PFDC workshop structure, where for
example reflecting happens through sharing
findings in class and in the wrap up phase.
These elements should be incorporated in
the design of the concept and educational
module.

2.7 Learnings from observing
usage of the LETT

The Low-End Tensile Tester, originally creat-
ed by Welling (2014), had the aim to facilitate
easier access to tensile testing machines for
students. Before its creation, students often
only could watch a professional use an ex-
pensive, industrial grade machine. This caus-
es students to forget about material testing
and material properties after a couple of
years. Actual interaction with these princi-
ples is way more valuable.

The LETT is a good example of an experiential
machine, as it makes a subject normally only
taught in theory tangible and concrete. Even
though it cannot be used as a professional
tensile tester, it still teaches the basic princi-
ples and makes it possible to learn about ba-
sic material properties like Young’s modulus
and yield strength, which can be derived from
measurements.

: S= ;l

Figure 13: Students using the LETT

The LETT was used during the elective Ma-
terials & Manufacturing while running this
graduation project. This made it possible to
observe how the interaction with this device
progresses (Figure 13), possibly leading to
insights for the in this project designed ma-
chine. The observation is direct and non-par-
ticipant, meaning the researcher is present
in the situation to observe without actively
partaking in the activities performed by the

subjects (Ciesielska, Bostrom, & Ohlander,
2017).

A few things stood out:
e Students understand the graphical user
interface of the software quite well
* The general idea of the machine is clear
and easy to grasp
It is hard to clamp material samples in
the grips
* The material often slips out of the grip
* The material often breaks where it is fixed,
leading to inaccurate measurements
¢ Some students do not have a lot of ex-
perience with tools, making the material
change a little harder
* The setup can only be accessed from the
front, making it harder to work on it with
more than one person
* Sometimes students struggle with exper-
imenting, but when they discover some-
thing it leads to a positive reaction

The LETT can be used for tension and com-
pression tests and currently also has an add-
on for small three point bending tests. It is
also possible to test material fatigue with a
load cycle mode in the software. The tests can
be related to situations that are also common
in statics exercises, but one situation that
often occurs is not covered. This is the can-
tilever beam: a beam that is fully supported
(fixed) on one end and free on the other.

In the interaction, it is noticeable that some
students have more difficulty using the LETT
than others. An assumption for a reason that
could cause this is a lack of confidence in ex-
perimenting combined with a lack of experi-
encewith usingtools and machines. Students
are often used to having to do something be-
cause they will get a reward or punishment
for it. This can easily make them insecure
and refrain from doing something. This is ex-
trinsic motivation, while intrinsic motivation
is about doing something because you find it
interesting yourself. A theory behind the mo-
tivation to do something is the Self Determi-
nation Theory (SDT) by Ryan and Deci (2000).
The next section will delve deeper into this
theory.

19
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2.9 Self Determination Theory
The SDT distinguishes between different mo-
tivation types based on the different reasons
that make someone take action. Here, the
most basic distinction is between extrinsic
and intrinsic motivation. Using "the motiva-
tion continuum" by Visser (2017), more in-
sight is gained in how these motivation types
emerge and how they influence behaviour
and emotions (see Figure 14).

Within this project, it is crucial that students
engage with the design because they per-
ceive it as both useful and interesting. When
students are motivated by genuine interest,
their learning experience tends to be more
positive and can lead to deeper understand-

ing.

The motivation continuum

E_,| Extent to which basic psychological needs (of autonomy, competence, and relate
s | | | |
5 Amotivation Controlled motivation Autonomous motivation
- 3 . . . .
g Feeling unable “mustivation” “wantivation”
‘g‘ and unwilling,

finding nothin G L L
) interfsting Org Extrinsic motivation Intrinsic
-3 . . . . .
S important Internalized motivation motivation
. | | | | | |
2 s e 5 - A
H Inactivity E:Bte.mal Pr‘ii?“re Internal pressure || Usefulness-driven Value-driven Interest-driven
E Passivity, be:;Esgesg?eite;I;ga 1 Doing something Doing something Doing something Doing something
5~ ] avoidance, e because of internal because experienced || because it fits with because it is
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Figure 14: The motivation continuum (Visser, 2017)

Inthe educational context of this project, spe-
cifically during the workshop, students will
experience a degree of extrinsic motivation,
or what might be termed "mustivation” (Fig-
ure 14). They will be assigned to groups and
given an assignment. However, it is essential
to create a sense of "wantivation," where stu-
dents feel that the activity benefits their own
learning and interests, rather than what the
majority is used to: just completing it to earn
a grade.

This approach aligns with the Productive
Failure methodology, where students tackle
problems without direct instructions. This
method encourages students to make mis-

This figure is based on the work by Richard Ryan and Edward Deci and many other researchers in the field of
Self-Determination Theory. The terms mustivation and wantivation were coined by Maarten Vansteenkiste.

takes as part of the learning process. To effec-
tively engage them, students should believe
that the problem is solvable and relevant to
their interests. Despite the inevitable mis-
takes, they will be "doing it wrong for the right
reasons,” ultimately leading to meaningful
learning. This principle should be a key con-
sideration when designing the experiential
machine.




- - - - Ideas were prototyped for manufacturing and
I n I t I a I e a t I 0 n for the fundamentals. The manufacturing
processes, like mimicking injection mould-
ing with candle wax, are interesting setups
and allow for a lot of experimentation. Other
processes could probably be created as well,
like sheet pressing, extrusion or blow mould-
ing. Most of these processes are relatively
visual and could therefore possibly also be
explained by animations, though the idea is
that knowledge will stick better when the stu-
dents get hands-on experience.

To start somewhere, in a few weeks a num-
ber of prototypes for different UPE subjects
are created. The objective is to come to in-
sightful findings by playing around with
V possibilities. The goal with these ideas are
r — not fully worked out devices and setups,
" but to see which ideas have potential. In Ap-
pendix 4 they are shown, in this section the
most important findings are presented.
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A topic that is harder to explain with pictures
and animations is statics. There are standard
icons for the supports that are used in FBD’s,
but they often do not resemble the real world.
The vector arrows for forces and moments

(losed die can also be quite abstract. To make it more
T( _f tangible, the supports were made into physi-
. - 1 Z cal versions (shown in Figure 15).

o meoldoa _ with chowlde 7 ] <= They can be swapped around, put in differ-
o E L{}*“ ent positions and configurations. This way,
' M students can discover how they really act
At and maybe find the connection with real life

k\?i’.’i ‘ supports and fixtures. Especially when using

a flexible material for this beam, it can be
observed what effect the different supports
have on the bending of the beam.

At the same time, these are quite literal trans-

Peodud, %_\'@M £ comechons

) / s lations, and only give limited insight into
T statics and FBD’s. A more advanced version
/ e would be the same set, but with sensors that
J I%L VAR can register the load and torque in different
| ] ij‘ directions. This way, students could for ex-
\ ample check their FBD’s in real life, enabling

them to play around and experiment.

\ ) an Figure 15: Physical set of typical supports in statics
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Exploration findings &
design direction

This first phase of exploration leads to the
identification of three main factors in this
project. This also comes with a choice of di-
rection, as discussed in section 4.3.

4.1 Educational context of UPE
First of all, there is the educational context of
the UPE course. It comes with the mentioned
learning goals, derived from FAL’s, and conse-
quently the subjects that are taught. It also
sets boundaries, like the fact students have
one afternoon for a workshop and one week
per subject. The methodology is also part of
this,whichis the Productive Failure approach.
During a workshop, students work in groups.
This is an element that needs to be taken into
account in the design.

4.2 Student related

considerations

Then there are the students themselves; they
struggle with certain subjects and concepts.
They amongst others, indicate the fundamen-
tals of engineering to be the hardest (stat-
ics, NVM lines (internal forces) and stress &
strain). They also do not score well on these
in the retention test by Persaud & Flipsen
(2024), as mechanics of materials (which
covers stress & strain) and internal forc-
es and stresses have the lowest percentage
of correct answers. A question in which stu-
dents have to choose the correct FBD out of 9
options is answered well, but statics is about
more than picking the right FBD. Creating
your own FBD requires a higher Bloom’s level,
specifically Applying, than simply choosing
the correct one, requiring Understanding.

Beyond the challenging material, students
also face a shift in educational approach.
As mentioned earlier, they are accustomed
to a reward/punishment system from high
school, which is rooted in extrinsic motiva-
tion. This can limit their willingness to exper-
iment and fail, and overcoming this restraint
is a challenge. Since UPE is one of the first
courses they take, it plays a key role in initi-
ating this change.
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4.3 Choice of UPE subject to be

addressed

Lastly, there is the subject that students need
to get a better grasp of, with the experiential
machine as a tool. This needs to be chosen
as a direction for the rest of this graduation
project. The exploration and ideation on the
different subjects aids this decision. The sub-
jects that already have an experiential setup
are left out, and for the others the following
arguments apply.

Statics is chosen as the direction for this pro-
ject, as it offers a chance to create something
new that can help students overcome one of
the larger pitfalls. To come to a fitting design,
a deeper dive into this subjects needs to be
taken, after which concepts can be created.

Subject Reasons (not) to choose
Statics + Seems biggest challenge
+ Big pitfall for students
+ Improved understanding helps other subjects
NVM lines — Hard to make physical
— Derives easier from statics
Manufacturing + Offers lots of experimentation for students
— Processes are already quite visual
— Other graduate Robin Taen will continue with this subject
Product architecture — Has low priority in exams and education

4.4 Additional requirements
Based on the previous research, new require-
ments are added to the initial requirements
and some requirements can now be specified.
The new requirements are shown in Table 2.

After taking a deeper look at the subject of

statics, more requirements will come up and
they are all presented in chapter 6.

Table 2: New requirements

Requirement

The design and assignment must be structured so that they can be fully used and completed
within a 4-hour afternoon workshop

Must improve the retention time of students over a traditional approach

Must offer a physical, hands-on experience — Must offer a physical, hands-on experience in stat-
ics

The assignment module needs to follow the structure as suggested in the Productive Failure
Design Cycle

The design must require students to manually set up an experiment with the machine (no
plug-and-play)

The design must be accessible to at least two persons at the same time

The design must incorporate elements that enhance students' intrinsic motivation ("wantiva-
tion") by ensuring that they perceive the activity as enjoyable and interesting
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Current challenges in
teaching statics

With this direction in mind, the topic of
statics can be explored further. Mostly, the
relevance of the different topics that fall
under statics and the connection to reality
are evaluated.
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5.1 Abstract nature of statics

exercises in mechanics
Students are traditionally taught statics
through exercises from books like Engineer-
ing Mechanics: Statics (Hibbeler, 2016). This
book specifically is used in the UPE course as
well. The ‘theme’ of the exercises that appear
in this book can roughly be divided into two:
1. Exercises about calculating if something
is balanced or about leverage (transmis-
sion of forces)
2. Exercises about calculating input for de-
termination of stress and strain
The first type of exercises often contain real-
istic situations like tools, cranes or car parts.
They have familiar graphics and are easy to
imagine (see Figure 16).

11b
025in.,  ,025in.

11b

Figure 16: Prob. 6-95. From Engineering Mechanics:
Statics (p.331), by Hibbeler, 2016.

The second category is relatively abstract, as
the examples are often not something that is
easy to imagine. Frequently, the object in the
exercise is a shape or construction that does
not occur in or is disconnected rom real life
like in Figure 17, or they are extremely specif-
ic exercises. Imagining these things can be
quite hard.

Figure 17: Prob. 5-22/23. From Engineering Me-
chanics: Statics (p.236), by Hibbeler, 2016.
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5.1.1 Sampling exercises experiment
The ratio between these abstract exercises
(stress and strain related) and more concrete
ones (about balance and leverage) is evalu-
ated. This way, the result can lead to a con-
clusion of what is more important to learn for
students. In this small study, 280 exercises
from the book Engineering Mechanics: Stat-
ics (Hibbeler, 2016) were sampled and cat-
egorised. This was done with chapters rele-
vant to the UPE courses: chapter 3.3, 4.4-4.7,
5.4, 57 and 6.6. For some chapters, exercises
were skipped that involved three-dimension-
al force systems and trusses as they are not
covered in UPE. Simultaneously, an entire
chapter about friction was skipped, as it is
neither covered.

The result shows that 31.8% of exercises is in
category 1, and 68.2% in category 2. The full
counts per chapter are in Appendix 6. Clear-
ly, over two thirds of the exercises are of the
abstract type and relate more to stress and
strain. If the exercises about trusses would
have been taken into account, this number
would be larger even.

What also stands out, is that the subjects
of the exercises are clearly related to me-
chanical engineering. This makes sense, as
the book was assumably originally made for
these students. At IDE, students used to fol-
low statics at the mechanical engineering
faculty, but that has changed. Now, the theory
in this book is relatively less relevant as typi-
cal industrial design products involve statics
in different ways. For example, office or aero-
plane furniture is more relevant in this field
of engineering, while still containing stat-
ics-related elements.

5.1.2 Findings from

experiment

Concluding, in engineering the focus is more
on finding reaction forces and determining if
products or constructions will hold up to cer-
tain loads, or that they might fail. Therefore,
considering statics in this project, it is more
relevant to design something related to this.
It is also clear that the abstraction of these
exercises can be a struggle for students. This
also relates to the SDT again, as without a
clear usage of theory, there is less "wanti-
vation". Teaching the application of the dis-
cussed type of statics in an improved way
theory could increase the understanding of
the need for it.

sampling

The application of the statics situations that
are input for stress and strain calculations
can be found in bending of beams. Often, a
situation can be reduced to a beam, of which
the amount of deflection can be calculated.
When the situation only involves tension or
compression, the situation is one-dimen-
sional. The LETT revolves around those situ-
ations. To take a step further, beam bending
could be considered as an interesting topic
for the design.

5.2 Understanding beam

deflection

The cantilever beam in one of the simplest
configurations is shown in Figure 18a. It is
fixed on one end and has a point load on the
other. The fixed support means that there is
two reaction forces and one reaction moment
(Figure 18b). This moment is not something
that is visible in real life, and makes it there-

a)

b) Ma

Ay

c)

Figure 18: The cantilever beam

If the load is not a point load but a distributed
one, the deflection formula is § = g—él with q
being the distributed load (unit N/m). The for-
mula becomes simpler when the load is not
caused by a force, but by a moment: § = %

Another effect that can occur when applying

fore an abstract phenomenon that can be
hard to imagine.

When continuing from statics to assessing
deformation, the beam would deform like in
Figure 18c. Using 8 = t=- and 6 = -, the max-
imum deflection and deflection angle can be
found. These common deflection formulas (in
Dutch called "vergeet-me-nietjes") are valid
under certain conditions, but function well as

approximations.

a load to a cantilever is the "wagging" of the
free end when a load is applied somewhere
else on the beam. To calculate the deflection
of the free end where the point load applied

in the3midd|e of the beam, the formula is
8 = e
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Real life applications that these cantilevers
appear in, are among other things:
* Wall mounted products like bicycle racks,
lamps, shelves, TV mounts
* Furniture like chairs with armrests or de-
signer fauteuils
* Constructions with overhang in the built
environment
* Flag poles
* Arms for e.g. microphones (boom arms) or
dentist/surgery equipment
* Mechanical constructions in automotive
or aerospace engineering

Figure 19: The simply supported beam

Here, there are no reaction moments as
shown in Figure 19b. In this specific situation,
there are in fact only vertical reaction forces.
This corresponds with the three point bend-
ing test that can be performed with the LETT.
The result would look like Figure 19c. The for-
mulas for this are § == and = -

What is interesting to realise, is that these
beams could be viewed as springs. This can

actually also be derived from the deflection

* Sailing boat masts

e Street furniture or infrastructure like

benches, street lanterns or poles

* Snap joints in product architecture
Another common supported beam configu-
ration is the simply supported beam, shown
in Figure 19a. It is worth noting that we are
limiting ourselves to statically determinate
situations, meaning they are stable and all
unknown reactive forces can be determined
from the equations of equilibrium alone (sum
of X and sum of Y direction forces and sum of
moments).

a)

b)

c)

formula, as the force exerted by a spring can
be described by Hooke’s law, F =— kx.

Here F is the spring force (N), k is the spring
constant (N/m) and x is the displacement
from the spring’s equilibrium position (m).
In the cantilever beam deflection formula, F
is the load applied on the beam, x is the de-
flection of the beam and k is the equivalent of

L

~5 » as this is constant too.

5.3 Choice of focus within

statics education

From this evaluation of statics education fol-
lows the insight that to make a relevant con-
cept, statics could be combined with what
normally follows after: stress and strain. Spe-
cifically, bending of beams is a more visual
and in designing relevant phenomenon.
Therefore, in the following concept develop-
ment phase, this is taken into account. The
cantilever beam has an extra focus, as it in-
volves the abstract counter moment, is rele-
vant in design, not covered with the LETT and
its deflection equation lends itself well for
teaching relevant design properties.
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Now, the main question is Which experiential
machine can serve as an educational tool to
teach statics in a hands-on way with a focus
on beam deflection? The answer, or the final
concept, will have to meet the requirements
listed in Table 3. During the design process,
new requirements can come up. These are
listed in the corresponding chapter. The full

PoR can be found in Appendix 7. To keep track
of the status of each requirement, the ‘Ampel
method’ (German for traffic light) as used by
car manufacturer Audi is used, inspired by
G. Nijenhuis (personal communication, Sep-
tember 6,2024). With this method, the status
of each requirement is either not achieved
(red), in process (orange) or achieved (green).

Table 3: PoR

Nr |Requirement Derived from

R1 [The design and assignment module must enable the Productive |Educational context
Failure approach

R2 | Must offer a physical, hands-on experience in statics and beam |Educational context
bending + Research (4.3 + 5.3)

R3 | Must be scalable to 20 units Educational context

R4 | Cost must stay under €500 Design brief

RS |The design and assignment must be structured so that they can |Educational context
be fully used and completed within a 4-hour afternoon workshop

R6 | Must improve the retention time of students over a traditional Retention (2.4)
approach

R7 |The assignment module needs to follow the structure as sug- Productive Failure
gested in the Productive Failure Design Cycle (2.5)

R8 |The design must be accessible to at least two persons at the Observation of LETT
same time usage (2.6)

R9 |The design must require students to manually set up an experi- | Productive Failure
ment with the machine (no plug-and-play) (2.5)

R10 |The design must incorporate elements that enhance students' SDT (2.7)
intrinsic motivation ("wantivation") by ensuring that they per-
ceive the activity as enjoyable and interesting
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-Concept development

In this chapter, the concept development
process is presented. As a clear direction
has been chosen, different concepts with
the same purpose can be created. The most
important ones are first presented, after
which a reasoned choice is made. This con-
cept is developed further in detail after-
wards.

7.1 Scenario for concept

generation

To illustrate the role the concept needs to
play, a simple storyboard is created in which
the to-be-designed concept is treated as a
‘black box.’ This means that while it has no
embodiment yet, the desired interaction and
effect on the user are depicted. This approach
is loosely based on the Storyboard method
from the Delft Design Guide (Van Boeijen et al.,
2017e), with the added ‘black box’ serving as
a means to keep both the designer and client
unbiased toward the final embodiment while
still enabling communication of interactions
and purpose. The storyboard is shown in Fig-

)ROBL

PROBLEME
o d

This storyboard forms a starting point for ide-
ation on concepts. In this scenario, the Pro-
ductive Failure approach is implemented as
the student tries to solve the problem before
getting direct instruction. The Self Determi-
nation Theory is implemented by providing a
fascinating, intriguing device, as this should
spark interest to create intrinsic motivation.
The black box is deliberately made mysteri-
ous. The device must be stimulating so that
the student wants to discover it themselves.
The imagined assignment that comes with
the workshop in the storyboard is derived
from a real application of statics and bend-
ing, to teach the student the relevance of the
theory and principles. The sense of relevance
also helps with "wantivation".

- 2 - . o e 4 N\
Direct instruction The "Aha!" moment Apply gained knowledge and intuition

Figure 20: "Black box" storyboard to show imagined interaction (includes imagery created with ChatGPT
(OpenAl, 2024))
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7.2 Process

In this phase, multiple concepts are created.
The process of coming to the most promising
concepts is shown in Figure 21. Some idea-
tion sketches that precede this can be found
in Appendix 8.

Insight: Bending
before statics

Inspiration from
existing setup

Real products
FBD machine

Figure 21: Process of concept generation

What inspired part of this phase is the way
the teachers currently offer some way of do-
ing real life FBD checks. They for example give
students small scales on which they puta rul-
er and some type of load that the student can
move along the beam, or a small stepladder
with one side on a scale. This way, students
can see it is possible to simplify real life situ-

40

FEM before

statics Bending 3D prints

Cantilever
bending machine

Beams FBD
machine

Deflection

ations to a better comprehensible interpreta-
tion, like the simply supported beam.

The ideation, combined with earlier ideation
from chapter 3, leads to three of the most
promising concepts (green border in Figure
21). In Appendix 9 two other iterations of the
following concepts are shown.

7.3 Concept 1: Bending 3D

printed beam-like objects

This conceptis a physical addition to another
concept, called "FEM before statics concept”,
presented in Appendix 9. The Finite Element
Method (FEM) is a numerical technique used
to solve complex engineering and mathemat-
ical problems. In that concept, students first
get to perform a static study in CAD software
without instruction. This is followed by de-
tailed explanation, particularly about sup-
port types and load placement, like used in
statics. This concept does however not meet
the basic requirement of a physical experi-

ence at all.

An idea to expand this with a physical ele-
ment, is to offer 3D-printed versions of the
product that the students have in the CAD
software. The students are given tools and
ways of applying a load. They are allowed to
break the product, but are asked to predict
where it will deform the most based on their
FEM simulation. If reality corresponds with
the simulation, this can give a rewarding feel-
ing. However, it is just as valuable if it does
not correspond; the student can now ask
themselves why this is the case.

With this addition, the scenario changes as
shown in Figure 22.

Assignment:
Perform FEA on a
given CAD model

Student makes semi-succesful
mistakes simulation, try
physical product

Figure 22: FEM combined with bending 3D beams
scenario

Two of these 3D printed models were proto-
typed, shown in Figure 23. Even though 3D
prints behave quite different from e.g. cast
chrome-vanadium tools, the location of fail-
ure will often be the same due to the similar
geometry.

explanation on
supports and

equilibrium

Gains
understanding
of FBD and
bending
application

Tries FEA again
with more
knowledge

Reflect on
experience

Figure 23: 3D printed, simplified nut cracker and
wrench
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A comparison between the static study in
SolidWorks and the 3D print is shown in Fig-
ure 24. This shows that the print failed at ap-
proximately the same spot as where the sim-
ulation showed the most stress.

7.3.1 Discussion

The mentioned difference in behaviour of 3D
prints is a limitation of this concept. The way
the products fail, is dependent on the way it
was printed. If the lines in the print run per-
pendicular to the length of the model, this
creates a weaker connection than if they run
in the longitudinal direction. It could there-
fore be debated if working with 3D prints cre-
ates a sufficiently realistic experience.
Besides this, the 3D prints are broken in this
concept. That means they are only used one

Figure 24: Comparison between FEM simulation
and 3D printed version of the same model

time, which is not ideal from a sustainabil-
ity perspective. Even though this is not one
of the requirements, responsibility for the ef-
fects on the environment has to be taken as
well. The effect can be minimised by recycling
the broken prints properly, which is fortu-
nately not difficult as there is a dedicated PLA
recycling bin in the faculty’s workshop. Print-
ing still requires electricity, and the recycling
process is also energy demanding. Recycling
PLA takes around 32.1 kWh per kg (Kumar et
al,, 2022).

7.4 Concept 2: FBD machine -

beams

This concept is also an iteration on another
concept, called "FBD machine - real products”
(Appendix 9). Its idea is to use load cells with
real products like a bicycle frame, to enable
students to check their FBD’s in real life. This
bridges the statics theory with reality. It how-
ever does not relate to bending of beams as
much.

In this concept, it is tried to use the same
beam type load cells in a more controlled set-
up. In this case, a cantilever beam setup is
taken as a base and with a stepper motor a
load can be applied anywhere on the beam.
The load can also be applied at an angle,

causing a reaction force in the X direction.
This way, simple FBD’s could be recreated.
On the fixed end, there are two load cells that
measure in two directions, like the X and Y
reaction forces in a fixed support in an FBD.
This is shown in Figure 25.

This is the cantilever situation, which as
mentioned in chapter 5 means there is also a
reaction moment. The moment is not meas-
ured, but that would be an improvement. The
same device could also be used to mimic
the simply supported beam from chapter 5,
which would include an extra load cell on the
other end and different connections. In that
case, there is no reaction moment, just three
reaction forces (Figure 19b).

7.4.1 Discussion

It quickly becomes evident that this setup is
challenging due to that particular moment
generated at the fixed support. As a force is
applied on a fixed bar, the bar wants to rotate
and pulls on the X direction load cell, making
the measurements complex and not corre-
sponding with theory. This realisation high-

Figure 25: Cantilever with load application and reaction force sensors

lights the necessity of something to counter
the moment that is generated, possibly being
a "moment", or torque, sensor. Just adding
a torque sensor to two load cells is unfor-
tunately hard to realise. Consequently, this
concept proves to be quite complex. It clearly
shows how statics theory is always an ideal-
ised situation.
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7.5 Concept 3: Cantilever

bending tester

The FBD machine concept leads to the reali-
sationitis also suitable to measure beam de-
flection with it. Statics are primarily taught
to enable subsequent calculations related
to deformation and failure, as concluded in
chapter 5.1. Therefore, an inverted approach
can be considered: focusing initially on bend-
ing beams, followed by the theory of statics.
This approach might allow students to better

Figure 26: Cantilever bending tester

The embodiment of the concept has to be de-
termined, but this illustration shows the ba-
sic setup. A sample of a certain material and
shape is fixed in the device and a load can
be applied anywhere on its length. The load
could potentially also be applied at an angle,
or with some extra additions a distributed
load could be applied. With a device like a rul-
er, the deflection can be measured. This can
for example be compared to theoretical val-
ues. These calculations can be done with the

understand the practical significance of the
theory, creating a ‘need to know’, which based
on the Motivation Continuum (Visser, 2017)
could increase students’ motivation. This is
similar to the FEM before statics concept, but
is a way more physical implementation. To do
so itis not necessary per se to have load cells
and a moment sensor for the reaction forces,
the concept could also be just about calculat-
ing and measuring deflection of beams un-
der load. In Figure 26, a concept illustration
is shown.

Deflection

common deflection formulas as mentioned
in chapter 5.2. From the formula’s elements
students can be taught a lot about loads, mo-
ments, material types and geometry. These
are all relevant design elements as well. Fur-
thermore, this approach could follow the Pro-
ductive Failure principle as students are en-
couraged to play with the bending of different
type of beams, make mistakes, and conse-
quently learn about the theory behind it.

7.5.1 Discussion

It is not feasible to test the inverted approach
of teaching mechanics topics before stat-
ics within this project, as this first requires
a working prototype. This has initial priority
and considering the time span of the gradua-
tion project, it is possible to create a machine
that allows students to engage with this top-
ic, but a larger scale test could be performed
in the future. This test could evaluate the ef-
fect of this approach on the understanding
of statics compared to a traditional way of
teaching.

This concept focuses purely on the bend-
ing of beams, and the connection to statics
needs to be made separately in instruction
or by giving some direction for discovery by
the student. At the same time, it would be in-
teresting for students to get a better under-
standing of the reaction moment in the sup-
port. For this concept, it is recommended to
look into ways of doing so.

7.6 Concept choice

From the presented concepts, one is chosen
based on the potential, relevance and how
well the concept fits the requirements. The
decision is supported with the Weighted Ob-
jectives method from the Delft Design Guide
(Van Boeijen et al., 2017f).

Five main criteria are identified and each is
assigned a weight, together they add up to
100. The criteria are presented in Table 4. The
concepts are then scored a rating of 1to 10 on
each. It must be noted that these scores are
quite subjective, and sometimes have to be
determined based on the probability of meet-
ing the criterium. The criteria are based on
the requirements that have been established
and are a balance between user-centric de-
sires and more practical requirements.

Table 4: Weighted Objectives criteria

Criteria Weight
Incorporates elements that en-
) T 30
hance ‘wantivation
Facilitates physical engagement
. . 25
with statics
[l feasibili
Overall feasibility 20
Cost 15
Scalability 10
100
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Concept development

Now, the three concepts are scored. The re-
sult is shown in Table 5. The cantilever bend-
ing test concept has the highest score and
is chosen as the concept to continue with.
The concept needs further development and

Table 5: Weighted Objectives result

1. FEM + 3D
prints

2. FBD machine

some exploration is needed. This concept al-
ready has the recommendation to find a way
of making the counter moment in the sup-
port tangible.

3. Cantilever

(beam) bending

7.6.1 Deeper look into choice

In chapter 2, it was decided to leave stress
and strain (mechanics of materials) out of
scope, as it already has an experiential ma-
chine, the LETT. The now chosen concept how-
ever is actually focusing on this subject, but
with a different intent and different topic.
The LETT focuses on a different aspect (ten-
sion and compression), covering one-dimen-
sional stress states. With the LETT, students
stress material until it fails, meaning the
stress is exceeding the yield strength (plas-

tic deformation) until reaching the fracture
point. This is better explained when taking a
look at a typical stress-strain diagram (Fig-
ure 27). The new concept, however, addresses
bending, which is a multidimensional stress
state, and could therefore easier be related
to statics. It could even function as a bridge
to the NVM lines. Calculating the bending of
beams with the deflection formulas is about
elastic deformation, meaning the stress is
not exceeding the yield strength, staying in
the elastic region.

Ultimate
Criteria Score  Total Score  Total Score  Total Stress tensile strength
o
Wantivation A
Physical Yield . point
6 150 8 200 8 200 strength .
° !
. R I |
Feasibility 7 140 5 100 8 160 | |
| |
!
Cost 8 120 7 105 6 90 | :
|
R _ — |
| ~
Scalability 8 80 7 70 7 70 P | . |
| » Stress |
/ | Young's _ Slope = |
700 625 765 | Modulus Strain |
| |
I I
I I
| !
| | .
) | . —» Strain
. nt | Elastic | Plastic :
Time for embodimerit: | deformation | deformation |
' (new concept) (LETT) '
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Figure 27: Stress-strain curve of unspecified ductile material

As visible in Figure 27, the new concept fills a
"knowledge gap", therefore still being an inno-
vative solution. In further development, pre-
sented in the next chapters, the LETT is taken

as inspiration. This way, the final design will
seem to be from the same "family". This could
help students see the relation between this
device and the LETT.
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Choosing to create a machine similar to the
LETT, but now for testing the bending of can-
tilever beams, leads to the very basic concept
shown in Figure 28. It also includes a basic
solution for the wish to make the counter mo-
ment more understandable.

The concept’s basic principle is a device in
which a sample of material or part can be
fixed on one end and a load can be applied on
the other end, or anywhere else on the beam.
The fixed end has a torque sensor, which
helps make the normally quite abstract reac-
tion moment more concrete. This could serve
an educational purpose in potential assign-
ments that come with the machine. The de-
flection of the free end, or any other point, can
be measured with a distance sensor.

The torque sensor might not be the only pos-
sibility to let students better grasp the ex-
istence of a counter moment. However, in
the time span of this project, it was chosen
to continue with this decision as it is an ac-
cessible solution. With integration in assign-
ments, it has the potential to still serve this
purpose.

Torque sensor

84
Nm

12.3
mm

O O

Figure 28: Cantilever bending test principle concept

Load

Deflection
sensor

7.6.2 New requirements

This concept choice also comes with addi-
tional requirements that are more specific to
the prototype-to-be. These are listed in Table
6. In the following chapter, the embodiment
of the concept is elaborated on.

Table 6: New requirements

The requirements R11,13 and 14 are chosen to
function as guidance during development.
The concept does not have to be a highly ac-
curate measurement device, as its purpose is
purely educational. To be usable though, the
user needs to be able to get at least logical
measurements.

R11 | Load application must be possible in steps of 1 N

R12
supports

The design must provide a way of visualising the reaction moment in cantilever beam >T7fe

R13 | The design must provide a way of measuring beam deflection with a resolution of 1 mm

Ri4 be 30%

The maximum relative error between expected and measured deflection values must.— |-

R15 | The design must allow users to fix different materials AR
R16 [ The design must allow users to fix different profiles 3&
=k
e

4z



Embodiment

In this chapter, the embodiment of the con-
cept from Figure 28 is presented. Different
options for the necessary parts are dis-
cussed and final choices are made. These
options have mostly been generated by
using How-To’s. This is a method especial-
ly suitable for creating multiple ideas for
a problem or function and comes from the
DDG (Van Boeijen et al.,, 2017a). The final
Proof of Concept is presented in chapter 9.

The main parts that are highlighted here
are the configuration of the prototype, its
frame, the torque sensor, the deflection
sensor, the way the material can be fixed
in the machine and a means of load appli-
cation. They make up the basic design of
the prototype. Furthermore, there are other
parts that help the setup function, which
are also discussed in this chapter.

8.1 Configuration

There are different configurations possible
and different ways to apply a load. In Figure
29, three options are shown. The third setup
is the most similar to the LETT.

The first uses a motor that winds a wire that
can be connected anywhere on the beam.
Running it through a series of pulleys makes
it possible to apply the load at different an-
gles. The second sketch has the same prin-
ciple, but the motor is on the bottom, sim-
plifying the setup. This way, the bending is

84 123 |O
Nm mm

Figure 29: Different configurations and solutions for embodiment

only in downward direction, which is also the
way cantilevers in exercises often bend. The
third configuration uses a linear actuator
that grabs anywhere on the beam, making it
possible to push or pull up and down. Apply-
ing the load is a little more difficult this way
as the whole actuator has to be turned. In all
cases, it is not clear how much force is ap-
plied exactly and it is hard to do so without
a sensor. However, this could technically be
derived from the moment that is generated
and sensed by the torque sensor.
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8.2 Frame

For the frame of the machine, aluminium ex-
trusion profilescan be used.These profiles are
50x50 mm and are exceptionally suitable for
projects like this, as they allow for easy modi-
fications. The extrusions come with T-shaped
slots. Special nuts can be fitted in these slots
and using M6 and M8 hex bolts it makes it
easy to connect the extrusions together or fit
other parts to them. The LETT used the same
type of profiles, and due to their wide spread
availability they are a reasonable choice. This
availability increases the scalability of the
experiential machine.

Their main disadvantage is their price. The
50x50 mm profiles used for this project were
lent by the Applied Labs at the IDE facul-
ty. This size starts at around €20 per metre
when bought online. At this stage, it is unsure
if 50x50 mm is required for the device. There
are smaller sizes available as well, like 40x40,
30x30 or 20x20 mm. In evaluations, the de-
sign could be tested on size, which will most
likely result in lower costs.

In the final Proof of Concept, these profiles
and accompanying connection components
are used (Figure 30a). If the prototype will be
iterated on in the future, the extrusions also
allow for easy modification. Besides, the LETT
has the same look due to these profiles. This
makes the EDA and the LETT look like they be-
long together in the same ‘product family’.

Figure 30b and ¢ show the connection pieces
that are most used in the frame. The piece in
b can be used to bolt parts to the frame or
use corner connection pieces to connect two
extrusions. The partin cis specifically meant
to make a blind connection between two ex-
trusions.

Kiet Sti

Figure 30: Aluminium extrusions and common
connection pieces

8.3 Measuring torque

The created concept has a torque sensor on
the fixed support. This sensor displays the
moment (in N.m) that is created by the load
on the cantilever beam. It is essentially not re-
quired to have this sensor if someone would
just do bending tests with material, but it is
included for educational purposes. An op-
tion for this sensor is a digital torque wrench
adapter (Figure 31), used to turn a normal
socket wrench into a digital one that can be
used to torque bolts to certain specifications.
Sensors like displayed cost €40 to €100.

‘Track: Track Mode
-Peak: Peak Hold Mode

Figure 31: GOYOJO digital torque wrench set (GOY-
0JO, n.d))

Other sensors were considered as well, for ex-
ample industrial grade static torque sensors
like the one shown in Figure 32. These sensors
are accurate and allow for connection to lab-
oratory measurement equipment. They could
possibly also be connected to an Arduino, for
further integration in the machine. However,
these types range from €150 to €1000 or more
and would take significantly more time and
effort to setup.

Besides this, the digital adapter has 2 inch

Figure 32: Static torque sensor (Lorenz Messtech-
nik GmbH, n.d.)

standardised connections for wrenches. This
makes it easy to create a connection that fits
well on either side of the adapter: one side is
connected to the frame of the machine and
the other has the fixture for the material
samples.

Furthermore, there were 4 options to choose
from with the adapter considering range and
precision. The adapter with the lowest range
(0.9 -30 N.m) is best, as this one also has the
best precision (0.01 N.m versus 0.1 N.m). This
range is sufficient for the application.

Due to this lower pricepoint and the standard-
ised connections, the digital torque wrench
adapterisusedinthe final design (Figure 33).

Figure 33: The torque sensor in position
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The torque sensor needs to be connected to
the rest of the machine. A way of doing this
is modifying a torque wrench and using its
standard %2 inch connector. Another option
is creating a bracket that clamps the whole
sensor to the aluminium extrusions with its
plastic body (Figure 34).

Figure 34: Aluminium bracket for sensor

With this bracket the torque is transferred
through a part that is actually not made for it.
This might not influence the measurements,
but to make the sensor last long it would be
better if the torque is transferred through
the dedicated wrench connection. The body
should be free, and the wrench-side of the
adapter should be fixed. In the final Proof of
Concept, this is implemented with a custom
steel holder, shown in Figure 35.

Figure 35: Custom steel holder

8.4 Measuring deflection

Multiple options were considered for this
part of the machine. There is a difference be-
tween options that monitor the deflection
constantly while applying a load and meth-
ods that measure before and after applying a
load, subsequently taking the difference.

With an Arduino and a Time-of-Flight laser
sensor it would be possible to measure con-
stantly and contactless.The advantageis also
that this sensor could be mounted in custom
ways, fitting the machine. The downside is
that it requires specific code to get a consist-
ent and accurate reading, without noise.

To still tryout this measurement type, a la-
ser rangefinder was used. It is possible to get
consistent readings with this tool, but the
accuracy is only Tmm. Both of these meth-
ods have the problem that they need a good
surface to reflect on, which is not always the
case with small profile beams, making this
option less feasible.

A non-contactless way was tried with a digi-
tal dial gauge, like in Figure 36. It offers high
precision and could be used to measure while
applying a load.

Figure 36: Digital dial gauge for deflection meas-
urement

Its disadvantage is the low range, they are
available from 0-12.7mm to 0-50.8mm. These
types are also spring loaded internally, mean-
ing they will apply a load on the beam on top
of the ‘normal’ load that the user applies.
This makes measurements less accurate and
harder. Finally, it is also fiddly to position this
device correctly.

Another continuous method involves using
a digital ruler attached to the beam at the
measurement point. This type, utilised in the
LETT, is inexpensive, easy to install, and can
be connected to an Arduino (Welling, 2014).
However, it does introduce physical resist-
ance, which could affect deflection meas-
urements. Since the applied load is not sig-
nificantly greater than this resistance, this
method is not ideal. Frictionless alternatives
exist, but they are very expensive.

Figure 37: Digital ruler (HBM Machines, n.d.)

The digital ruler, like in Figure 37, could also
be used in a before-and-after method. This
way it would be possible to still get accurate
results and it can be easily fitted to the ma-
chine.

As the load application method is chosen to
be manual, the before and after measuring
method is more suitable. Therefore a digi-
tal ruler is used in the Proof of Concept, with
which the user has to measure the height of
the neutral axis of the beam before and after
bending. It has a clear display with intuitive
buttons, plus the function to "zero" the ruler.
This is ideal when taking readings. The ruler
is installed on the right side of the machine
(Figure 38), with the display on the left side
(Figure 39). This way the display faces the
same way as the torque sensor.

3435 36 37 38 39 4 4 243444

L A P
Figure 38: Digital ruler installed

Figure 39: Ruler display

\
5447484950 @ |
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8.5 Fixing beam samples

Finding a suitable solution for this part is
complex, as the requirement of being able
to fix different samples and parts in the ma-
chine asks for flexibility. The torque sensor
also imposes a challenge, as getting good
readings requires all the torque to be trans-
ferred through the sensor. At the same time,
this sensor and grip need to be completely
fixed so that there is no slack affecting the
deflection measurements.

As the torque sensor already has a specific
connection, this does give some design direc-
tion. Essentially, it now requires a part that
can connect material samples perpendicular
to this like shown in Figure 40.

Figure 40: Perpendicular sample to sensor

An existing type of adapter is the adjustable
torque wrench adapter from Figure 41. This
was taken as inspiration for some prototypes.

Figure 41: Adjustable torque wrench adapter (Mo-
tion Pro, Inc, n.d.)

One prototype is shown in Figure 42. It con-
nects by snap fitting to the sensor and uses
three bolts to fix the material in place. It is
also important that the material is as cen-
tred as possible, which is possible this way.

Figure 42: Grip number one

The problem with this one is that some move-
ment in the horizontal plane is still possible,
as the material kind of hinges around where
the bolts touch it. The second iteration pre-
vent this a lot better and uses only two bolts
(Figure 43).

Figure 43: Grip number two

In the final application, the grip should be
made from metal as no flex is tolerable. The
last prototype uses the existing socket con-
nection by adapting a normal hex bolt sock-
et to this application. In Figure 44 is shown
what this looks like. This design is easily
swappable for bigger and smaller or different
versions and creates a strong connection.

Figure 44: Final grip prototype

The adapted wrench socket works well for a
small profile, therefore another bigger one is
created so that it is possible to fit larger pro-
files as well (Figure 45). This is implement-
ed in the final Proof of Concept. The larger
one fits small profiles as well, but using the
smaller one in those situation prevents the
sample from being far from the centre.

Figure 45: Grips in two sizes

The grips are installed on the torque sen-
sor through the standard connection, which
works with a snap fit (Figure 46).

Figure 46: Large grip installed

8.6 Applying load

In the situations with a cantilever and a force
as described in chapter 5.2, often a point
load is used. This is the main situation that
the machine is used for, although it could at
some point also be possible to apply a dis-
tributed load or maybe even a moment.

Now, the way this point load is applied has
different options. The main two categories are
manual or automatic: with a manual method,
the user applies the load using e.g. weights,
their hands or a winch. When using an auto-
matic method, devices like pistons, motors or
linear actuators could be used. The LETT uses
an Arduino-controlled linear actuator (Figure
47) for the load application.

Figure 47: Linear actuator DTL100 (LOUIE, n.d.)
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Using a similar product for the final design is
possible and it would allow for precise force
application. When Arduino would be used for
full integration of load application plus de-
flection measurement, the machine could
even have a similar Graphical User Interface
(GUI) as the LETT. This could potentially im-
prove the usability of the machine.

At the same time, the linear actuator in the
LETT always has the same position and angle.
This is ideal for typical tensile testing, how-
ever for a cantilever bending test it would be
better if the user has freedom in positioning
the load. This could also be possible with a
linear actuator on rails and hinges. However,
this does complicate the machine quite a lot.
A manual method is using a hanger with slot-
ted weights, like shown in Figure 48.

This is a method commonly used in physics
and engineering experiments or in labs to
calibrate instruments. Using them is intui-
tive and they are readily available and inex-
pensive. They could be hung on the sample on
any position. The downside is that they can-
not be positioned at an angle and the user
also has to take the hanger’s weight into ac-
count. Lastly, a manual method is also prone
to more mistakes.

If the sample beam bends, the hanger might
slide off if it is hung directly on the beam.
Therefore a piece that clamps on the sam-
ple is required too, on which the hanger can
hang. Hoseclamps could be an option for this
as they are easy to tighten and loosen, but a
custom piece is also possible.

Although it would be interesting to be able
to apply precise loads in small steps on the
beams, it is decided to keep this relative-
ly simple and manual. This makes playing
around with the machine even more "hands-
on". A hanger with different weight sizes is
provided with the machine.

Figure 48: Hanger with slotted weights (Slotted
Weights on Hanger, n.d.)

8.7 Other parts

The concept needs a few other components
that improve the performance or help with
convenience.

8.7.1 Guiding board

This addition to the final Proof of Concept is
based on the user tests (chapter 10.2). The
tests showed it is hard to accurately position
the digital ruler and it was suggested to use a
background to guide the user. This is shown
in Figure 49.

Figure 49: Guiding board with horizontal and ver-
tical ruler lines

The guiding board is made from acryl and
is cut and engraved with a laser cutter. The
choice for transparent acryl is deliberate: this

way the reading of deflection is possible from
the back of the prototype. This is actually eas-
ier than from the front, especially when a stu-
dent needs to read the height of a position on
the beam that is not the free end.

Besides this, the transparency and dou-
ble-sided use has another effect. It makes it
easier to stand around the machine, instead
of needing to stand with multiple students on
one side. This aids interaction, as students
are now facing each other more. Stefan Per-
saud calls this the "Campfire Effect".

8.7.2 Storage and accessories

The storage compartments with tools like a
separate ruler, screwdriver, allen keys, small
spanner, the grips, hose clamps and the
weights and samples (Figure 50 and Figure
51). This is inspired by the LETT, which also
has laser-cut compartments.

Figure 51: Rear storage compartment

Hose clamps to secure the hanger with
weights to a sample (Figure 52), in case the
sample flexes so much that the hanger would
slide off.

Figure 52: Hose clamps

8.7.3 Support

An extra support opposite of the torque sen-
sor, to rest the grip on (Figure 53). This pre-
vents sagging of the sample and ensures itis
horizontal when measuring.




Figure 54: Final design of the EDA

The device is called the Educational Deflec-
tion Analyser or EDA. Its goal is to offer first
year students a hands-on way of experienc-
ing basic mechanics of materials principles
and improving the understanding of statics.
The EDA’s design is both visually intriguing
and encourages curiosity, inviting students
to engage with it.

Equipped with a variety of developed parts
and accessories, the EDA enables students to
perform beam deflection measurements in a
workshop setting. Through these exercises,
they will not only learn about relevant materi-
al properties but also develop their designer
intuition and insight, which will be invaluable
in their future design projects.
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9.1 Operating procedure

In this section the basic operating procedure
of the EDA is shown. It provides an overview of
the steps that need to be executed to perform
a deflection measurement.

Figure 55: Choose a sample from the provided material

Figure 56: Choose a fitting size grip and install it on the torque sensor

Figure 57: Start the digital ruler and torque sensor

» VS 3 mmmlbEEEEE 9 10 11 12 13 14 15 160171
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Figure 58: Fix the sample in the grip with a hex key
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Figure 59: Choose a position to apply the load and measure the length of the beam from the
grip to the point of load
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Figure 60: Position the digital ruler on
the initial position of the sample in
rest, zero the ruler

Figure 61: Put the hanger on the sam-

ple on the chosen position and add
weight

Figure 63: Move the digital ruler to the lower height of the sample and note the deflection

Try different loads and positions and note the effect. Try different samples as well.
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9.2 Instruction manual

The EDA comes with a simple quick start
guide for users. It only shows the basic steps
to perform a measurement and is deliberate-
ly only one A4 sheet. It is shown in Figure 64.

1. Start the digital ruler
and optionally the
torque sensor.

2. Fix the sample in the
grip.

3. Choose position to
apply load to, take note

Educational Deflection Analyser

User guide

of the length (L)
grip-to-load.

4. Manually position
digital ruler on the
neutral position of the
sample. Don’t forget to
ZERO the ruler.

5. Put the hanger on the
chosen position on the

sample and add weight.

Optionally note the
torque reading.

6. Move the ruler manu-
ally to the new position
of the bent sample and
note the deflection.

Figure 64: Basic user guide for the EDA

Kiet Stiemer 2024

9.3 Dimensions

The dimensions of 'Fhe EDA are important, as the IDE faculty and not weigh more than 10
the goal of the assignment is to have desk- kilograms (R19 and 20 in Program of Require-
top-size experiential machine. This means it ments).

has to fit on a standard desk in a studio at

Figure 65: Front and side view of the EDA

In Figure 65, the dimensions height (H), width
(W) and depth (D) are indicated. They have
the following values:

*H: 52.5¢cm

*W:50cm

*D: 43cm
With these dimensions the EDA easily fits on
a studio desk.

The weight of the EDA is also important. The
experiential machines are transported on
trolleys and carts through the faculty, but
humans still need to lift them from storage
on carts and then on tables. The EDA has an
empty weight of 10 kilograms, and the ac-
cessories (including weights) are another 3
kilograms. If the size of the aluminium frame
profiles gets decreased in future iterations,
the weight can become significantly lower, to
meet the requirements.
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9.4 Cost

The costs of the EDA have been estimated. In
Appendix 14, an overview can be found. The
price of the EDAis around €230 for the materi-
als. When labour costs are included, it comes
down to €290. Labour costs are a rough esti-
mate and in this case itis assumed the facul-
ty would employ a student assistant to build
the devices or instruct a current workshop
student assistant to do so, for €20/hour.

It must be noted that for the prototype, of-
ten single parts were ordered through mail.
This frequently means shipping is quite ex-
pensive, and when ordering larger quantities
these costs go down per manufactured EDA.
Furthermore, the frame pieces make up a
large part of the cost. This share could be de-
creased if smaller profiles are used and/or
possibly ordered in large quantity. The other
relatively expensive part is the torque sensor
thatis used in the EDA (€59,99). If in future it-
erations costs need to be cut, more research
toward this part should be conducted.

Concluding, the requirement of a maximum
of €500 per device (R4) is met well within
margin. In the future, the EDA might change
quite a lot. Therefore this cost cannot be seen
as final, but itis an indication.

9.5 Educational module

An important goal from the assignmentis the
need for an educational module, or workshop
assignment proposal. As mentioned in chap-
ter 2, the PFDC is used to come to an accom-
panying workshop assignment for the EDA. In
Appendix 10 can be found how this cycle was
performed. The proposed workshop structure
from the PFDC (Figure 11) is used. The chosen
workshop is related to real problems and de-
sign properties. It is also possible to give a
more "plain" workshop, such a version is also
shown in Appendix 10.

9.5.1 Workshop
The accompanying workshop has the follow-
ing setup protocol:

Who: Student groups of 4 to 5 students
Where: A studio in the IDE faculty

When: One afternoon from 13:45 until 17:30
What: Provided per group is a table with
chairs, the EDA including samples, some ba-
sic tools and measuring devices, whiteboard
with markers and one large screen and aer-
oplane seat for the whole studio (see Figure
66).

Large
screen

Whiteboard
/// markers
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EDA
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Figure 66: Workshop with EDA in studio
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The workshop structure is as follows:

Prepare

* Formative exam, questions related to the lecture

* Problem introduction: group of students is asked to find a sample that can be
used in the construction of the armrest of an aeroplane seat. It needs to be as
light as possible and resist the force of a large human’s arm leaning on it

* Guided brainstorm: brainstorm possible solution strategies with the group, how
Ideate to find variables and constants that have influence on the bending of the armrest
* Select and try: the group selects an approach and gets to work with the EDA

* Share: the groups share their findings to the rest of the studio

* Direct instruction: video with explanation of the deflection formula and its vari-
ables and constants is shown, emphasis on how to use this to your advantage

* New assignment: the groups are now instructed to try to predict which sample
is the best based on theoretical calculations and compare this with reality

* Try again: the groups will now calculate the theoretic values. To do so, they need
to measure the geometry of their samples and find the Young’s modulus in Gran-
ta EduPack. To also find out which sample is the lightest, they can either weigh
them or use the volume and density to calculate this

and the role of the EDA

* Wrap-up: evaluate key findings: what is the optimal sample? Reflect on process

-~

This workshop incorporates an element of
realism, as the aeroplane seat is easy to re-
late to in use and the goal of it being as light
as possible is understandable in the context
of flying. This is beneficial for the motivation
of the students, as relevance is important
for the "wantivation". To elaborately test this
workshop and approach, user tests with the

correct target group must be performed. This
is in a small version performed in chapter
10.3. Lastly, the assignment does not incor-
porate the moment sensor yet. This is a rec-
ommendation for further development, but a
suggestion could be to focus on the joint of
the armrest as well which has to resist the
torque. Another option is to give the students

tapered armrest designs with which bending
moments can be taught, as the bending mo-
ment is the largest close to the fixed support
and farthest away from the load.

This workshop could be deployed in week 5
(stress and strain), if the current UPE curric-
ulum is considered. It is however interesting
to also try the aforementioned inverted ap-
proach, where this workshop would be given
at the start of the mechanics of materials
phase. That would mean in week 3 this work-
shop is given, only after which statics and
NVM lines are taught.




Validation

The final design has been tested in various
ways. First of all, the actual measurements
compared to theoretical calculations has
been tested. Secondly, the usability of
the EDA was evaluated in a user test and
finally a user test with the target group is
conducted.

10.1 Accuracy assessment

To test if a student can get accurate results
with this device, expected values were com-
pared with measured values. This way re-
quirement R14 (maximum error of 30%) is
tested. The expected values were calculated
with the deflection formula from chapter 5.2.
The tests were performed with 9 samples of
different materials and profiles. Two profiles
were tested in two different orientations, a
rectangular profile and a U (channel) profile,
making 11 tests in total. The Young’s modulus
of each material was taken from the software
Granta EduPack 2023 (Ansys, Inc, n.d.), using
the average of the indicated minimum and
maximum. The other variables (force, length
and moment of inertia) were calculated or
measured.

The measured values were acquired in three
tests. The first two tests the construction
rangefinder was used with a resolution of
T mm and two different loads were applied.
With this device, the measurements were
taken from a fixed position to the top of the
beam where the load was placed. The third
test an analog height gauge was used, meas-
uring the position before and after deflection
and subtracting the values. The difference is
that with the latter the displacement of the
neutral axis of the profile was taken, while
the rangefinder measured the displacement
of the top of the beam. This should technical-
ly be less accurate as when the beam bends,
the place of the load moves horizontally in-
wards a little. The extremer the bend is, the
more it moves. When the sensor keeps meas-
uring the same horizontal position, the dis-
tance it measures is to a new position on the
beam, a little outward from the point of load.
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10.1.1 Findings

A relative error value was calculated by using

error = expected

measured—expected x 100% . The full re-

sults are presented in Appendix 11. Here, we
first discuss the main findings.

* The error differs greatly between profiles:

Table 7
Description Deflection Measured Abs. error Rel. error
(mm) (mm) (mm)
Aluminium rod round |47 8 3.3 71%
Aluminium tube round |6.3 8 1.7 27%

* For the majority, the actual deflection is larger than the theoretical

o Only for PVC the deflection is less, in all cases

* For the majority the difference between profiles in theory and practice is the same
> e.g. aluminium L angle profile bends more than the sideways aluminium U channel profile,
both in calculations and in measurements
e The error margin seems larger when the deflection is smaller, accuracy goes up with larger

deflections:

Table 8

Description F (N) | Deflection | Measured | Abs.error |Rel.error |Abs.Error |Rel.error2
(mm) (mm) (mm) 2 (mm)

Aluminium rectangle |11.0 (1.3 5 3.7 286% 3.7 277%

vert.

Aluminium rectangle |[20.7 |24 6.3 3.9 158% 3.8 155%

vert.

Aluminium rectangle |35.5 (4.2 10.5 6.3 151% 6.3 149%

vert.

* This is also notable with the brass square, round steel and POM rods, which all clearly flex
more than the other samples:

Brass rod square 1.0 |57.5 64 6.5 1% 57 10%
Steel rod round 1.0 |47.6 55 7.4 15% 6.8 14%
POM rod round 6.0 |17.5 21 3.5 20% 3.2 18%

* The accuracy increases when the bending due to own weight is taken into calculation

* Surprisingly, the error is worse when measuring the neutral axis with the height gauge, seven
out of eleven measurements have a higher error
* The absolute error is not larger than a few millimetre in most cases

10.1.2 Discussion

These accuracy tests show what and what not
the EDA can be used for. It is very important to
notice thatitis hard todrawclearconclusions
aboutthe accuracy, as the measurements are
compared to theoretical values that are par-
tially based on assumptions. Therefore there
is always the chance there are errors in the
calculations. The theoretical deflection also
relies on the length of the beam from the grip
to where the load is applied. This length L is
related to the deflection by the third power,
meaning that a small error has great influ-
ence. In the current setup, it is however diffi-
cult to apply the load super precisely.

On the other hand, while the absolute error
is relatively small in most samples, the rel-
ative error becomes quite substantial when
the expected deflection is as small as 2 or 3
millimetres. This suggests that the factors
influencing the measurements may not be
directly related to the deflection itself but
could be relatively constant.

The grip, being fixed on the torque sensor,
has a little bit of play and the same goes for
the connection of the sensor to the frame.
Moreover, the torque sensor works with inter-
nal strain gauges, deriving torque from the
little bit of strain that occurs when applying
force. This all adds up to a little bit of possi-
ble rotation. Therefore, the sample has to be
"pre-loaded" to get a correct initial position
measurement, otherwise this slack is includ-
ed in the measurements making them inac-
curate. The longer the measured sample is,
the more this error accumulates. This issue
is shown in Figure 67.

Moreover, it is advisable to redo the evalu-
ation without relying on the average of the
Young’'s modulus values. Instead, the theoret-
ical deflection could be calculated using the
minimum and maximum values from Granta
EduPack 2023, thereby establishing a range
within which the actual measurements are
expected to fall.

Concluding, the requirement for a maximum
of 30% error is not met (R14). Even though
the accuracy of the EDA is uncertain, the ma-
chine can still be used to find the difference
between certain shapes and materials. This
is valuable knowledge for students and they
simultaneously learn about the relationship
between force, distance, material properties
and deflection. The user tests also confirm
this, as discussed in the next section.

1 4 Neutral
N

2. H Rotation

3. Deflection

(with error)

Figure 67: Deflection error caused by slight rota-
tion of construction
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10.2 User test: usability

For the user tests, a simple experiment is
conducted. The objective of this experiment
is to evaluate the basic usability of the EDA.
The full plan can be found in Appendix 12. The
test plan is aided by Product usability evalua-
tion from the DDG (Van Boeijen et al., 2017c).
It is important to notice that the education-
al value of the machine is not evaluated in
this experiment, as this is only possible if the
EDA functions well enough. As the experiment
was low risk and anonymous, HREC approv-
al (Human Research Ethics) has not been re-
quested for this small test, but it has been
considered.

Lastly, this evaluation is not related to a de-
sign requirement. The goal is purely to obtain
insights for improvement of the design. A fol-
lowup user test, concerning the target group,
is conducted to validate requirements.

In the experiment, the participants got the
assignment "You are designing a chair and for
the arm rest you have gathered different mate-
rials and shapes. Choose three samples and try
to figure out which sample has the least deflec-
tion. Use the machine and accompanying Excel
sheet". They were first asked to execute this
assignment without any specific instruc-
tions about the machine. In a second phase,
the machine was explained in detail and they
were asked to do the assignment again. The
goal of this two-phase setup, was to evaluate
if the machine was intuitive to use.

After conducting a pilot test, three students
participated in the experiment. A participant
following the test is shown in Figure 68. The
results can be summarised as follows: while
the general concept of the device was clear to
the students, and they understood the overall
objective, the specific procedures for operat-
ing the device were found to be more com-
plex. Consequently, it is necessary to provide
a basic instruction outlining the functions
and interactions of the various components
to ensure correct use. At the same time, there
should be room left for trial and error as the
Productive Failure method is applied.

Figure 68: Participant executing usability test

The experiment generated qualitative data,
being observings, verbal feedback and re-
sponses to open questions in the summa-
ry. It also generated some quantitative data,
being the measurements that participants
gather during the experiment and the ratings
of ease of use they give in the questionnaire.
First, the results from this test pass review,
followed by a reflection on them. The full re-
sults are in Appendix 12.

10.2.1 Findings

Participants tended to favour thicker alumin-
ium samples over thinner brass and steel pro-
files, relying on their intuition. Several issues
with the torque sensor were noted, including
frequent battery-saving shutdowns and in-
itial confusion over its display and controls.

Additionally, the "zero" function of the digital
ruler was not easily found, and some partic-
ipants had difficulty determining the correct
beam length for calculations.

The interaction with the digital ruler was
challenging due to difficulties in positioning
and reading, and participants found sliding
it horizontally unintuitive. The ruler on top of
the device was useful but too distant from
the test sample, making precise measure-
ments difficult.

Some participants found the assignment un-
clear regarding the role of the torque sensor,
while others suggested labelling components
for efficiency. In terms of ratings, participants
rated sample fixing ease as 4/5, applying a
load at 4.3, and measuring deflection lower,
at 3.3.

Lastly, measurement errors in the first phase
were higher compared to theoretical values
but improved in the second phase, closer to
the accuracy assessment.

10.2.2 Discussion

The user tests generate a lot of insight for
improvement of the machine. Some of these
insights have lead to improvements that
are already implemented in the final Proof
of Concept as presented in chapter 9. Due to
time constraints not all improvements and
considerations were incorporated in the final
prototype. These potential improvements are
mentioned in chapter 1.3 Recommendations.
First and foremost, measuring the horizon-
tal position and the length of the sample is
complicated and took too much guesswork.
The same is true for the vertical position of
the sample, which is important for correct
deflection measurements. As suggested, a
background with guiding lines improves this.
This way, the digital ruler can also horizontal-
ly stay in the same place, which eliminates
the issue that it is quite hard to slide side-
ways properly.

It is also important to minimise the slack
around the grip as much as possible, as was

also found during the accuracy assessment.
This can also diminish the angling of the
samples that sometimes occurs. Fortunately,
the angling can also be compensated by ad-
justing the steel holder for the torque sensor,
as it has slotted holes to enable slight posi-
tion and angle adjustment. During the test,
this turned out to help the accuracy of the
measurements somewhat.

The participants indicate that the function
of the torque sensor is unclear. In this exper-
iment, this is understandable, as not much
attention is paid to its added value. The focus
here is solely on evaluating the interaction. In
assessing the educational value, the torque
sensor would play a more significant role.
After explanation, participants understood
this; for instance, one suggests that it could
visually represent the relationship between
force and distance, allowing users to exper-
iment with it. Another suggests students
could get blind weights of which they have to
figure out the force they create, by using the
torque reading and length of the beam.
Lastly, it is clear that the machine needs a
clear accompanying manual or instruction
sheet, combined with labelled components.
This should give enough grip to start using
the machine, but leave enough room for trial
and error.

Despite the necessary improvements to the
machine, the experiment does show that by
having a hands-on experience with a subject
like the bending of beams, the understand-
ing of the relationship between all important
factors comes automatically as they discover
what they need to know and measure.

The evaluation could have generated more
and better results with more participants.
The choice to stick with one pilot and three
user tests was also influenced by the period
in which the tests were conducted, being the
summer holiday. This meant the IDE faculty
was relatively empty and specifically bach-
elor students were not present. In the next
user test, which took place at the end of the
project, participants from the actual target
group are gathered.
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10.3 User test: target group

This test is a final evaluation. The results of
it can be a guide and base line for future de-
velopers of the EDA. The test involves the ac-
tual target group, first year UPE students that
started their bachelor simultaneously with
the final phase of this graduation project. The
requirement that students must perceive the
activity as enjoyable (R10) is also validated in
this evaluation, as well as R19, dictating that
users must be able to stand in an ergonomic
posture when using the EDA.The observations
can also lead to an initial indication if the du-
rability requirement (R15) can be achieved.

In this test, the integration of the prototype
in a workshop assignment is evaluated. This
way both the concept and the education-
al module are tested. The target group test
takes place after a few updates to the proto-
type that result from the usability test. There
are also a number of aspects that have not
yet been implemented, so these arise again
during this study.

The evaluation method exists of a question-
naire that simultaneously functions as an as-
signment sheet with exercises as well as the-
ory explanation. While the test is performed,
observations are made. The full test plan is
shown in Appendix 13.

Figure 69: Setup of target group user test

The setup of this user test is designed to
closely reflect real-world conditions, there-
fore it is conducted in a studio in the IDE fac-
ulty. The studios are commonly used for UPE
workshops. The test also follows a structure
similar to the UPE workshops, with an Idea-
tion, Prototype and Evaluation phase. In Fig-
ure 69 is shown what the setup looks like.
The number of participants is six, perform-
ing the test in three pairs. The participants
in each pair knew each other before the test,
which is a deliberate choice in selecting them.
This also resembles reality, as most students
are grouped together based on their groups
from the university introduction programme.
Moreover, this is expected to make the partic-
ipants more confident in performing the test,
leading to clearer results.

To keep the instructions that students get
consistent, the UPE staff chooses to use vid-
eos as instruction method between the Ide-
ation and Prototype phase. With the same
reason in mind, in this test the participants
all get the same assignment sheet that in-
cludes the required theory. The researcher is
however present to help with any questions
and issues, just like real UPE workshops have
a teacher or assistant present.

Laptop with

Excel W

J =
Digital scale

User guide

In Figure 69 it is shown that the students
have access to a laptop with Excel sheet, just
like in the previous user test. This time, the
sheet exists of two different tabs for the two
different phases in the test (also shown in
Appendix 13). In UPE workshops, the students
mostly use Maple as software for calculations.
This has been considered for the test, but Ex-
cel offered the opportunity to make a half-
filled in framework for the students to work
with and was therefore chosen. The main dis-
advantage, however, is the error-proneness of
Excel sheets.

10.3.1 Findings

The results of the test are divided in the two
methods of obtaining them, first the results
from the observation and secondly the re-
sults from the assignment / questionnaires
the participants filled in. Lastly, the results
are discussed.

A picture of two participants performing the
test is shown in Figure 70.

Li N Sl : |

Figure 70: Two participants performing the test

Observation

During the 3 test rounds, observations were
made on paper as well as video and photo
recordings. The full results are presented in
Appendix 13, the main findings from this part
are as follows.

* The EDA and workshop are suitable as
experiential setup with which scientific
experimenting is possible

* The setup is well-suited for experimen-
tation and allows students to make mis-
takes, through which they gain valuable
insights, as is supposed to happen with
PF

* Both practical improvements to the pro-
totype are still necessary and more work-
shop-related, advanced enhancements
that require further development, like
how to get students to dare to experiment
more

» Differences in character between par-
ticipants clearly influence the way they
approach the workshop and EDA. E.g. stu-
dents who seem more confident started
experimenting quicker than others

* The transparent guiding board helps to
measure the height better, but itis notin-
tuitive yet

* The digital ruler lacks a use cue indicat-
ing that it must be moved manually

* The slack in the grip-torque sensor con-
nection makes measuring more complex
and sometimes confusing

* One participant used the small grip as
a tool to put the hanger on their (flexible
sample) as shown in Figure 71.

Figure 71: Creativity in use of the accessories
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Assignment and questionnaire

Each participant had their own sheet dur-
ing the test, on which they had to write down
answers to questions belonging to the work-
shop assignment. The last part of the sheet
was an evaluation questionnaire. The rele-
vant results from the first phase up until the
theory explanation are as follows.

* All participants were first-year IDE bach-
elor students taking UPE for the first time,
evenly split between female and male.

* One participant had studied one year
of mechanical engineering previously,
which influenced their understanding of
deflection theory.

* Participants rated their confidence in

solving statics and mechanics exercises
at2or 3 outof 5.
* In the assignment, participants ap-
proached the task of selecting the best
sample for an aeroplane seat’s armrest
similarly but in different orders.
° The first and third pairs used a more
structured and precise approach.
° The second pair used a more tri-
al-and-error method.
* Participants noted practical issues, like
difficulties with the digital ruler, similar
to what was observed.
* After reviewing beam deflection theory
and the formula, most participants real-
ised they had missed or provided incor-
rect answers in their initial responses
(Figure 72).

Were the factors you indicated before you knew the equation correct? If not, what was the

difference?

6 antwoorden

Figure 72

® Yes

@ | missed the young's modulus factor and
the moment of inertia

Did not write down the length of the
beam

@ Said thickness, but moment of inertia is
specific geometry of the profile

@ Mentioned both shape and thickness but
not the length

Participants began calculating, measuring,
and comparing their results to theoretical
values, indicating how well theory and real-
ity corresponded. Some were unsure if their
deviations were significant, reflecting their
unfamiliarity with the material. The second
group, which worked less systematically, had
larger discrepancies, as shown in Table 9.

Table 9: Measurement results of second test
round

Sample Deflection - | Deflection

theory (mm) |- measured
(mm)

PVC rod 2818 21

round

Aluminium

rod rectangle 706 8.65

horiz.

Aluminium

tube round 401 31

Brass rod 1.35 29

square

Steel rod 16.91 49.31

round

Participants offered explanations for these
deviations, citing general testing mistakes,
measurement errors with the digital ruler,
and potential inaccuracies in the provided
Young’s modulus and moment of inertia val-
ues. The third pair noticed that one sample
bent less than the other in both theory and
reality, which was correct.

In the evaluation, five out of six participants
reported learning something new during the
workshop, with only the participant who had
prior mechanical engineering experience al-
ready familiar with the theory. Participants
rated their enjoyment of using the EDA as
4/5, ease of use with two people as mostly
4/5, and confidence in what they learned as
3/5or 4/5.

When comparing participants’ confidence
levels before and after the test, four out of six
reported an increase in confidence, while two
remained the same.

P1 P2 |P3 |[P4 |P5 PG

+1 +1 +1 0 0 +2

None of the participants experienced phys-
ical discomfort, and although none could
perfectly recall the deflection formula with-
out reference, five out of six remembered the
correct variables, and four out of six had the
correct structure.

Participants laughed at their final question
about recalling the theory, leading them to
review and reflect on how close or far their re-
sponses were to the correct answer.
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10.3.2 Discussion

The workshop and EDA setup proved effective
for facilitating scientific experimentation and
promoting Productive Failure in students.One
of the key observations was that the setup
allowed students to make mistakes, thereby
fostering learning opportunities that are core
to the PF approach. However, there are areas
for improvement, both in terms of the tech-
nical functionality of the prototype and the
workshop experience itself.

When asked to rate how much they enjoyed
using the experiential machine in the work-
shop, all participants rated it 4 out of 5. This
good enjoyment score reflects a general
sense of satisfaction and engagement with
the experiential setup, despite the techni-
cal challenges and difficulties encountered
along the way. Enjoyment is a critical factor
in maintaining student motivation and en-
gagement in learning, and this positive feed-
back suggests that the EDA is an effective
tool for sustaining interest in complex topics
like beam deflection. This leads to the conclu-
sion that requirement R10 is achieved.

Related to motivation, it stood out that the
second pair of participants seemed more
confident and they dared to experiment more.
Compared to the others, their results were
less accurate, however this could be seen as
"failing a lot, fast" which is actually beneficial
forlearning, according to the PF theory. If they
actually learned more than the others cannot
be concluded based on this test, however.

This aspect also brings up the realisation
that they probably could have learned more
if there was more time. The test duration was
one hour,while areal workshop is around four.
In this test, the participants also did not get
an explanation for the errors in their results,
or approval of the possible explanations they
gave. Normally, they of course would get a
solution.

Participants also reflected well on their per-
formance, including explaining deviations
between their calculations and measure-

ments. In regard to their ability to recall the
beam deflection formula: while none of them
could remember the formula perfectly with-
out reference, most had the correct variables
or structure. This indicates that while their
knowledge was not yet fully internalised, the
workshop helped them establish a founda-
tional understanding.

A number of technical challenges were ob-
served during the workshop. For instance, the
digital ruler lacked clear use cues, resulting
in some confusion among participants. Simi-
larly, the slack in the grip-torque sensor con-
nection introduced additional complexity,
making measurements less straightforward
and at times inaccurate. These technical lim-
itations may have contributed to measure-
ment errors and the inconsistencies between
theoretical and measured deflections. It is
also possible that some material samples
were slightly bent already prior to the test, as
they have all been through accuracy assess-
ment and the previous user test.

In terms of practical use, while the transpar-
ent guiding board was helpful in measuring
height, it was noted that its operation was
not entirely intuitive. These issues highlight
the need for further refinement of the tools
and equipment to enhance usability and re-
duce the cognitive load on participants, al-
lowing them to focus more on the conceptual
aspects of the workshop.

Overall, the results of this target group user
test are a good benchmark for the current
state of the project, which will be valuable for
further development.




The original assignment was to:

Conclusion

In this chapter, the design goal and the pro- Create an experiential machine to improve the hands-on education in ba-
ject’s result and value are reviewed. A re- sic engineering principles for first year bachelor students

flection on the requirements is performed
and recommendations for the future are
discussed.

This subsequently evolved into the following
after initial exploration of the problem space:

Create an experiential machine that can serve as an educational tool to
teach statics in a hands-on way with a focus on beam deflection

With the Educational Deflection Analyser, the
goal of providing a hands-on experience with
one of the UPE subjects has been reached.
Some, but not all design requirements are
fully met, which is discussed in 11.2. First, in-
depth conclusions are drawn about the add-
ed value of the design. This is done using the
DVF framework (desirability, viability, and
feasibility) ("IDEO Design Thinking," n.d.). This
way can be considered if the EDA will be a
succesful product, as all three elements play
an important role in this.
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11.1 Value

The value that the EDA adds to engineering
education is determined by using the ques-
tion: is the EDA desirable, feasible and viable?

11.1.1 Desirability

In this thesis report is analysed what the tar-
get group needs to get a good understanding
of basic engineering principles in a changing
educational context. With the simplification
of engineering education, the same subjects
need to be taught in shorter time. After anal-
ysis of the different UPE subjects, statics and
beam deflection are found to be relevant but
difficult subjects for design engineering stu-
dents. The EDA therefore plays a role in mak-
ing this subject enjoyable, stimulate deeper
learning and improve retention of conceptual
knowledge (with Productive Failure).

The EDA’s effectiveness has been evaluated
in a usability test and a target group user test
with a focus on workshop integration. The re-
sults show the EDA can be effective in teach-
ing students about beam deflection theory
and participants rate the experience well on
enjoyment. Most students’ confidence im-
proves as well, although conclusions about
significance cannot be drawn at this stage.
This would ultimately require a comparative
evaluation of the EDA experience with the tra-
ditional approach. Simultaneously, the UPE
coordinators deploy Productive Failure and
Experiential Learning Theory because they
are convinced this is an effective approach,
based on their previous experience and re-
search. The EDA fits this approach and it can
therefore be stated that it is desirable.

Nevertheless, there are some issues with the
usability. An example of this is measuring the
deflection, which has been improved with the
transparent guiding board, but still turned
out to be a finicky process in the last user
test. It cannot be denied that these issues
need attention, would the EDA be deployed in
UPE in the future.

11.1.2 Feasibility

As mentioned earlier, the design has been
tested with the target users—first-year stu-
dents. These tests demonstrated that stu-
dents can successfully perform beam deflec-
tion measurements with the EDA, provided
they are given a basic user guide during the
workshop. Participants were able to grasp the
essential functions quickly, and many of the
more detailed aspects were intuitively fig-
ured out through hands-on experience.

The EDA has been purposefully constructed
using readily available, off-the-shelf compo-
nents to ensure that the production process
is both cost-effective and scalable. By mini-
mising the number of custom-manufactured
parts and limiting the amount of manual
machining required, the overall complexity
of building multiple devices is kept low. This
makes it feasible to produce the EDA in larger
quantities. Additionally, the use of common
materials and components ensures ease of
maintenance and repair, contributing to the
long-term feasibility of the device.

Future iterations could further enhance fea-
sibility by exploring automated assembly
methods, reducing production costs while
maintaining functionality.

11.1.3 Viability

The costs of one individual EDA are €290 and
is within budget. It is important to note that
thisis an indication for the current prototype,
which needs to undergo iteration before use
in UPE. The price can also be lower if the ma-
chines are made in larger batches.

Maintenance on the EDA can be done with
standard tools and comes down to replacing
batteries and samples that have been bent
too much. Parts that are prone to breaking
are mainly the storage compartments that
are made from plywood. This could easily be
overcome if they would be made from acrylic
or another more durable material.

From a sustainability perspective, the EDA
has a relatively small environmental foot-
print. The primary materials that may require
disposal are broken samples and batteries.
However, as the samples are made from pure
materials, they can be easily recycled. In fu-
ture iterations, such as those incorporating
Arduino integration, the sensors could be
powered directly by the microcontroller. This
in turn would be connected to the mains, re-
ducing reliance on disposable batteries.

11.2 Reflection on requirements
The majority of the requirements (indicated
with R+number) have been met and can be
found in Table 10. However, there is also an
amount that is still in progress of achieve-
ment. This is due to the time constraints of
the project which means some parts of the
prototype are prioritised in evaluation or im-
plementation over others. Some of these lim-
itations will be discussed next.

First of all, first year bachelor students ac-
quire a better understanding of statics and/
or beam deflection with this design, has not
been entirely validated. This is not one of the
design requirements, but a given criteria
from the design brief. This should definitely
be one of the first things to test in future de-
velopment.

Besides this, the idea behind a workshop
with an experiential machine following the
PF approach (R1) is also to improve retention
of conceptual knowledge (RG). The EDA is a
promising start to achieve this and positive
feedback from initial user tests indicates
there is potential to expand and improve the
design, followed by full evaluation. In this
evaluation, a reversed approach (stress and
strain before statics) could even be tested.

The accuracy of measurements with the EDA
compared to calculations with the common
deflection formulas is not consistently below

an error of 30% (R14). There are multiple ex-
planations for this, of which one at least is
certain; this is the way of measuring is not
ideal currently and should be improved. Oth-
er than that, it is e.g. hard to determine what
Young’s modulus values exactly should be
used, therefore the accuracy is not only influ-
enced by the design of the EDA.

If the EDA can withstand intensive use by in-
experienced students for two weeks per year
for 5 years before maintenance (R17), is hard
to say. However, the design has been used by
the target group during final user tests. This
showed that the general structure is very du-
rable, but some weak points are observed.
The wooden, laser cut storage compartments
are slightly vulnerable, especially noticeable
when users let the weights slide of a sample
or drop them on the wood. The material sam-
ples will also undergo material fatigue after
many tests, especially when students might
bend them past their yield strength.

The dimensions are appropriate for the EDA
to fit on a standard size desk in the IDE studi-
os (R20). It is however heavier than the maxi-
mum of 10 kilograms as per requirement R19
and in future development this should be de-
creased. The easiest part to cut weight from
is the frame profiles.

During final user tests, participants were
asked if they physically noticed discomfort.
None of the participants indicated any dis-
comfort, like heavy loads on their body or
limbs. Nevertheless, extensive testing could
be performed in future development to val-
idate if the requirement for an ergonomic
standing posture for users is met (R21).
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Table 10: Program of requirements including status

Requirement Status
The manufacturing of one EDA should be un- R1 | The design and assignment module must enable the Productive Failure Achieved
der 4 hours, starting from unprocessed parts approach
like uncut aluminium extrusions (R22). This R2 |Must offer a physical, hands-on experience in statics and beam bending  [ASaiEEL)
requirement does not have a detailed foun-
dation, but quick calculations show that this R3 | Must be scalable to 20 units Achieved
is probably manageable in three hours. It is

also clear that if one were to manufacture 20 R4 | Cost must stay under €500 Achieved
EDA’s, the time per machine is lower, result-
ing in a more efficient manufacturing pro-
cess. This should be taken into account in fu-

R5 |The design and assignment must be structured so that they can be fully  [FAegiEE.
used and completed within a 4-hour afternoon workshop

ture development. R6 [Must improve the retention time of students over a traditional approach
Safety wise, the EDA does not use any cus- R7 |The assignment module needs to follow the structure as suggested in the [FA&IEVE

tom electronics at this stage (R23). This also Productive Failure Design Cycle

means the electronics that are used are CE R8 [The desigh must be accessible to at least two persons at the same time A&l
certified and have their own protection. The

machine does contain parts where objects R9 |The design must require students to manually set up an experiment with [AeaiEE.
need to be clamped by means of a bolt. Tech- the machine (no plug-and-play)

nically, fingers could get stuck here (R24) - R10 | The design must incorporate elements that enhance students' intrinsic AL

the odds are however very low, as long as the motivation ("wantivation") by ensuring that they perceive the activity as

EDA is used with minimum common sense enjoyable and interesting
and caution.

R11 [Load application must be possible in steps of TN Achieved

In the following overview in Table 10 is shown R12
which requirement is met and which is still
in progress of achievement, or not achieved
at all.

The design must provide a way of visualising the reaction moment in Achieved
cantilever beam supports

R13 | The design must provide a way of measuring beam deflection with a reso- [IAelgiEE.
lution of Tmm

R14 | The maximum relative error between expected and measured deflection
values must be 30%

R15 [The design must allow users to fix different materials Achieved

R16 [The design must allow users to fix different profiles Achieved

R17 | Must withstand intensive use for two weeks per year by inexperienced In progress
students, at least 5 years before maintenance is required

R18 | Maintenance must be possible with standard tools Achieved

R19 [Must not weigh more than 10 kg to make transport in the faculty possible |In progress

R20 | Must fit on a standard desk in an IDE studio Achieved

R21 | The dimensions must be so that the user can stand in an ergonomic pos- [AelalEE.
ture while using the design

R22 | Must be manufacturable in under 4 hours, starting from unprocessed
parts

R23 | Electronics with open contacts must be shielded for safety Achieved

R24 | The risk of fingers getting stuck or pinched must be mitigated Achieved
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11.3 Recommendations

As described before, there are certain aspects
of the EDA and the workshop that need to be
evaluated more. Simultaneously there are
also already clear improvements that the de-
sign would benefit from. In this section, sug-
gestions for all these cases are given.

11.3.1 Evaluation

First of all, to test the effectiveness of the
EDA, a long-term vision is required. The goal
of improving the engineering education is for
students to use the obtained knowledge and
skills more and better than they do currently
and to enjoy doing so. Proving if experiential
machines like the EDA contribute to this, can
be tested in the future. A suggestion could be
to perform an A/B test with one group that
first uses the EDA and are then taught about
statics and beam bending. At the same time
the other group gets the traditional approach,
being the current order of teaching UPE sub-
jects without experiential machines. Further-
more, the coordinators of the course will keep
researching the retention of UPE knowledge
in students over the coming years.

Itis important to consider ethical limitations
when testing educational approaches on stu-
dents, especially when one group could be
disadvantaged compared to the other.

11.3.2 Design improvements
A few practical improvements are discussed,
followed by recommendations for expanding
the design.
* The connections between the frame,
torque sensor and grip should be im-
proved with a specific focus on toleranc-
es, to minimise slack.

* A guiding bar to help the user see what
the real neutral position of the beam sam-
ple is (black bar in Figure 73). This is rec-
ommended after accuracy tests showed
that there is a little bit of play in the con-
nection between the grip, the sensor and
the frame.

N\
C—————————————— - Neutral

—/

N
M Rotation,

actual neutral

E ﬁt | Deflection

Figure 73: Guiding bar addition

The thin black bar turns with the beam
when the load is applied on the sample,
but does not bend.

* The workshop should incorporate the
concept of torque and counter moments
more.

* The design should be at least 3 kilo-
grams lighter.

Design iterations could include:
* Improving the looks of the EDA, includ-
ing making sure the grip looks more like
a typical “fully fixed support’ as in statics
theory;
* Precise, mechanic load application
methods like an electromotor with winch
or linear actuator;
* Continuous deflection measurements;
* Arduino integration, meaning load ap-
plication and deflection measurements
could be performed automatically;
* Arduino integration with the torque sen-
sor;
* Graphical user interface on laptop like
the LETT for easy control, measurements
and implementing digital data collection.

11.4 Final word

The current development of the EDA demon-
strates promising results, however the effec-
tiveness of the EDA is yet to be fully evaluat-
ed. Several areas for improvement have been
identified, which provides exciting opportu-
nities for further enhancement. A group from
the master’s course Products Now will build
on these results for deeper evaluation and re-
design.

For now, the proof-of-concept EDA is a partial-
ly functional prototype with the potential to
engage students by sparking their curiosity
to learn something new. It provides valuable
insights into material behaviour, giving stu-
dents a design advantage, as more experi-
ence typically leads to enhanced skills. With
continued development, the EDA holds the
potential to become an effective learning tool
in the future.
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Conclusion

11.5 Design evolution

As described in the introduction, this project
has followed a Triple Diamond pattern. In Fig-
ure 74 can be seen how the design of the EDA
evolved through three phases from simple
sketches to a functional prototype.

Initial ideation Concept creation Embodiment

Concept
choice

Direction
choice

Final result

Problem /
assignment

Cantilever
bending tester

Statics /
beam bending

Week 1 Week 9 Week 12 Week 25

Figure 74: Design evolution
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Appendix A. Original assignment

Design Manufacturing Machines

for Education

Do you like making stuff yourself where you would normally need machines in a factory?
Are you interested in designing manufacturing experiences for IDE students?
If YES than we are looking for you: an enthusiastic maker to develop applicable test-setups
which can be used to enhance learning in our engineering bachelor courses.

An example of a possible experiential machine to learn about injection molding [Gibbon, 2022] & FormBox: Vacuum Former

Within the first-year engineering course
"Understanding Product Engineering,”
students  are introduced to the
fundamentals of mechanics of materials
and unfortunately primarily limited to
theoretical aspects, and there is a need for
a more hands-on understanding of the
basic principles.

Currently we have one experiential setup,
the LETT (a simplified tensile tester
machine), where students get hands-on
experience on material properties such as
Young’s modulus and vyield strength.
However, there is a lack of diversity in
experiential setups, particularly those

related to manufacturing techniques,
product architecture, and statics. The
desire is to broaden the students' practical
exposure beyond the existing setup.

We want to improve (y)our education by
developing additional experiential
machines and workshop materials aligned
with our Productive Failure approach.
Specifically, we are seeking a student who
can work on machines related to
manufacturing technigues (e.g., injection
molding), product architecture (e.g.,
different fastener technigues), and statics
(e.g., bending of beams).

Coaches: Bas Flipsen and Stefan Persaud ©
upe-io@tudelft.nl

Contact Bas Flipsen or Stefan Persaud for more details on how you can contribute to
enhancing our educational and furthering the Productive Failure approach in our course.

IPD GRADUATION PROJECT
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Appendix B. Design Brief

Project title: Designing experiential machines for engineering education

Introduction:

Within the first-year engineering course “Understanding Product Engineering”, students are intro-
duced to the fundamentals of mechanics of materials. The course consists of 8 weeks with each
their own topic, ranging from basic statics and material properties to manufacturing and fastener
techniques. There is one experiential setup, the LETT (a simplified tensile tester machine) (see
Figure 1), where students get hands-on experience on material properties such as Young’s mod-
ulus and yield strength. The first year consists of 350 students and during this course they usually
have an afternoon to use such a machine to get practical experience with the current week’s topic.
The course teachers Bas Flipsen and Stefan Persaud apply the Productive Failure approach,
meaning that students are encouraged to try principles and methods out by themselves, during
which things are allowed to go wrong. It is stimulated to learn from mistakes. In the old bachelor
curriculum, this course was still split up into multiple separate courses like Statics, Design for Man-
ufacturing and Engineering for Design. They involved, amongst others, building a friction coeffi-
cient measuring device with the help of Arduino electronics and analysing the material properties
of a chosen product. The engineering courses are now significantly more concentrated and every
subject has to be taught in way shorter time.

The elective Materials & Manufacturing and the minor programme Advanced Prototyping also in-
volve knowledge and skills about these basic engineering principles and their coordinators Sepi-
deh Ghodrat and Willemijn Elkhuizen are therefore also stakeholders.

Problem Definition:

There is a lack of (diversity in) experiential setups, particularly those related to manufacturing
techniques, product architecture and statics. It is of great value that students can learn about
these techniques in a hands-on way, as this stimulates the learning process. Especially the more
abstract principles like statics are easier to understand when put into practice. The course and its
coordinators want to develop the Productive Failure approach, in which these experiential ma-
chines play a big role.

Students can stare at a text book for hours and get a vague understanding, or spend one after-
noon practising this theory and understand it way better. This will create value later in their studies
or career, as however you slice it, they will encounter moments where their knowledge about basic
principles helps them. Furthermore, engineering should be fun and attractive to beginning design
engineers. It is often seen as difficult and they get demotivated quickly. The imagined experiential
machines should spark more enthusiasm for the engineering side of IDE.

These machines can also be deployed in the mentioned elective and minor, as it might create a
low entry level opportunity to test or create a quick prototype.

Assignment:

Create an experiential machine to improve the hands-on education in basic engineering principles
for first year bachelor students.

To complete this assignment, | will diverge and converge three times. First, some literature re-
search and interviews or questionnaires need to be carried out to find out the hurdles that first year
students experience and resulting potential knowledge gaps (diverge). This research leads to a
fitting set of requirements and relevant directions (converge). Then for the relevant UPE subijects,
a lot of different simple, potential setups will be ideated (diverge). After prototyping the relevant
ones and evaluating them during tests, one needs to be chosen (converge), which will be around
the mid-term. This idea will be iterated again (diverge) and then tested with representative partici-
pants. This leads to a final design which will be a full functioning machine (converge).

Motivation and personal ambitions:

Between my bachelor and master | studied mechanical engineering for a year. After, | started IPD
during which | worked on an AED project that was leaning heavily towards mechanical engineer-
ing. Following up | became an intern at the same company, KUBO Greenhouses, and built a full
size prototype of the AED machine on my own.

This graduation project really spoke to me as it is about the technical side of industrial design,
which is clearly in my lane. The project also involves making physical, mechanical prototypes. This
is a skill I have developed over the years which | hope to prove and of course improve.
Knowledge and skill | do not possess elaborately yet, but that | would like to have, is about didac-
tics. | personally love to teach people about things | am passionate about. | have been told | am
naturally quite good at it, but | would like to know more about teaching principles and methods like
the Productive Failure approach.
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Appendix C. Design opportunity analysis
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Appendix D. First ideation
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The following ideas were also made into prototypes:

- Moment balancer

This tool is simple in nature and explains the principle of a ‘moment’. It allows the user to place
weights on set distances. A moment is a force acting over a distance, calculated with M = F*d.
This way you can balance out the arm, for example by placing one weight on 8 and two weights
on 4.This is the same principle as an old fashioned scale.

The tool could also be used to make students ‘feel’ the moment, by letting them hold the arm in
the centre and having someone else put weight on the arm. They will feel the force on their hand
increasing and the arm trying to turn around the axis. They are delivering the ‘counter moment’,
which could be related to the counter moment in statics theory.

This setup is quite simple and as is only explains one concept, not allowing for a lot of experi-
mentation. It would probably be most suitable as a showcase in a lecture to explain moments.

- Glue injection moulding

With a 3D printed mould and a glue gun, plas-
tic injection moulding could be simulated. If
making sure the hot nozzle does not touch
the PLA mould directly, this works fairly well.
With the first iteration it is visible the heat
of the glue gun shut the small spout in the
mould quickly. Simultaneously, the effect
this creates is interesting for a student to
see as it is visible the glue is pushed around
the hole feature towards the bottom and fills
from there. This is the case because glue is

- Candle wax injection moulding

very viscous and the process is slow. With
normal injection moulding, the mould fills
rapidly with high pressure pushing out all the
air through vent channels before the plastic
can fill up from the back to the front, trap-
ping in air. In the second iteration the mould
filled up almost all the way, but clearly there
is trapped air in the mould. The small feature
that creates a hole in the final product also
blocks the flow. When removing the product,
it takes these small pillars with it breaking
them off. This could of course easily be fixed
by making it bigger and stronger.

This process also shows that cooling time is
important, as when the mould was opened
quickly after injection, the glue was still soft
and runny. With a plastic mould, this is hard
to do. However, again this is a slower process,
giving students more time to grasp what is
happening. What improves this educational
value even more is the use of an acrylic, la-
ser-cut mould, so students can see what is
happening. The product also came loose eas-
ier from this mould.
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Another way of simulating injection moulding, is with candle wax. This process is also safer, as
the heat necessary to melt the wax is relatively low. With a stainless steel syringe, the wax can
be molten with a heat gun while blocking the nozzle. Then, the student can attach the mould,
open the nozzle and quickly press down the handle of the syringe, pushing in the liquid wax.
The advantage of this over the glue is that candle wax does not stick as much to the mould, not
requiring as much separating agent (silicone spray was used). It is also possible to actually use
some pressure with this method. The result shows that the mould did indeed fill up better than
the glue version, but still there is a cavity. It is also recommended not to use such a small part,
as the part easily breaks when trying to get it out of the mould.

Candle wax injection is a pretty accessible process, keeping in mind that it is quite messy, how-
ever. It would definitely be suitable for further exploration though.

- Candle wax rotation moulding

Partially based on an idea and files by The Practical Engineer (2022), a small rotational moulding
device was build. The process is manual and can be used for silicone casting, however, it was
used for candle wax again. With rotational moulding, hollow product can be created. In this case,
the user has to pour molten candle wax into the mould and start rotating the handle to spin the
mould over its three axes. When the wax is not liquid anymore, it can be put in a fridge to cool
down as quickly as possible to make the wax set. It was not possible to create a complete prod-
uct this way, as the product would separate when separating the mould parts. This is caused by
a variety of factors like the wall thickness of the product and the texture of the mould.

It still shows the process quite well and has potential for further development. Even with the
‘broken’ product, a student can see if their wax was distributed evenly over the mould and inves-
tigate why this happens. With more complex shapes, they could even discover what features do
and do not work with rotational moulding.

- Statics: support types play set

Y

s

% B T . &

When focusing more on the subject of statics, different ideas were created. One that was proto-
typed is this ‘play set’ type of product. In statics, there are three mainly used supports in theory
and exercises, being the fully fixed support, the hinge and the roller. With a set that also visually
resembles these supports, a student could play around with different setups that occur in their
book. When using a beam to connect them, they could apply some type of load to it to see and
feel what happens. Especially when using a flexible material for this beam, it can be seen what
effect the different supports have on the bending of the beam.
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Appendix E. Questionnaire

E.1 Insight section

A part of this section were questions about
materials and manufacturing, another part
about the fundamental subjects like stat-
ics, shear force & bending moment lines and
stress & strain.

There were two questions asking directly for
the material of a certain object, like the outer
partofacarandamug. The mugis made from
stainless steel, but only 17.4% of participants
had this correct. The majority answered alu-
minium, which is somewhat understanda-
ble looking at the picture (Figure 75), but it is
stainless steel because it is less susceptible
to corrosion due to e.g. acidic liquids. When
asked how they would determine if it was al-
uminium or not, all participants gave reason-

Figure 75: Stainless steel mug

able methods.

Counting aluminium and steel both as cor-
rect answers for the question about a car’s
body, 90.9% answered correctly. What stands
out however is the fact that for the question
"how thick is this material?" only 13.6% gave a
logical answer. All others overestimated the
thickness by a large margin.

On the topic of manufacturing, there were
three questions. Two of them were directly
asking the manufacturing process for certain
products, one was vacuum formed packag-
ing material and the other a rotation-mould-
ed toy car. The first was answered correctly

by 43.5% of participants, the second by 23.5%
(the majority chose injection moulding). The
other question was to determine what meth-
od would be the cheapest and fastest to pro-
duce 50 barbecues, resulting in 73.9% correct
answers.

Plank Muur

Hoekprofiel A

NN

.

Figure 76: Choose the optimal location for a
Screw

Then on statics there was a question to in-
dicate where you would place a screw in Fig-
ure 76, 82.6% had this correct and 50% gave
a correct explanation for their choice. Other
questions about external forces were to in-
dicate which orientation of the beam profile
in Figure 77 has the most resistance against
deformation (B is correct). Here, 68.2% chose
correctly.

S S—
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Figure 77: Choose correct orientation

Only 31.8% answered all three correct in the
question where they had to indicate tension,
compression or no stress in point A, C and F
(Figure 78).

Figure 78: Indicate tension, compression or no
stress

When asked to indicate the correct shear
force and bending moment diagram for a
given load situation, respectively 31.8% and
40.9% answer correctly. This number is low
per diagram, but even lower is the amount of
participants that have both correct: 21.7%.
Lastly, 94.1% of the participants correctly in-
dicated curve B (Figure 79) belonging to steel
when given the options ceramics, rubber or
steel.

Stress

Strain

Figure 79: Stress-strain curve

E.2 General section

In this section, they were asked about sub-
jects like the existing LETT machine, some
personal data, experience with tinkering and
the workshop, their view on the bachelor, UPE
and use of obtained UPE knowledge.

59.1% of the participants used the LETT at
least once. A few of them indicate a positive
experience, the others are only moderately
enthusiastic. Something that is often indi-
cated is that the fixing of samples in the grip
was a hassle and took a lot of time. The sam-
ples also quite often rip at the fixture, caus-
ing inaccurate measurements.

The next question was about working in the
PMB (the faculty’s workshop) and what ma-
chines participants used. The majority have
used the 3D printers and/or laser cutter. From
these 14, six indicated they like to work in the
PMB and four they never did but would like to.
In total, the first was indicated by 34.8% and
the latter by 30.4%.

When asked to indicate what type of proto-
types they made, 60.1% indicates they made
prototypes for both technical and visual pur-
poses. Only 3 people never made physical
prototypes.

The participants were also asked to indicate
how they view the bachelor program on a
scale of 1 (theoretical) to 10 (practical). This
data has been ordered in Figure 80. What it
shows is what each participant indicated: the
bachelor currently, how they wish it would be
and the difference between these. Negative
numbers correspond with ‘theoretical’, pos-
itive with ‘practical’. The majority of 65.2%
would like the bachelor program to be more
practical.
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Participants view on IDE bachelor, Theoretical vs. Practical Ap pe n d iX F. S a m pl i ng Of stati CS exe rC i ses

B Now [ Wished Difference
5

N g

M Chapter: | 3.3 4.4 4.5 4.6
p Stress/strain 25 24 9 19
Figure 80: View on IDE bachelor Leverage/balance 23 9 6 8
Furthermore, they were asked what subjects ,
of UPE they found most difficult. The results Total: 48 33 15 27
are shown in Figure 81.The top three are clear-
ly the fundamentals of engineering.
Count versus Subject Chapter: | 4.7 54 5.7 6.6
Stress/strain 17 34 21 42
Leverage/balance | 0O 21 1 21
Total: 17 55 22 63
Figure 81: Most difficult UPE subjects as indicat-
ed by participants .
Total Ratio
When asked why they chose their answers,
there is no clear reason that occurs most of- Stress/strain 191 68,21%
ten. The answers range from abstraction and
absence of preexisting knowledge for NVM Leverage/balance 89 31,79%
lines, to not getting enough time to internal-
ise something, to having to remember a lot 280

for production methods.

Finally, the participants were asked what
subjects they already applied outside of UPE.
Their answers are divided into categories and
shown in Figure 82.

How did you apply subjects outside of UPE?

Other
9,49

Other IDE courses

Manufacturing
6.3%

Statics
3,1%

Material selection

Strength of design
21,9

Figure 82: UPE knowledge applied outside of the
course
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Appendix G. Full PoR

Status

Achieved

Achieved
Achieved
Achieved

Achieved

In progress

Achieved

Achieved

Achieved

Achieved

Achieved

Achieved

Achieved

Achieved

Achieved

In progress

Achieved

In progress

Requirement

R1 [The design and assignment module must enable the Productive Failure
approach

R2 [Must offer a physical, hands-on experience in statics and beam bending

R3 | Must be scalable to 20 units

R4 | Cost must stay under €500

R5 |The design and assignment must be structured so that they can be fully
used and completed within a 4-hour afternoon workshop

R6 | Mustimprove the retention time of students over a traditional approach

R7 |[The assignment module needs to follow the structure as suggested in the
Productive Failure Design Cycle

R8 |The design must be accessible to at least two persons at the same time

R9 [The design must require students to manually set up an experiment with
the machine (no plug-and-play)

R10 | The design must incorporate elements that enhance students' intrinsic
motivation ("wantivation") by ensuring that they perceive the activity as
enjoyable and interesting

R11 | Load application must be possible in steps of 1N

R12 | The design must provide a way of visualising the reaction momentin
cantilever beam supports

R13 [The design must provide a way of measuring beam deflection with a reso-
lution of 1T mm

R14 | The maximum relative error between expected and measured deflection
values must be 30%

R15 | The design must allow users to fix different materials

R16 | The design must allow users to fix different profiles

R17 |[Must withstand intensive use for two weeks per year by inexperienced
students, at least 5 years before maintenance is required

R18 | Maintenance must be possible with standard tools

R19 | Must not weigh more than 10 kg to make transport in the faculty possible

R20 | Must fit on a standard desk in an IDE studio

R21 [The dimensions must be so that the user can stand in an ergonomic pos-
ture while using the design

R22 | Must be manufacturable in under 4 hours, starting from unprocessed
parts

R23 | Electronics with open contacts must be shielded for safety

R24 | The risk of fingers getting stuck or pinched must be mitigated

Achieved

Achieved

In progress

Achieved

Achieved

Appendix H. Concept ideation sketches

In the following pictures some ideation that preceded the most promising concepts is shown.

Ideation on digital/physical concepts:
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Ideation on physical translations of statics:
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Appendix I. Concepts

Two other concepts that are a first iteration of final concepts from chapter 7 Concept develop-
ment.

I.1 FEM before statics

The first concept is one that is less physical and instead revolves around the Finite Elements
Method (FEM). This is a numerical technique used to solve complex engineering and mathemat-
ical problems, particularly those involving partial differential equations. It works by breaking
down a large, complex system into smaller, simpler parts called "finite elements," which are then
analysed individually and assembled to predict the behaviour of the entire system. FEM is com-
monly used in fields such as structural analysis, fluid dynamics, and heat transfer, allowing for
precise simulations of physical phenomena.

If it can be used to solve complex problems, it can also solve simple problems. Therefore this
concept is making the student perform a FEM simulation in SolidWorks (used at the IDE faculty
already). This could give students the opportunity to digitally experiment with the bending of
beams, with the result of also learning the application of statics. It is way more stimulating to
work with such simulations than to look at abstract, quite boring FBD’s (like the ones in Figure
18b and Figure 19b). The basic scenario of this concept is as shown in Figure 83.

Receives Gains
Assignment: explanation on Tries FEA again understanding

Student makes Reflect on

Perform FEA on a supports and with more of FBD and

given CAD model MISESKES force knowledge bending

equilibrium application

experience

Figure 83: Scenario for concept "FEM before statics"

To make the connection to reality, CAD models of common products can be provided, like the
shown wrench. Other options could be nut crackers, bicycle tire lifters, a bicycle frame or furni-
ture. Visible is also the way Productive Failure is implemented. The student would only get basic
instruction on the software, but not how to perform a correct simulation. This way, they are left
to experiment themselves. Mistakes they could potentially make, among others, is choosing the
wrong support, placing them incorrect or unrealistic, making the situation statically under or
over determined, placing the load in an unrealistic spot or choosing an unrealistic low or high
load. After receiving theory and more instruction, they can redo their simulation and perform a
successful one. In Figure 84, a simple FEM simulation the students can come across is shown.
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In a SolidWorks "static study", the user has to indicate where the product is supported and how,
and where a (distributed) load or moment is placed. This can make a bridge between FEM and
statics. It also gives the student experience in translating reality to a virtual environment. As
seen in Figure 84, the result of the simulation clearly shows where the stress in the model is the
largest. This is valuable knowledge for a designer, as they have to take into account where their
designs have to be stronger, or where they can save material.

Figure 84: Simple static simulation of a cantilever beam

I.1.1 Discussion

This concept meets most requirements, or it is realistic to expect to do so when developed fur-
ther. However, the requirement of offering a physical, hands-on experience is not met. It lacks a
physical element.

Besides this, it is tested how many steps it takes to perform a simple simulation to get a result
like in Figure 84. This is quite a lot, meaning it would still require lots of instruction for the stu-
dent to even be able to start experimenting. This means the threshold is possibly too high to
perform this in a productive failure workshop.

I.2 FBD machine - real products

Looking at more physical solutions, another concept is created. This concept is a device that
integrates multiple sensors and can be connected to a laptop with accompanying software. This
serves the purpose of enabling students to check their FBD’s. Right now, it is hard to check if your
FBD is correct, unless you solve the system of three unknowns and three equations. Even then,
a student does not know how realistic their solution is. This concept will allow them to place the
sensors, being load cells and possibly a torque sensor, at the same positions they placed their
supports in the FBD (Figure 85). The software could be partially copied from the LETT machine,

Load cell

Torque sensor

Figure 85: An example of a situation where the FBD checker can assist

as that already has functionality to read load cells. It would just need a different Graphical User
Interface (GUI), and could possibly have a function to automatically compare to the theoretical
FBD. Besides the shown bike frame, other objects like a foldable chair, beer opener or gym equip-
ment could be analysed. These suggestions are deliberately relatable objects for students.

Load cells like the one in Figure 86 could be used. The one shown is a beam type load cell, which
in the shown configuration is a simple scale. They are not hard to connect to an Arduino to read
their value.

Figure 86: Beam-type load cell in scale configuration

1.2.1 Discussion

For full experience, the concept needs to be equipped with a sensor that measures in two di-
rections and allows rotation (hinge support), one that only measures one direction and allows
rotation and motion in the other direction (roller support) and a sensor that measures both di-
rections, torque and prevents all rotation and motion (fixed support). This is quite challenging
however, as they at the same time need to be able to be connected to objects like the bike frame
in Figure 85. It was also found it is hard to get affordable static moment sensors. There are sen-
sors that can measure force and torque with 6 axes, but they cost close to EU3000 (ME-Systeme,
n.d.).

To omit the need for a moment sensor, situations without fully fixed supports could be consid-
ered. This however would limit the functionality and the counter moment is exactly a hard to
grasp phenomenon for students. Lastly, it is chosen to take bending of beams into consideration
with the concept design. This concept does not have an element of bending.
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Appendix J. Educational module

1. The core concept of the workshop is LO1.5 "Apply the basic principles of mechanics of mate-
rials and materials science in the most common construction situations within the context
of product design".

2. Next, an exam question that relates to the EDA is chosen. A fitting example would be the
question in Figure 87, coming from the 2022 UPE resit exam (B. Flipsen, personal communi-
cation, March 26, 2024).

De hiernaast afgebeelde lamp wordt opgehangen aan een
constructie, die bestaat uit een koolstofstalen plaat (low
carbon steel). De lengte van de plaat is /=300 [mm], de
breedte is b=20 [mm] en dikte is d=3 [mm]. We nemen aan
dat de constructie ingeklemd is opgehangen aan de muur.

We willen de stalen plaat uitvoeren in een ander materiaal,
namelijk multiplex (plywood). De nieuwe plaat mag net
zoveel doorbuigen als de stalen versie, maar niet meer. De
lengte en breedte blijven gelijk, en alleen de dikte van de
staaf mag worden gevarieerd.

Maak gebruik van Granta Edupack level 2, en neem de gemiddelde waarden uit de tabel.

2. Wat is de minimale dikte van de nieuwe houten plaat in millimeters [mm]? Rond af
op 1 decimaal nauwkeurig. Laat duidelijk zien hoe je aan het antwoord komt.
[2 punten]

Figure 87: Exam question about redesigning a product with a cantilever

3. Real application: Designing wall mounted products like bicycle rack, lamp, shelves, TV mount.
Designing furniture like chairs with armrests or designer fauteuils. Constructions with over-
hang in the built environment. Designing boom arms for e.g. microphones or dentist or sur-
gery equipment. Designing mechanical constructions in automotive or aerospace engineer-
ing. Street furniture or infrastructure like benches, street lanterns or poles. Snap joints.

4. Problem: Aeroplane seat’s armrest must be as light as possible, as every gram less saves a
bit of fuel. At the same time, it must also be strong and be able to hold up in constant use in
aeroplanes. It must not bend too much under the weight of someone leaning on it, or even
accidentally sitting on it.

5. Solution: Possible wrong solutions students can come up with are listed here.

Student thinks only the material has influence on the deflection

Student does not know what difference the position of the load makes

Student chooses mostly based on intuition, e.g. choosing an unnecessarily heavy material
profile as that does not bend much

6. Redefine: You are asked to find a part that can be used in the construction of the armrest of
an aeroplane seat. It needs to be as light as possible and resist the force of a human’s arm
leaning on it. You have gathered a selection of options, all with different material and/or
profile. The armrest is only allowed to deflect at most 10 millimetres, as more will make the
armrest uncomfortable.

J.1 FBD machine - real products

Who: Student groups of 4 to 5 students

Where: A studio in the IDE faculty

When: One afternoon from 13:45 until 17:30

What: Provided per group is a table with chairs, the EDA including samples, some basic tools and
measuring devices, whiteboard with markers and one large screen for the whole studio

1. Prepare
Formative exam, questions related to the lecture (10 minutes)
2. |deate

Problem introduction: group of students is asked to find out what factors influence the
bending of the samples they have been given
Guided brainstorm: brainstorm possible solution strategies with the group, how to find
variables and constants that have influence
Select and try: the group selects an approach and gets to work with the EDA
Share: the groups share their findings to the rest of the studio

3. Prototype
Direct instruction: video with explanation of the deflection formula and its variables and
constants is shown, plus instruction how to measure this
New assignment: the groups are now instructed to compare theoretic values to real val-
ues, do they match or are there deviations
Try again: the groups will now calculate the theoretic values. To do so, they need to meas-
ure the geometry of their samples and find the Young’s modulus in Granta EduPack

4. Evaluate
Wrap-up: evaluate key findings, reflect on process and the role of the EDA

J.2 Suggestions for other assighments

1. Find outwhen the relative error becomes unacceptable - until where are the deflection formu-
las valid? What influences this?

2. Find out when a material starts deforming plastically instead of elastically - can you say
something about the stress strain curve?

3. Bring areal life beam type part - can you predict how (much) it will bend? Is that accurate?
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Appendix K. Accuracy assessment

A relative error value was calculated by using:

error = expected

The results of the first test are shown in Table 11.

measured—expected
= X 100%

Table 11: Accuracy test with F = 11.0, rangefinder

It also shows the absolute error.

Description Deflection Measured Abs. error Rel. error
(mm) (mm) (mm)
Aluminium rectangle horiz. 1.7 14 2.3 20%
Aluminium rectangle vert. 1.3 4 2.7 209%
Aluminium rod round 4.7 8 3.3 1%
Aluminium tube round 6.3 8 1.7 27%
Aluminium L profile 6.2 11 4.8 77%
Aluminium U profile [ 2.6 4 14 51%
Aluminium U profile upside 3.8 7 3.2 86%
down
PVC rod round 96.6 46 -50.6 -52%
Brass rod square 63.0 63 0.0 0%
Steel rod round 52.2 64 11.8 23%
POM rod round 34.6 42 7.4 21%

Table 12: Accuracy test with F = 15.9, rangefinder

To find out if the accuracy is different under a higher load, the same test was performed, but with
F=15.9N. The results are presented in Table 12.

Description Deflection Measured Abs. error Rel. error
(mm) (mm) (mm)
Aluminium rectangle horiz. 16.9 20 3.1 18%
Aluminium rectangle vert. 1.9 6 4.1 220%
Aluminium rod round 6.8 12 5.2 77%
Aluminium tube round 9.1 10 0.9 10%
Aluminium L profile 9.0 19 10.0 111%
Aluminium U profile | 3.8 6 2.2 57%
Aluminium U profile upside 54 9 3.6 65%
down
PVC rod round 140.0 88 -52.0 -37%
Brass rod square 83.3 102 18.7 22%
Steel rod round 75.6 91 15.4 20%
POM rod round 50.1 54 3.9 8%
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As mentioned, another measuring method was used as well. The results of using a height gauge
and measuring the neutral axis of the samples are shown in Table 13. In these results, a second
absolute and relative error are included. These are derived from adding the theoretical deflection
caused by the samples’ own weight to the theoretical deflection caused by the load. The deflec-

tion caused by own weight is considered to be a distributed load on the beam.

Table 13: Accuracy test, height gauge

Description F (N) | Deflectio | Measure | Abs. Rel. Abs. Rel.

n (mm) d (mm) error error Error 2 error 2
(mm) (mm)

Aluminium rectangle 1.0 | 117 16 4.3 37% 41 34%

horiz.

Aluminium rectangle 1.0 (1.3 5 3.7 286% 3.7 277%

vert.

Aluminium rectangle 207 |24 6.3 3.9 158% 3.8 155%

vert.

Aluminium rectangle 355 |42 10.5 6.3 151% 6.3 149%

vert.

Aluminium rod round 11.0 | 3.9 6 2.1 953% 2.0 51%

Aluminium tube round | 11.0 | 6.3 9 2.7 43% 2.7 42%

Aluminium L profile 11.0 |6.2 15 8.8 141% 8.7 139%

Aluminium U profile [ 11.0 |26 6 3.4 127% 3.3 124%

Aluminium U profile 11.0 | 3.8 9 5.2 140% 5.2 136%

upside down

PVC rod round 11.0 | 96.6 60 -36.6 -38% -37.9 -39%

Brass rod square 11.0 | 57.5 64 6.5 11% 5.7 10%

Steel rod round 11.0 | 476 55 7.4 15% 6.8 14%

POM rod round 6.0 17.5 21 3.5 20% 3.2 18%

POM rod round 11.0 | 31.8 39 7.2 22% 6.8 21%

Appendix L. User test 1: usability

L.1 Method

1. Objective
To evaluate the basic usability of the bending test machine.
2. Participants
a. Number of participants: 3-4
b. Background: from the IDE faculty, basic knowledge of mechanics of materials,
no experience with this machine
3. Environment
a. Applied Labs or a studio
b. Equipment: Bending test machine, beam samples, hangers, weights,
instructional materials, laptop (with sheets for data recording + survey)
c. Bending test machine should not be setup with clamp installed, participants
have to do this themselves.
4. Materials:
a. Samples: 9 different samples, with two of them having two possible
orientations
b. Load Application Tools: Hangers and weights.
c. Measurement Tools: Torque sensor, ruler for measuring beam length, digital
ruler for deflection measurement (all built into device).

a. Two phases, one without instruction to research how intuitive it is to use, and
one with complete instruction.
b. In advance: let the participant fill in some anonymous background information
in the survey.
c. Phase 1 - no instruction
i.  Assignment: “You are designing a chair and for the arm rest you have
gathered different materials and shapes. Choose three samples and
try to figure out which sample has the least deflection. Use the
machine and accompanying Excel sheet.”
i.  Data collection: They can use the excel sheet to calculate things if
they want to, but mainly to record their measurements.
iii.  Evaluation: the participant answers some questions in a Google
Forms survey
1. Did you understand the assignment?
2. How was your understanding of the general function the
machine has?
3. How was your understanding of the individual parts of the
machine?
4. How was your understanding of the Excel sheet?
5. Any general difficulties?
d. Phase 2 - instruction
i.  Provide a detailed explanation of how the machine works, the purpose
of the torque sensor, and the correct procedure for setting up and
using the machine.
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i. Explain the relationship between the applied load, deflection, and
torque.
iii.  Assignment: do the same thing again, see if you can improve the
accuracy.
iv.  Evaluation: The participant answers the remaining questions in a
Google Forms survey
1. Rate the ease with which you were able to fix the material in
the machine.
Remarks?
2. Rate the ease with which you could apply a load on the
sample.
Remarks?
3. Rate the ease with which you could measure the deflection.
Remarks?
4. Did you use the torque sensor?
Do you see any use for the torque sensor?
6. Any last comments?

o

6. Data types:
a. Quantitative data: the measurements users took during their session in the
excel sheet.
b. Qualitative data: summary responses, verbal feedback, observations.

L.2 Procedure

1. Introduction (5 minutes)
a. Start timer
b. Explain goal of the machine, but not its specific functions
c. Explain 2 phase setup of test
d. Explain data collection and consent form
e. Ask to think out loud
2. Phase one (20 minutes)
a. Explain assignment
b. Let participant use the machine
c. Let participant fill in the first questions of the survey
3. Phase two (20 minutes):
a. Explain the machine completely and instruct the intended use
b. Let the participant repeat the assignment (with different samples)
4. Final phase (10 minutes)
a. Let participant answer the final questions of the survey
b. Thank participant and give reward
c. Stop timer

L.3 Consent form

Usability of bending test machine
This research is conducted as part of the MSc study Industrial Design Engineering at TU Delft.

Student: Kiet Stiemer

Informed consent participant
| participate in this research voluntarily.

| acknowledge that | received sufficient information and explanation about the research and that all my questions
have been answered satisfactorily. | was given sufficient time to consent my participation. | can ask questions for
further clarification at any moment during the research.

| am aware that this research consists of the following activities:

1. Using a concept for a bending test machine, uninstructed, while being observed;
2. Using the same concept, now with instructions;
3. Filling in a questionnaire.

| am aware that data will be collected during the research, such as notes, photos, video and/or audio recordings. | give
permission for collecting this data and for making photos, audio and/or video recordings during the research. Data will
be processed and analysed anonymously (without your name or other identifiable information). The data will only be
accessible to the researcher and their TU Delft supervisors.

The photos, video and/or audio recordings will be used to support analysis of the collected data. The video recordings
and photos can also be used to illustrate research findings in publications and presentations about the project.

| give permission for using photos and/or video recordings of my participation:
(select what applies for you)

[] inwhich | am recognisable in publications and presentations about the project.
[ ] inwhich | am not recognisable in publications and presentations about the project.
[ ] for data analysis only and not for publications and presentations about the project.

| give permission to store the data for a maximum of 5 years after completion of this research and using it for educa-
tional and research purposes.

I acknowledge that no financial compensation will be provided for my participation in this research.

With my signature | acknowledge that | have read the provided information about the research and understand the
nature of my participation. | understand that | am free to withdraw and stop participation in the research at any given
time. | understand that | am not obliged to answer questions which | prefer not to answer and | can indicate this to the
research team.

The researchers take the applicable COVID-19 measures into account. | confirm to respect the COVID-19 measures
taken and will follow instruction about these provided by the researchers.

| will receive a copy of this consent form.

Last name First name
| 12024
Date (dd/mm/yyyy) Signature
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L.4 Findings

1. The assignment causes the participants to choose based on their knowledge and insight; as
the aluminium samples are thicker they are automatically preferred over the thinner brass
and steel profiles.

2. The torque sensor shuts down to save battery quite often, this is sometimes discovered only
after already applying a load.

3. The torque sensor displays a set value for an alarm when no load is applied, as soon as the
torque surpasses 0.9 N.m it starts displaying the measurement; this can be confusing at
first.

4. The torque sensor has quite a few buttons and modes, and as it only displays the set alarm

value in rest, this causes some participants to try all the sensor’s functions; this distracts

from the process.

The "zero" function of the digital ruler is not found directly.

6. Some participants note the length of the beam from the axis of the torque sensor to the end
of the beam for their calculation, while they have to take the length starting from the outside
of the grip; this can be confusing as the moment is in fact related to the length starting from
the axis.

7. Other participants understand which length they have to use automatically; the clear indica-
tion of S and L on the grips and machine help with this.

8. The interaction with the digital ruler is hard, it is difficult for participants to position it cor-
rectly and get a good reading; a contrasting background with guides is suggested as im-
provement.

9. Sliding the ruler horizontally is not smooth; the fact the participant needs a tool to loosen
and fasten the screws is very unintuitive.

10. The ruler on the top of the device is handy, but it is relatively far away from the test sample;
this makes it hard to get an accurate measurement of the length of the beam or position of
the load.

1. When the samples are not loaded, they sometimes slightly angle upwards; this makes it
harder to get a correct initial position measurement.

12. The need for the torque sensor is unclear in combination with the given assignment; this is
confusing, however participants do see a use for it in other situations.

13. Giving some participants a little more instruction than others at the start, it seems there is
a fine line between giving no guidance and explaining everything to the point where there’s
nothing left to explore; the key seems to point out the components and their function, with-
out dictating how they should be used.

14. For this reason, some participants suggest labelling important components; this makes the
process more efficient as students do not have to spend time on something they do not learn
a lot from.

15. In the questionnaire, participants rated the ease of fixing the samples in the machine an
average of 4 out of 5. Applying a load received a rating of 4.3, while measuring deflection was
rated lower, at 3.3.

16. In the first phase of the experiment, measuring results had a greater error compared to the
theoretical value than in the accuracy assessment. In the second phase, some of the results
had an error closer to that of the accuracy assessment.

o

Appendix M. User test 2: target group

This test’s objective is to evaluate how the target group (UPE students) currently uses the EDA in
aworkshop. This is a final benchmark of the concept and the result is a starting point for further
development.

M.1 Structure and material
Who: Pair of two students
Where: A studio in the IDE faculty
Duration: One hour
What: Provided is:
- a table with the EDA including samples (accessible from both sides)
- some basic tools and measuring tools
- pens and paper
- laptop with Excel sheet
- first tab for first phase (only some measurement suggestions)

EDA user test - participants sheet nr:

Measurements phase one
sample name Force Deflection - measured (mm) |? ? ?

- second tab for second phase (expanded with youngs’ modulus and moment of inertia for
the available samples + table to compare theory-reality)

EDA user test - participants sheet nr: 1

Ell Sample Young's Modulus (E) Moment of Inertia (1)
ES Aluminium rod rectangle horiz. 6.9E+10 1.563E-10
Ell Aluminium rod rectangle vert. 6.9E+10 1.406E-09
[l Aluminium rod round 6.9E+10 2.113E-10
[l Aluminium tube round 6.9E+10 2.89BE-10
l Aluminium L profile 6.9E+10 2.927E-10
EW Aluminium U profile [-channel 6.9E+10 6.893E-10
(i} PVC rod round 3.1E+09 4.909E-10
il Brass rod square 1.0E+11 2.133E-11
(Y Steel rod round 2.1E+11 1.257E-11
(&l POM rod round 2.9E+09 6.197E-10

Measurements phase two
Sample F(N) L{m} E(Pa) I{m"4) |Deflection - theory (mm) Deflection- measured (mm)
#DELING.DOOR.0!
#DELING.DOOR.0!
#DELING.DOOR.0!
#DELING.DOOR.0!
#DELING.DOOR.0!
#DELING.DOOR.0!
#DELING.DOOR.0!

N ¥ ¥ ¥ YT ¥
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Due to the relative short time that students have, some data and tools are already given in the
sheet, like the Young’s Modulus and Moment of Inertia. The deflection formula is also already
filled in, as calculating these by hand would be time consuming and not as relevant for the test.

Setup:

1. Introduction (5 minutes)
a. Explain test setup
b. Fill out consent form
c. Fill out first questions

2. Start first phase - ideation (20 minutes)
a. Participants receive assignment
b. They come up with possible ways to come to a solution
c. They try it out with the EDA
d. Share findings with the researcher

3. Second phase - prototype (25 minutes)
a. Direct instruction: mini lecture on bending of beams and the cantilever
b. New assignment: compare theoretical with reality

4. Wrap-up - evaluate (10 minutes)
a. Share findings with researcher
b. Fill out questionnaire

Assignment:

"For the design of an aeroplane seat, the developers have asked you to investigate how the arm
rest can be as light as possible to save fuel, but it cannot bend too much to stay comfortable.
Different materials and profiles are available, how do you find out which is the best option? What
factors influence the deformation?"

Other material necessary:

Camera + tripod

Consent forms (see Appendix M.3)

Reward for participants (€15 VVV gift cards)

M.2 Assignment and questionnaire

User test 2: UPE students

This is a survey that corresponds with a workshop/prototype user evaluation. The
prototype is called Educational Deflection Analyser (EDA) and is a type of "experiential
machine". These setups will be more and more deployed in UPE the coming years.

* Verplichte vraag

1. Study programme *

Markeer slechts één ovaal.

Industrial design engineering

Anders:

2. What year student are you? *

Markeer slechts één ovaal.

1st year bachelor
2nd year bachelor
3rd year bachelor

4th+ year bachelor

3. How confident do you feel about solving exercises about statics and mechanics of
materials?

Markeer slechts één ovaal.

| don't know
anything | feel very confident
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Phase one - Ideation (20 minutes)

For the design of an airplane seat, the developers have asked you to investigate how the
arm rest can be as light as possible to save fuel, but it cannot bend too much to stay
comfortable. Different materials and profiles are available, how do you find out which is
the best option? What factors influence the deformation?

Use the available machine (EDA), tools and Excel sheet. Only use tab 1 on the sheet.

4. What was your approach to find out which sample fits the requirements the
best?

5.  What factors influence the deformation of the beam? *

6. What went wrong or was difficult? *

Phase two - Instruction (25 minutes)

A beam that is fixed on one end and free on the other, is called a 'cantilever'. In real life,
beams deflect a little bit under load. This is called elastic deformation: the material
deforms, but springs back to its original state after the load is not applied anymore. You
can compare this to holding a ruler flat on a table with the free end hanging over the edge.
The ruler bends when you push it down, but will be flat again after pushing.

In the following image you can see a typical situation (a), the Free Body Diagram or "Vrije
lichaamsschema" (b), and the way the beam will deflect (c).

F
a) /
/ L
F
Ax A
b))  MA B
L
Ay
c)

Deformation of beams within the elastic limit (the beam does not permanently deform)
can be approximated with formula's. To calculate the deflection of a cantilever beam,
with a point load on the free end, we use:

FL®

0 =<
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Deflection equation

- Delta is the deflection (in metre)

- F is the point load (in Newton)

- L is the length of the beam (in metre)
- E is the Young's Modulus (in Pascal)

- | is the moment of inertia (in metre*4)

The Young's Modulus is a material property and the moment of inertia is determined by the
geometry and orientation of the beam. These properties are given in the Excel sheet for the
available samples (use tab 2 now).

7. Were the factors you indicated before you knew the equation correct? If not,
what was the difference?

Markeer slechts één ovaal.

Yes

Anders:

Assignment

Your objective is now to calculate the theoretical deflection and compare this with real
measurements. This could be useful, because if the theory approximates reality well enough,
you can use the equations for design optimisation of the seats armrest.

Use the EDA again for measurements. Use tab 2 on the Excel sheet for further measurement
notations and calculations.

8. How well did your calculations correspond with your measurements? *

138

*

9. What could cause deviations between the two? *

10.  What sample would you choose to design the armrest with? *

Wrap-up

11. Did you learning anything new today?

Markeer slechts één ovaal.

Yes

No, | already knew about how beam deflection works and how you can
approximate it

12. How much did you enjoy using the experiential machine in the workshop? *

Markeer slechts één ovaal.

| did not like it at all | enjoyed it a lot

13. How easy was it to use the EDA with two people? *

Markeer slechts één ovaal.

Very difficult Very easy
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14. How confident do you feel about what you learned? *

Markeer slechts één ovaal.

| still don't understand anything Feel very confident

15.  Was there a moment during the test in which you felt lost and did not know
what to do?

16. Did you experience any physical discomfort (in terms of uncomfortable
postures or heavy loads on your limbs or body)?

Markeer slechts één ovaal.

No

Anders:

17. What is the deflection formula again? Write it down from the top of your head,
do not look back in the questionnaire etc.

M.3 Consent form

User test of UPE experiential machine

This research is conducted as part of the MSc study Industrial Design Engineering at TU Delft.
Student: Kiet Stiemer

Contact person: Kiet Stiemer, k.g.c.stiemer@student.tudelft.nl, +31 6 30040818

Informed consent participant
| participate in this research voluntarily.

I acknowledge that | received sufficient information and explanation about the research and that all my questions have
been answered satisfactorily. | was given sufficient time to consent my participation. | can ask questions for further
clarification at any moment during the research.

| am aware that this research consists of the following activities:

1. Using a prototype for an “Educational Deflection Analyser” following a small workshop, during observation;
2. Filling in an assignment sheet and questionnaire.

| am aware that data will be collected during the research, such as notes, photos, video and/or audio recordings. | give
permission for collecting this data and for making photos, audio and/or video recordings during the research. Data will
be processed and analysed anonymously (without your name or other identifiable information). The data will only be
accessible to the researcher and their TU Delft supervisors.

The photos, video and/or audio recordings will be used to support analysis of the collected data. The video recordings
and photos can also be used to illustrate research findings in publications and presentations about the project.

| give permission for using photos and/or video recordings of my participation:
(select what applies for you)

[] inwhich | am recognisable in publications and presentations about the project.
[ ] in which | am not recognisable in publications and presentations about the project.
[ ] for data analysis only and not for publications and presentations about the project.

| give permission to store the data for a maximum of 5 years after completion of this research and using it for educa-
tional and research purposes.

With my signature | acknowledge that | have read the provided information about the research and understand the
nature of my participation. | understand that | am free to withdraw and stop participation in the research at any given
time. | understand that | am not obliged to answer questions which | prefer not to answer and | can indicate this to the
research team.

I will receive a copy of this consent form.

Last name First name
_ /12024
Date (dd/mm/yyyy) Signature
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M.4 Full results

First the observations, secondly the assignment and questionnaire results.

Observed:

1.

2.

10.

1.

12.

Most participants first start to read the assignment and manual, some are curious and first
check the machine out.

The personality of the participants influence the way they perform the test quite heavily. One
group was more shy and a little less confident, ending up only testing two samples. The sec-
ond pair was clearly more extraverted in character and took to work confidently, leading to
testing 5 samples. The third pair was also quite confident, however also very precise. This did
lead them to a few discoveries of important steps or relevant factors, but also slowed them
down a little bit, also testing only two samples.

The first pair needed some more stimulation to just go ahead and try things out. Also, when
answering the assignment question 9 (what could cause deviations?), they were a bit clue-
less as to in what direction they needed to think. With a small hint from the researcher they
understood they had to think broadly and question every variable and factor.

The second pair distinguished themselves by thinking less and doing more, clearly leading to
more experimentation. It also lead them to more mistakes and bigger errors between theory
and reality, but this is part of the Productive Failure approach. In a real workshop, they would
have had more time to improve the measurements. Lastly, this pair asked noticeably more
questions to the researcher than the others.

In general, the PF theory was visible, for example when the participants learned the deflection
formula and noticed that the factors they indicated were almost correct, but not complete
or partially wrong. In observation, it was noticeable when the participants had an ‘ahal’-mo-
ment.

The third pair had the most scientific and structured approach to the problem. They phrased
a good objective before starting their measurements: "choosing the lightest sample that
bends the least within margins".

All groups needed a verbal hint from the researcher to understand that they were supposed
to manually move the digital ruler to the deflected position of the beam, so even though this
was in the simple user guide, this indicates it was not clear enough.

All groups struggled to position the ruler at the correct height, as they had to look directly
from the side to align the sample with the correct guideline on the board. None of them real-
ised they could look from the back of the EDA through the transparent board, but when given
a hint some tried this out. In general, it is clear this method is not ideal yet.

The Excel sheet functioned well as a guide in the process, but as expected, mistakes are
easily made. Two pairs both made the mistake of using commas instead of dots for decimal
numbers, which Excel does not parse. At the same time, this was also a discovery for them,
realising there is a notation difference between English and Dutch. Some participants almost
never used the software before.

The torque sensor did not play a role in the assignment, but as it was still there in the EDA,
the participants all wondered if they needed it. This slightly confusing element actually lead
them to think deeper about the situation and what influences bending. Some realised at
some point that it did not matter, as it would be the same for each sample. In future itera-
tions, it could be incorporated, for example to see how much torque the joint of the armrest
needs to resist.

The thinner and the more flexible samples were a hassle to use, as the participants could
only apply small loads to them, otherwise the hanger would slide off. However, if the deflec-
tion becomes so large that the hanger slides off, the deflection formulas would probably not
be valid anymore anyway.

During the tests, two out of the three pairs had the realisation that the orientation of the

sample can make a difference in how much it bends. In a longer workshop, they could have
been stimulated to think why this matters. Consequently, they could have discovered where
the stress in a beam is the largest (on the top and bottom).

Assignment and questionnaire:

1. All participants are IDE students.
2. All participants were taking UPE for the first time and are all in their first bachelor
year.
a. One participant studied mechanical engineering for one year, but switched to
IDE.
3. The participants felt moderately confident to not very confident about their ability to
solve statics and MoM exercises:

How confident do you feel about solving exercises about statics and mechanics of materials?
6 antwoorden

4 4 (66,7%)

2(33,3%)

0 (?%)

4. The students all had a similar problem solving approach, but the order differed. For
example:
“Weigh the lightest sample & move to up to the heaviest. See which bends the least
at a set weight.” versus “First discover which material does not bend too much and
falls within margins of how much it is allowed to deflect at max. The lightest one from
those is the best.”
5. Factors that influence bending as mentioned by the participants:
a. Length of the beam
Force working on the beam
Shape of the beam
Material of the beam
Distance from load to the fixed point
Stiffness
g. Thickness
6. What went wrong or was difficult?

"m0 oo00C
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Reading the height was a bit difficult. Also the weight fell off sometimes.
Preventing the weights from falling off was a bit fiddly. And reading / moving
to the correct height was hard to see

Reading the length of the beams was not super accurate just like moving the
deflection ruler. And sometimes it was difficult that the weights were moving.
Also the piece in which you fixed the beam was not very stable

Finding out what to do and how to do it

Setting the deflection ruler and reading it was difficult, you easily make
mistakes

Setting up the deflection ruler was difficult because not all beams reached up
to the end and therefore had to be measured from 25cm (which was not the
free end of the beam)

7. Participants reflection on the factors they indicated and correspondence with formula:

Were the factors you indicated before you knew the equation correct? If not, what was the

difference?
6 antwoorden

® Yes

@ | missed the young's modulus factor and
the moment of inertia
Did not write down the length of the
beam

@ Said thickness, but moment of inertia is
specific geometry of the profile

@ Mentioned both shape and thickness but
not the length

8. The participants now started calculating, measuring and comparing. Their reflection
on the accuracy:

a.

o o

Pretty okay, 8mm theoretical, 12mm in real life for alu tube. But with the alu L
profile this was quite different, 5mm vs 12mm, probably due to a difference in
orientation when fixing it.

1. There is a difference between measured (12.55) and calculated (8.05). 2.
Here is also a difference, 12.05 vs calculated 5.64. So both have a difference
but not extremely large.

They were not corresponding very well

They did not correspond well with the measurements

The 2 different values weren't right, but it was right that the aluminium U
profile had less deflection than the aluminium rod rectangle horizontal, we
also measured this.

The values did not correspond, but the ratio between the two measurements
was quite correct.

9. Possible explanations for deviations given by the participants:

a.

b.

Orientation, material not perfect (different E modulus), dimensions not perfect
(different Moment of Inertia), play in the device, reading mistakes

With the L shaped aluminium it's possible the difference is caused by the way
of measuring: the corner to the left or to the top gives different
measurements. It is also possible that the material is damaged or not 100%
pure. Lastly it might be due to reading errors

o

Inaccuracies during measuring

Mistakes in the execution of the test. Mistakes in taking measurements.
Measuring errors like reading the deflection ruler wrong and the accuracy of
the sample's values

Mistakes in reading of the measurements and the accuracy of the given
values in Excel in comparison to the actual beam samples

10. Choice of sample (“solution” to the given assignment):

What sample would you choose to design the armrest with?
6 antwoorden

4 (66,7%)

2 (33,3%)

Aluminium U frame Aluminium tube round

11. Wrap-up:

Did you learning anything new today?

6 antwoorden

® Yes

® No, | already knew about how beam
deflection works and how you can
approximate it

How much did you enjoy using the experiential machine in the workshop?

6 antwoorden

6
6 (100%)

0 (0%) 0 (0%) 0 (0%) 0 (0%)

0 \ \ \ \
1 2 3 4 5
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13.

How easy was it to use the EDA with two people?
6 antwoorden

6

5 (83,3%)

1 (16,7%)

14.

How confident do you feel about what you learned?
6 antwoorden

3

3 (50%) 3 (50%)

15. Was there a moment during the test in which you felt lost and did not know what to
do?
a. Not really, but it's helpful if you have someone there to ask questions,
because we did have a few.
b. In the beginning it took some figuring out to know how everything worked
which was a bit difficult, but afterwards it was quite simple to use
c. When P4 and | discovered that our measurements and calculations were
totally not corresponding
d. At the start for a little bit
e. Yes, in the beginning | found it hard to the EDA exactly worked, but at a
certain point | understood it after trying a few times.
f. Not really, the moments we got stuck it was clear how to solve this
16. None of the participants experienced any physical discomfort.

17. None of the participants remembered the formula 100% correct, but 5 out of 6 had at

least the correct variables and 4 out of 6 had a correct structure.

Appendix N. Cost

Part name Quantity €/piece Total

Aluminium extrusions 281 m 20 €56.20

Connector parts

Corner pieces 10 pc 1 €10.00

Nuts and bolts 50 pc 0.1 € 5.00

Ready parts

Torque sensor 1 pc 59.99 €59.99

Digital ruler 1 pc 3798 €37.98

Hanger with weights 1 pc 20 €20.00

Custom parts

Guiding board acrylic (laser cut)

incl. machine costs 1 pc 17.5 €17.50

Storage compartments (laser

cut) incl. machine costs 2 pc 625 €12.50

Modified torque wrench bits 2 pc 1 € 2.00

Beam samples 10 pc 0.5 € 5.00

Tools and accessories

Hex key 3 pc 1 € 3.00

Ruler 30cm 1 pc 1 €1.00

Screwdriver 1 pc 2 € 2.00

Hoseclamps 3 pc 0.5 €150

€ 233.67

Labour costs 3 hr 20 €60.00

+ €293.67
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Appendix O. Reflection

Using the ELT as a reflective method, we have 4 stages (Institute for Experiential Learning,

2023):

1. Experiencing (Concrete Experience): Learning begins when a learner uses senses and per-
ceptions to engage in what is happening now.

2. Reflecting (Reflective Observation): After the experience, a learner reflects on what hap-
pened and connects feelings with ideas about the experience.

3. Thinking (Abstract Conceptualization): The learner engages in thinking to reach conclu-
sions and form theories, concepts, or general principles that can be tested

4. Acting (Active Experimentation): The learner tests the theory and applies what was learned
to get feedback and create the next experience.

With these four stages | reflected on two main situations that | experienced during this project.
The first is about my initial green light meeting, which we then turned in a back-from-holiday
meeting as there was quite a lot of feedback from my supervisors still. The second is about a
recurring experience that | have in project where | work on my own, where | underestimate my
own work.

Subject 1: Green light feedback

1. Experiencing: | presented my first green light meeting thinking my work up to that point
would be sufficient to continue. However, | got feedback from my supervisors that there was
an important part of argumentation missing in my thesis. It felt slightly disappointing but
also fair, as | realised what they meant. The feedback also included the need for showing
design methodology more in my report. | was a little bit overwhelmed by it, but in this case
| had already realised before that | was not actively naming methods. It however felt like |
would be faking that | used methods if | added this in hindsight.

2. Reflecting: So why did this happen? First of all, | made a conscious decision of focusing
more on embodiment in my report as | thought the end result would be the most important,
and showing the process | went through would be largely redundant. Secondly, there was a
period in the beginning of summer where the contact between me and my supervisors was
less frequent. | decided to press on with my report and submit it, but this approach meant
they didn’t have the opportunity to provide feedback and help adjust the direction of my
work before my green light anymore.

Moreover, | didn’t explicitly include methods in my report because | was using them sub-
consciously, which is something designers often do, according to Stefan. Personally, | tend
to be more of a go-with-the-flow person and don’t naturally rely on formal methods, even
though they can be valuable.

3. Thinking: Now, what can | improve? The main thing that | could have done differently is
reach out to Wilfred and Stefan earlier in the process. This way | would have given myself
the chance to improve and understand the final goal of the thesis better. It would also have
saved me 2-3 weeks on the total project, as | now had to correct quite a lot after my initial
green light meeting. | could have also consulted more thesis reports by other students to
learn from their experience. | did actually do this, but | used the thesis about the LETT, which
is maybe not the best example as it had a very concrete assignment (design a desktop
sized tensile tester). In my thesis, the problem space was really quite large which asked for
extensive exploration. Considering the methodology, | could have reviewed the rubric for
graduation projects to realise | should include some references to this.

4. Acting: To improve my thesis during the last phase of the project (including two extra weeks
| received for a new green light meeting), | decided to stay in closer contact with my super-
visors. The first thing | did a week after the initial green light was presenting my new report
structure, and with their approval | began making the necessary revisions.

In this case, | had to add the references to design methodology like from the DDG in hind-
sight, but that actually turned out to be not as difficult or "faking it" as | thought. For ex-
ample, | read the chapter Product usability evaluation and it describes that test results
become more valid the more tests you perform. Even though | did a small test, | already
experienced this, as | became more confident with every test | conducted. My own ever so
slight insecurity with the first one also influences the participant.

Subject 2: Underestimating own work

1. Experiencing: During the project there were a few moments where | started to become a lit-
tle bit insecure about my progress and results. This for example happened in the beginning
when Robin started prototyping really quickly while | was still absorbing the problem space
and identifying the relevant factors. The insecurity makes me feel unmotivated sometimes.
It also happened later in the project when | realised | was not going to be able to deliver a
production and deployment ready design. This felt like it was insufficient.

2. Reflecting: This happens first of all when | compare myself to others, and secondly when |
have not taken a step back and zoomed out to see the bigger picture. Working on my own on
a project is not one of my strengths, | am a cooperator by nature. This is also why | felt inse-
cure: | was underestimating my own work.

3. Thinking: So how can | overcome this? | could have talked more with other students sooner.
This way | would get an opinion outside of my own perspective. Fellow students also always
approach this with a positive mindset and their feedback is constructive and in your own
"language" as they often find themselves in the same situations.

4. Acting: In the future | will keep in mind that when | work on something on my own, | should
not forget to take a step back now and then, do something else or ask someone’s opinion. At
some point Bas Flipsen (UPE coordinator and co-client with Stefan) came by to get an up-
date on what | was doing, after we did not have contact for quite a while. When | showed him
the the prototype and explained, he then summarised it in a constructive and enthusiastic
way. This gave me a motivational boost. Another positive experience | had during this pro-
ject was when | was testing the EDA with first year students, and one asked about my pro-
ject. They assumed the prototype was made by the staff and given to me to test with them.
When | said | made it myself that student said "oh wow, cool!". That made me reflect on all
the work | have done.

Learning is a cycle. Therefore the examples | gave in this reflection are not finite, and will lead
to new experiencing in the future in which | will encounter the same situations. In these situa-
tions | will apply what | learned during this project, learn new things and apply those again and
again.
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