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ABSTRACT

Under the new ABET accreditation framework, students are expected to demonstrate “an ability to 

develop and conduct appropriate experimentation, analyze and interpret data, and use engineering 

judgment to draw conclusions.” Traditional, recipe-based labs provide few opportunities for students 

to engage in realistic experimental design or develop a sense of agency, and research has cast doubt 

on their pedagogical benefit. At the same time, the COVID-19 pandemic forced institutions to move 

to remote learning. We developed a scaffolded series of remote lab activities for an upper-division 

mechanics of materials course, culminating in a collaborative guided-inquiry experiment design 

challenge. In the first iteration of the course, we mailed kits to students with basic supplies for the 

at-home experiments, while in the second students were expected to make use of readily-available 

household items. We analyzed 36 lab reports from the second iteration of the guided-inquiry lab 

and identified 25 unique approaches to the design challenge, an indication of a truly open-ended 

activity. Student outcomes were measured by post-lab surveys of attitudes and self-efficacy, as well 

as a standardized conceptual learning assessment. The fraction of students endorsing statements 

related to a sense of agency increased dramatically over the course of the semester: from 53% to 

83% for goal-setting and from 63% to 92% for choice of methods. Self-efficacy increased significantly 

in the primary targeted skills (designing experiments and making predictions), but there was no 

significant shift in skills not explicitly targeted by the guided-inquiry lab (equitable sharing of labor, 

expressing opinions in a group, and interpreting graphs).
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INTRODUCTION

The instructional laboratory experience is a hallmark of the modern engineering curriculum. 

Engineering students typically encounter a variety of lab experiences in different contexts, often 

designed with different outcomes in mind including reinforcement of lecture concepts, motiva-

tion to continue in or pursue a particular major, and development of skills in instrumentation, data 

analysis, teamwork, and communication (Feisel and Rosa, 2005; Holmes and Smith, 2019). Feisel 

and Rosa (2005) emphasized the importance of experimental design, creativity, and learning from 

failure as important outcomes of instructional labs in engineering. More recently, the new ABET 

accreditation framework requires that students demonstrate “an ability to develop and conduct 

appropriate experimentation, analyze and interpret data, and use engineering judgment to draw 

conclusions” (ABET, 2018).

In mechanical engineering, civil engineering, and materials science, some of these lab experiences 

involve material testing, and usually use the relevant ASTM standard as a template. A traditional 

“recipe-based” lab guides students through a standardized experiment using well-documented 

methods leading to predictable results, often for the purpose of demonstrating or confirming a 

concept learned in lecture. The activities that students may engage in during the activity are heav-

ily constrained by the ASTM standard, available equipment, safety considerations, and time. Similar 

confirmatory lab activities in introductory physics have proven ineffective at even reinforcing lecture 

concepts, and the limits on student agency preclude achievement of the objectives emphasized by 

ABET (Holmes et al., 2017; Holmes and Wieman, 2016).

The confirmation inquiry activities just described lie at the foundation of the hierarchy of inquiry 

proposed by Banchi and Bell (2008). In a structured-inquiry activity (the next level of the hierarchy), 

the instructor provides the question or goal and method of investigation, while students discover 

the result and draw conclusions. A guided-inquiry activity allows students to choose or design the 

method of investigation for a question provided by the instructor. Finally, an open-inquiry leaves 

the task of developing the question to the students.

The purpose and value of engineering laboratories is often stated in general terms like “relating 

theory to practice” or bringing the “real world” into the classroom (Feisel and Rosa, 2005). But 

surely if making connections between the textbook and physical phenomena was the only goal, then 

canned lecture demonstrations would be a cheaper and more efficient alternative. What  distinguishes 
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designing and conducting experiments from watching demonstrations is the opportunity for students 

to make goal-directed decisions whose outcomes affect the success of the endeavor. We propose 

that student agency is a critical component of successful student-centered pedagogy (Benedict 

et al., 2020). We adopt the definition of agency described by Holmes et al. (2020) as goal-directed 

decision-making, specifically focusing on decision-making agency, which is highly relevant to an 

engineering context, as opposed to epistemic agency (freedom in what questions to ask or how to 

create new knowledge), which is more relevant to a basic science context. Learning activities which 

leave room for students to make decisions may support student motivation and increase buy-in, 

build self-efficacy, and better reflect the conditions of professional work (Kalender et al., 2021). 

Students engaged in more open-ended lab activities learn more, make more expertlike decisions, 

and develop more sophisticated attitudes about experimental science. (Holmes et al., 2014; Wilcox 

and Lewandowski, 2016; Lazonder and Harmsen, 2016; Ural, 2016). Activities without a strictly pre-

scribed method can also lead to a broader diversity of solutions (Willner-Giwerc et al., 2020), which 

is important for activities that involve peer review or presentations.

One approach to creating more open-ended lab experiences is to simplify or remove the instruc-

tions so that students must exercise some judgment to complete the activity (Morrison, 2014). This 

approach can be very simple to implement, although it is important to provide additional support 

and guidance for students. This approach has shown mixed results in engineering contexts and more 

research using specific and valid assessment instruments is needed. Ritz et al. (2018) found that 

students who performed a tensile test, with guidance about concepts and available equipment but 

no step-by-step instructions, performed better on a closely-related exam question than students 

who were given an explicit procedure. By contrast, Halstead (2016) found no differences in per-

formance on a post-lab quiz in an undergraduate electronics course between students who were 

given an explicit recipe for building and analyzing the circuit (Maximal Scaffolding) and students 

who were given guidance (Reduced Scaffolding). In the electronics study, the two groups were 

mixed together during lab sessions, so it’s possible there could have been communication between 

Reduced Scaffolding and Maximal Scaffolding students, while in the mechanics study entire lab 

sections were assigned to the same treatment group. In a fluid mechanics lab course, Johnson and 

Morphew (2016) had all students discuss and design their own lab procedure to meet a common 

goal, but students in one group were subsequently given an explicit recipe to follow after propos-

ing their own. Students who followed their own (possibly flawed) procedure made better use of 

lab time and earned higher scores on lab reports graded by a standardized rubric, although it’s not 

clear whether graders were blinded to experimental condition.

The rapid shift to remote instruction in Spring 2020 in response to the COVID-19 pandemic had 

a particularly powerful impact on laboratory activities. Instructors moved classes online using a 
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variety of methods including mailing physical kits, designing simulation-based exercises, and pro-

viding experimental data. Many group-based activities were converted into individual projects and 

students reported difficulties getting guidance and support (Fox et al., 2020). Some instructors 

responded by designing guided-inquiry activities which could be completed at home, either with 

widely-available household supplies or mailed kits (O’Neill, 2021; Ankeny and Tresch, 2021). Kits can 

be expensive and resource-intensive to assemble, and may encounter difficulties in transit.

Despite ongoing concerns about new COVID-19 variants (Jaschik, 2021), many institutions re-

turned to in-person instruction in Fall 2021 (Hartocollis, 2021), and educators are considering what 

aspects of remote instruction they want to keep and adapt to in-person learning. The constraints of 

the pandemic led to the development of low-tech substitutes for laboratory learning. We argue that 

the greater flexibility and student agency afforded by at-home experiments may lead to improved 

learning gains over traditional recipe-based materials testing labs.

Here we report on two iterations of a low-cost, scaffolded laboratory activity sequence culminating 

in a guided-inquiry design activity. We analyze the cognitive tasks involved in the second iteration 

of the sequence, drawing evidence from student submissions. Next, we show that the experiment 

design activity led to genuinely open-ended generation of many unique solutions. Finally we discuss 

positive student outcomes in self-efficacy, sense of agency, and conceptual understanding measured 

by surveys and a standardized conceptual learning assessment.

DESCRIPTION OF LAB ACTIVITIES

This study took place at Cornell University in the context of MAE 3270, a junior-level mechan-

ics of engineering materials course which is taught in the Summer and Fall terms, and is normally 

taught fully in person. In previous years, the course included four traditional in-person lab activities 

conducted in groups of 2–3 students in sections of 10-15 students. The new lab sequence was intro-

duced in Summer 2020 in response to the COVID-19 pandemic. The activities were subsequently 

modified and adapted for use in Fall 2020. Cornell University welcomed students back to campus 

in the Fall for a mix of in-person and remote classes, however the instructional lab facility for MAE 

3270 remained closed due to inability to comply with density and ventilation requirements.

In Summer 2020, MAE 3270 was taught by the first author with a total enrollment of 21 students. 

All class meetings were held as synchronous virtual meetings with captioned recordings available 

to students. A small kit was mailed to each student with material specimens, a rudimentary force 

gauge, a metal ruler, and assorted small hardware. Some logistical difficulties were encountered 

with the kits including one loss in transit overseas.
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In Fall 2020, MAE 3270 was taught by an experienced instructor and original creator of the course, with 

a total enrollment of 132 students. All lecture and lab section meetings were held as synchronous virtual 

meetings with captioned recordings available to students. Some discussion sections met in  person while 

others met virtually. 95% of students were located in the same time zone as the institution or within 3 hours.

The lab activities are shown in Table 1. One of the in-person labs (combined loading) was dis-

carded entirely. The heat treatment, uniaxial tension testing, and fracture toughness testing labs 

were modified for the virtual format and supplemented with peer-teaching video assignments, 

and a new experimental design lab was added. In the summer, the uniaxial tension testing lab was 

replaced with a guided home experiment on a nylon filament.

“Traditional” Virtual Labs

We redesigned Labs 1,2, and 3 for the remote instruction format. Students were instructed to 

watch a 15–20 minute pre-recorded video and complete a brief quiz before their synchronous on-

line lab meeting. The video included a brief introduction to the lab by the instructor followed by a 

demonstration of the equipment and experiment with voiceover narration. The quiz tested students 

on basic comprehension of the relevant ASTM standard and asked them to make qualitative and 

quantitative predictions about the experimental results. During the online synchronous lab meeting, 

lab teams met separately using Zoom breakout rooms to answer a series of discussion questions, 

then participated in a whole-class discussion and asked questions about the lab analysis tasks. After 

the lab session, each team had one week to complete and submit their lab report. Teams were given 

a report template for each lab to provide a standard format and to give examples of good writing 

practices. Each successive template included less pre-written content.

Peer-Teaching Video Activities

Alongside Labs 2 and 3, students were asked to create and share 5-minute videos about mechani-

cal testing. For the second lab, students recorded a low-fidelity demonstration of the uniaxial tension 

Table 1. Comparison of lab activities in Fall 2019 (in-person) through Fall 2020 (remote).

Topic Fall 2019 Summer 2020 Fall 2020

Lab 0: Combined loading Traditional in-person

Lab 1: Heat Treatment of Metals Traditional in-person Traditional virtual Traditional virtual

Lab 2: Uniaxial Tension Testing Traditional in-person Guided home experiment, 

Peer-teaching video

Traditional virtual, Peer-teaching 

video

Lab 3: Fracture Toughness Testing Traditional in-person Peer-teaching video Traditional virtual, Peer-teaching 

video

Lab 4: Experiment design Young’s modulus of steel wire Young’s modulus of aluminum can
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test with household materials, describing the important aspects of specimen design, instrumentation, 

and validity criteria. For the third lab, students chose two materials to perform a three-point bending 

fracture “test” on and compared the morphology of the fracture surfaces. Students chose whimsical 

materials like cheese and chocolate for their comparisons. The purpose of the peer-teaching videos 

was to give students latitude to make independent decisions about testing and gain experience 

building test fixtures with household materials, but without collecting quantitative data.

Experimental Design Lab

In Lab 4, students were asked to measure the Young’s modulus of a metal specimen: a steel wire 

(provided) in Summer 2020 and an aluminum can in Fall 2020. The details that follow relate to the Fall 

2020 version of the activity. The activity was presented as a real-world challenge: teams were asked 

to evaluate the suitability of a “material sample” (an aluminum beverage can) sent by a prospective 

supplier and finalize the design of a structural boom for a robotic arm for space applications (Figure 1) 

to be made of the candidate material. The functional requirements that the design had to satisfy 

(resonant frequency and local buckling criteria) were chosen so as to depend indirectly on the Young’s 

modulus of the material. (The arm is referred to as the “IthaClaw” in reference both to the Canadarm 

and  Cornell University’s home in Ithaca, NY.) Students were allowed to assume known values for the 

density and Poisson’s ratio, if needed for their calculations. To ensure the teaching assistants were 

confident in their ability to help students for this activity, all members of the instructional staff de-

signed and performed their own experiments at home and discussed results and challenges as a group.

Students were given written guidance describing the difference between material stiffness and 

structural stiffness, using a comparison between a uniaxial tension coupon and a three-point bending 

specimen as an example. Students were also given information about three example experiments 

Figure 1. Illustration of the design challenge: (a) The Canadarm during Space Shuttle 

mission STS-72 (NASA, public domain). (b) Design requirements for the “IthaClaw.”
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by student teams from Summer 2020 who solved a different but related problem of measuring the 

Young’s modulus of steel wire. The examples included two static deflection experiments (cantilever 

beam and helical spring) and one dynamic experiment (torsional pendulum). Three examples of 

student-designed experiments from Fall 2020 are shown in Figure 2.

Students were given a list of 14 guidance questions (see appendix) and asked to consider them 

when developing their experiments and to incorporate the answers into their experimental propos-

als. Each team brainstormed three initial ideas and received feedback from the teaching staff. They 

then chose one idea and wrote a brief (1–2 page) experiment proposal, which was then reviewed by 

instructional staff in meetings with each team. Staff were instructed to use the guidance questions 

to structure their feedback and to refrain from suggesting specific solutions not considered by the 

students themselves. Additional office hours specifically for help with the lab were scheduled at 

times convenient for local and overseas time zones.

Each team submitted a lab report describing their experiment and analysis of their results, as well 

as the final design of their boom. In addition to demonstrating that their design met the functional 

requirements (using their own calculated value for the Young’s modulus), teams had to select and 

justify safety factors for each functional requirement based on the application, severity of potential 

failure, and their own estimate of the uncertainty of their measurement of the modulus.

COGNITIVE TASK ANALYSIS

We analyzed the cognitive tasks involved in each lab activity during the Fall 2020 offering of 

the course according to the inventory of cognitive tasks involved in experimental physics research 

Figure 2. Three examples of student-designed experiments for Lab 4: (a) Folded 

“accordion spring” design. (b) Torsional spring. (c) Diametral tension test.
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proposed by Wieman (2015). Although there is significant overlap between the list proposed by 

Wieman and the list of learning objectives for engineering labs developed by Feisel and Rosa (2005), 

the tasks identiied by Wieman are more granular and hierarchically organized.

Wieman’s taxonomy comprises 28 tasks organized into 9 broad, roughly chronological categories, 

each comprising between one and six sub-tasks. The categories are summarized in Table 2 and a 

complete list of tasks is given in the appendix. We have adapted Wieman’s original list slightly for 

clarity and to better match our specific context: we removed or combined three items and added 

three new items, including two items suggested by Burkholder et al. (2021).

We analyzed all the lab materials presented to students and identified cognitive tasks that were 

either explicitly given (done for the student), explicitly prompted, or implicitly expected or required 

based on the stated deliverables. Each lab is subdivided into specific activities performed by the 

student: pre-lab quiz and video, group discussion, and report for Lab 1; pre-lab quiz and video, group 

discussion, peer-teaching video, and report for Labs 2 and 3; and experiment proposal and report 

for Lab 4. Tasks identified multiple times in a single activity were only coded once.

A task was coded as “Given” if the result of the decision was described explicitly to students. A 

task was code as “Prompted” if the students were asked to make a particular decision, justify one 

made for them, or consider alternatives. A task was coded as “Expected” if the students were not 

explicitly instructed to do the task, but completion of the task was implied by the deliverables or by 

another requested task. Three examples of codes assigned to specific sentences in lab materials are 

given in Table 3.

The first author identified all cognitive tasks mentioned or implied in the lab activity materi-

als and mapped each cognitive task to a specific sentence, video fragment, or instruction in the 

lab materials. The first author then wrote descriptions of the three codes described above and 

Table 2. Wieman’s taxonomy of expert decision-making for experimental physics, 

adapted.

Category Description Number of tasks

1 Establishing research goal 3

2 Defining criteria for suitable evidence 3

3 Determining feasibility of experiment 2

4 Experimental design 5

5 Construction and testing of apparatus 6

6 Analyzing data 5

7 Evaluating results 1

8 Analyzing implications if results are novel and/or unexpected and confirmed 1

9 Presenting the work 2

Total 28
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identified an example of each. The first and second authors independently coded the  materials 

for Lab 1 and achieved 87% agreement. The first author coded the remaining materials inde-

pendently, as this level of agreement was deemed satisfactory to support the reliability of the 

coding method.

The fraction of tasks at each guidance level and the total number of the (28) tasks represented 

are shown in Figure 3. As students gain experience making decisions over the course of the semester, 

the total number of tasks and autonomy afforded by each task increases. This analysis illustrates 

Figure 3. Fraction of cognitive tasks involved in each lab activity, by level of guidance. 

The line shows how many of the 28 cognitive tasks were involved in the lab activity.

Table 3. Examples of codes assigned to cognitive tasks identified in Lab 1.

Example Source Cognitive Task Code

“Rather than performing a uniaxial tension test 

on every sample, we will use hardness as a 

proxy for strength”

Lab 1 intro (4d) Develop a detailed data acquisition 

strategy.

Given

“Based on your calculations above, what is the 

closest allowable spacing (center-to-center) 

between indentations?”

Lab 1 quiz (4b) Analyze relevant variables that may lead 

to systematic errors.

Prompted

“Based on your data, do you think that the 

hardness would eventually recover to its 

as-received value? If so, how long might it 

take?”

Lab 1 report (6a) Model the data by suitable mathematical 

forms, including deciding which 

approximations are justified.

Expected
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the scaffolded design of our lab sequence, progressing from heavily prescribed activities towards 

an open-ended design challenge.

Evidence of engagement with cognitive tasks can be directly drawn from students’ assignment 

submissions. For example, in the heat treatment lab (Lab 1), students are asked to predict whether 

the hardness of an aluminum 2024-T4 sample which was solution treated and quenched in the 

virtual experiment demonstration will ever recover its as-received hardness, based on measure-

ments taken at 0, 1, 6, and 24 hours after quenching. The students are not guided about whether 

or how to extrapolate the data. This outcome requires task 6a: “Modeling the data by suitable 

mathematical forms, including deciding which approximations are justified.” Since students 

are asked to answer based on their data, but not explicitly prompted to develop a quantitative 

model, the task was coded as “Expected.” One group (Figure 4a) decided to fit the data with a 

function of the form H = a + b exp (—t/τ), justifying their choice of model based on (1) the appar-

ent shape of the data, and (2) the fact that hardness cannot increase to infinity. Another group 

(Figure 4b) noted the necessity of an asymptote, but decided to model their data with a fit of the 

form H = a + b log(t), perhaps not recognizing that this model predicts infinite hardness at infinite 

time. This example demonstrates that students may be making the same kinds of decisions as an 

expert, but with less technical skill.

By design, the final lab activity involves the largest number of cognitive tasks with the lowest level 

of support. The number of unique tasks involved in an activity gives only a rough idea of the level of 

autonomy afforded to the student. Next we will discuss a more precise measure of  open-endedness 

and examine the actual designs that resulted from students’ decisions.

Figure 4. Two example plots from student lab reports for the heat treatment lab: 

(a) An exponential fit. (b) A logarithmic fit.
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SOLUTION DIVERSITY ANALYSIS

A genuine and successful guided-inquiry activity should not only shift important decisions 

onto the students, but the goal itself should reasonably afford multiple successful approach-

es. Willner-Giwerc et al. (2020) proposed solution diversity as one measure of the success 

of an open-ended activity. A large number of unique (successful) solutions is evidence that 

the activity is truly open-ended and that students are engaging in genuine problem-solving 

and decision-making. A small number of unique solutions is evidence that either there are 

too many constraints on the problem, or that students lack the tools to make independent 

decisions.

We examined the procedure section of all 42 lab reports and coded the choices made by a team 

across a set of five decisions: the mode of the test (static deflection, dynamic, or buckling), the 

specimen geometry (e.g. cantilever beam, cylinder), the loading method (continuous or nearly-

continuous weight, like water or salt; quantized weights, like coins or paperclips; and in one unique 

instance, a hydraulic car jack), the measurement tool (e.g. ruler, video camera), and amplification 

method (e.g. lever, shadow projection). Six reports were excluded from analysis due to incomplete 

information, leaving a total of 36 suitable for analysis.

The specific decisions to code were agreed upon collaboratively by the authors based on 

the fundamental components of mechanical testing: specimen geometry, boundary conditions, 

and measurement. Geometry encompasses both the shape of the specimen and the boundary 

 conditions applied. Codes were assigned based on the actual experiment performed (as judged 

from the description, photograph, and schematic), not necessarily on what is claimed in the re-

port. For example, if students claimed to have performed a test on a “simply-supported beam,” 

but they placed each end of the aluminum strip between stacks of books, then the geometry was 

coded as “fixed-fixed beam.” Different codes were assigned to choices if the two choices changed 

the experiment procedure in a substantive way: for example, while using rice vs. using coins as 

deadweights might seem like similar choices, the students using rice needed to measure the mass 

of a fixed volume of rice to establish a calibration, while the students using coins could rely on 

published standardized weights. Many minor decisions which were crucial to the success of the 

experiment, such as the method of sample preparation or orientation of the specimen along the 

can, were not coded. After reviewing some example reports together, the first author proceeded 

to code all the reports.

The space of solutions is presented graphically in Figure 5, where the height of each choice is 

proportional to the number of teams that selected it. We define a “solution” as the set of five spe-

cific choices made by the team, e.g. static, cantilever beam, loaded with coins, measured by ruler, 
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no amplification. Each path through Figure 5 represents a unique solution. Out of 36 reports with 

complete data, there was a total of 25 unique solutions, with no one solution being shared by more 

than three reports. The counting of solutions is quite robust against the particular decisions made 

when coding. Discarding the mode decision entirely results in the same number of solutions, and 

discarding the “amplification” decision reduces the number of solutions to 21. Even if the loading 

method is coded more generally (e.g. “hung deadweight” or “struck at tip”), there are 23 unique 

solutions With all of these methods, no unique solution was shared by more than four reports.

The solution diversity is apparent not just across reports, but also within each decision category. 

For example, 31 teams conducted static deflection tests (the most straightforward choice, and also 

most consistent with familiar mechanical tests studied in the class), but six teams measured reso-

nant frequency of a structure, and one team even conducted a buckling load test. More telling is the 

surprising variation in sample geometry. The examples of previous experiments on steel wire shown 

to students included a cantilever beam, a torsional pendulum, and a helical spring. We observed 

10 distinct sample geometries (including boundary conditions) ranging from no modification to the 

can at all, to intricate folded accordion springs from longitudinally-cut strips.

Figure 5. Illustration of unique solutions showing distribution of choices at each critical 

decision.
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STUDENT AGENCY AND SELF-EFFICACY

In Fall 2020, student attitudes were measured with a brief online survey taken shortly after sub-

mitting the tensile testing (Lab 2), fracture toughness testing (Lab 3), and experimental design lab 

(Lab 4) reports. The survey included five items about sense of agency and attitudes towards the lab 

activity, measured on a five-point Likert scale (“strongly disagree” to “strongly agree”), and eight 

items about self-efficacy on a five-point Likert scale (“not confident” to “very confident”). Three 

of the sense-of-agency items were adapted from Kalender et al. (2021). (The fourth item used by 

Kalender. et. al.—“I am in control of doing interesting experiments in a physics lab.” as deamed inap-

propriate for our context due to our emphasis on guided inquiry, rather than open inquiry.) Survey 

items are shown in Table 4. We also added two items related to surprise and novelty. Kalender’s 

original 4-item assessment has been validated elsewhere (Kalender et al., 2020). We calculated 

Cronbach’s a for the sense of agency items (a = 0.72) and self-efficacy items (a = 0.80).

Out of 132 students, 75 (57%) completed all three surveys. Mean endorsement level for the 

 attitude items and mean confidence level for the self-efficacy items are shown in Figure 6. The effect 

of the lab was investigated using a repeated (within-subjects) ANOVA and subsequent post-hoc 

Tukey tests of differences between labs. Results for items with significant or marginally significant 

 differences are given in Table 5.

Students’ feeling of control over goals and analysis increased dramatically between Lab 3 and 

Lab 4, as expected. The fraction of students endorsing the control of goals and control of analysis 

items increased from 53% to 83% and from about 63% to 92%, respectively. However, there was 

no discernible difference for the related item “I have the freedom to create my best work for this 

Table 4. Survey questions, with Cronbach’s  for internal reliability for each section.

Sense of agency: Five-point Likert scale: strongly disagree to strongly agree.

 I am in control of setting the goals for this lab activity.*

 I am in control of choosing the appropriate analysis tools to evaluate experimental data.*

 I have the freedom to create my best work for this activity.*

 I was sometimes surprised by the outcomes during this lab activity.

 I learned something unexpected during this lab activity.

α = 0.72

Self-efficacy: Five-point Likert scale: Not confident to Very confident.

 Express my opinions when others disagree with me.

 Achieve an equitable division of work within my group.

 Overcome any problems I encounter during the experiment or analysis.

 Interpret data taking into account experimental uncertainty.

 Interpret graphs of experimental measurements.

 Make accurate predictions about experimental outcomes.

 Design an experiment to reliably measure mechanical properties.

 Generate further questions based on my observations in the lab.

α = 0.80

Starred items were adapted from Kalender et al. (2021).
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Figure 6. Post-lab survey results. Error bars represent ± 1 standard error.

Table 5. Results of an Analysis of Variance (ANOVA) for each survey item with corrected 

pairwise comparisons. Only survey items with significant or  marginally-significant 

differences are shown.

ANOVA Pairwise Tukey’s HSD

Item dof F p Lab 2 → 3 Lab 2 → 4 Lab 3 → 4

Attitudes

 Control of goals 134.0 31.7 **** ns **** ****

 Control of analysis 132.5 28.3 **** ns **** ****

 Surprised by outcomes 136.0 17.3 **** ns **** **

Self-efficacy

 Design an experiment 148.0 18.7 **** ns **** **

 Make predictions 148.0 9.82 **** ns ** *

 Interpret data 148.0 2.40 0.094 ns ns ns

*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001, ns: not significant.
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 activity.” Although we did not conduct validation interviews, it’s possible that students are interpret-

ing “freedom to create” as the ability to achieve a good grade or create a polished product, not as 

the latitude to make independent decisions which lead to success. Students also experienced more 

surprise about the outcomes of Lab 4, compared with Labs 2 and 3.

The survey included two items directly related to the primary learning objectives of the lab 

sequence (designing experiments and making predictions), three secondary generic objectives 

(generating further questions, interpreting data, and interpreting graphs), as well as three items 

related to important, but non-targeted skills (expressing opinions, distributing labor, and overcom-

ing difficulties). Large, significant increases over time were observed for confidence in designing 

an experiment (Cohen’s d = 0.68) and making predictions (Cohen’s d = 0.49). 52% of students 

reported increased confidence on designing experiments, while only 9% reported a decrease. The 

trend with respect to time (Lab 2 < Lab 3 < Lab 4) were the same for both primary learning objec-

tives, however in both cases the pairwise difference between Lab 2 and Lab 3 was not significant. 

We did not observe significant increases in self-reported confidence in generating further ques-

tions, interpreting data, or interpreting graphs. The lack of a similar trend in the non-targeted skills 

suggests that the increase in the targeted skills is due to the lab intervention, and not to differing 

survey response patterns over time.

LEARNING OUTCOMES

We previously developed a multiple-choice conceptual learning assessment for mechanics of 

materials tailored to the learning outcomes of MAE 3270 (Ford et al., 2020). The assessment has 

been validated with think-aloud interviews with students, review by experts, item analysis, and con-

current validity with existing metrics. The assessment was completed by students online through 

the course learning management system. In Fall 2019 (n = 96) the assessment was divided into three 

quizzes according to subject area and delivered before each major exam. In Fall 2020 (n = 121) the 

entire assessment was completed at the end of the term. (Summer 2020 had a small sample size, 

n = 22, and was not included in this analysis.)

Eight items were identified from the entire assessment which deal with concepts aligned with 

the lab outcomes including material processing (Q36), uniaxial tension testing and viscoelasticity 

(Q32, Q33, and Q34), fracture toughness (Q21 and Q23), combined loading (Q1), and strain gauge 

measurements (Q17). Assessment scores and individual item scores are presented in Figure 7. The 

lab activity on combined loading and strain gauge measurements (Lab 0) addressing the concepts 

in Q1 and Q17 was removed in Fall 2020. Results are also given in tabular form in the appendix. 
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Results between years were compared using an un-paired t-test (for average scores on multiple 

items) or a proportion test (for the fraction of students answering correctly on a single item). 

Overall assessment scores were very similar between Fall 2019 and Fall 2020 (t-test: p = 0.816). 

Average scores on only the items associated with lab topics increased slightly in Fall 2020, but 

the increase was not significant (Cohen’s d = 0.18, t-test: p = 0.19), suggesting that conceptual 

learning did not suffer as a result of removing the in-person lab component. Indeed, students even 

performed slightly (Q1: +8 percentage points, p = 0.29) and significantly (Q17: +24 percentage 

points, p < 0.001) better on the combined loading and strain gauge items.

Two significant effects should be considered when comparing the 2019 and 2020 results: First, the 

Fall 2020 students were likely under considerably more extra-curricular stress due to the COVID-19 

pandemic (Copeland et al., 2021; Salari et al., 2020). Second, in Fall 2019 students completed the 

assessment in three installments, with a shorter interval between learning the relevant concepts 

and taking the test. The redesign of the lab activities was the most significant part of a broader 

project which included the development of some in-class activities and other efforts to mitigate 

the negative effects of remote instruction. In light of these considerations, we argue that the small 

and statistically insignificant improvement in scores in Fall 2020 is actually a conservative estimate 

of the improvement in conceptual learning due to these efforts.

Figure 7. Learning assessment scores for the entire assessment and for selected items 

related to lab concepts. “All” is the total score on the entire assessment, while “Lab” is the 

score on topics covered in lab activities. Individual items are grouped by appropriate lab 

topic. The combined loading and strain gauges lab was removed in Summer/Fall 2020.
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DISCUSSION

A primary goal of engineering education is to help students develop an expert-like mindset 

that helps them transfer acquired knowledge to new problems and generate new knowledge when 

necessary, a set of skills and habits called “interpretive knowing” (Etkina et al., 2010). Supporting 

students’ decision-making agency helps them take ownership over the process and results of the 

activity to develop interpretive knowing. As a specific example, increased ownership over process 

and product may cause students to actively reflect on and process experimental results in the face 

of statistical uncertainty. In an earlier iteration of the experiment design lab in Summer 2020, stu-

dents were tasked with measuring the Young’s modulus of a steel wire, which was mailed to each 

student. The instructor measured the wire diameter for the students to use in their analysis. One 

student, puzzled by their experimental result, which was out of the typical range for steel even after 

estimating experimental uncertainty, made more careful measurements and discovered that the wire 

cross-section was elliptical after an extensive troubleshooting process. Another student discovered 

the same issue when, during the course of their experiment which involved torsion, the wire surface 

developed a clearly noticeable helical “fluting” pattern. Both of these observations were made out-

side of the usual “measure and report” requirements of a traditional lab, and required calling into 

question the given information. In our experience as instructors we have seen many examples of 

students blindly reporting results that should have raised red flags, and sweeping any discrepancies 

with expectations into the dust bin of “experimenter error.”

Although the redesigned lab activities were partially motivated by the COVID-19 pandemic, they 

also improve on the traditional in-person offerings in several ways. The new lab sequence affords 

students the opportunity to practice making and executing design decisions oriented towards a 

tangible goal. Home experiments make use of cheaper materials and smaller forces, and the risks 

to personal safety or equipment are minimized. The experiment design activity was designed with 

equity in mind: aluminum beverage cans are cheap, available globally, and can be cut with house-

hold scissors. Many successful experiments used nothing more sophisticated than a ruler. They help 

students appreciate the engineering principles in the context of their everyday environment. The 

unavoidable limitations of performing experiments without expensive equipment open up a broad 

space of potential successful solutions. In these regards, it is superior to the type of recipe-based 

labs that we used previously when teaching in person. Next, we will discuss some drawbacks to the 

inquiry-based lab and suggest potential improvements.

The cost of materials was minimal, but the redesigned lab sequence required some additional 

staff time beyond what would have been required for in-person lab activities. The teaching assistants 

expressed concern that they didn’t have enough experience with activities like the experimental 
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design lab to give useful feedback to students. In order to gain experience and anticipate student 

concerns, the teaching staff brainstormed several possible approaches to the experiment, and then 

each member conducted their own experiment at home, making sure to choose a variety of experi-

ment types. Afterwards, the first author led a discussion about potential challenges, measurement 

precision, and practical realization of idealized boundary conditions. This process alleviated the 

teaching assistants’ concerns and helped prepare them to assist students.

Student satisfaction with the labs in Fall 2020 was mixed: 72% of students rated the value of the 

laboratory activities as moderately to very valuable, but the majority of free-response comments 

were either resigned (e.g. “I didn’t like having an online lab but I feel like the course staff did the 

best with what they had to work with.”) or negative (e.g. “I did not feel that having us perform the 

labs at home was helpful for my understanding of the concepts.”) Most students feel they missed 

out on something essential by not being able to operate the test machinery themselves.

How might the benefits of this activity be adapted to in-person instruction to give students a 

richer and more satisfying experience? First, the final goal—for students to develop and analyze a 

novel experiment—should remain the same. The only way to teach experimental design is to have 

students design experiments. Lab facilities could be equipped with more general-use tools, such as 

calipers and small force gauges, that students could choose to incorporate into their experiment. 

The design lab could be scaffolded by having students develop and test a portion of the experiment 

(e.g. design, build, and calibrate their own force sensor) that will be used for their final experiment. 

Finally, the collaborative element could be enhanced by turning the activity into a competition: e.g. 

the students wouldn’t know the exact form of the specimen until their lab day, during which they 

would need to use the tools they developed in previous activities to measure the property of interest.
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APPENDIX

Guidance Questions

The following guidance questions were given to students to help them structure their experiment 

proposals. The teaching staff used these questions as a template for giving feedback to teams.

1. Test specimen design

(a) How will you make the specimen? Can the method be easily replicated by all your group 

members?

(b) What geometric parameters do you need to control and measure?

(c) How will you calculate the stiffness of your structure?

2. Experimental design

(a) How are the boundary conditions (loads and supports) applied to your specimen? Are 

your assumptions justified?

(b) What maximum load do you expect to apply? Under this load, what maximum stress do 

you expect?

(c) Under this load, what maximum deflection do you expect? Are the assumptions of your 

mechanical analysis still reasonably valid after this displacement? How could you verify that?

3. Measurement and uncertainty

(a) What measurements will you make, and how?

(b) How can you estimate the uncertainty of each of these measurements?

(c) Will you measure displacement? If so, what is the smallest displacement you could reason-

ably measure, and how does it compare to your expected maximum displacement?

(d) Will you measure or apply forces? If so, what is the smallest force you could reasonably 

measure, and how does it compare to your expected maximum applied force?

(e) How will you calibrate your applied force? (How will you know what force you are applying, 

or how will you know that whatever you use to measure forces is accurate?

4. Troubleshooting

(a) Have you tested out your experiment, even very roughly?

(b) What difficulties did you run into? What are some potential concerns?

(c) What simple design changes could you make, and what performance tradeoffs would result?

Wieman’s Cognitive Tasks

List adapted from Wieman (2015) and Burkholder et al. (2021). The task labels are consistent with 

Wieman (2015). Added or modified items have been noted as such. Ellipses (...) indicate truncation 

of a longer description by Wieman.



2023:  VOLUME 11  ISSUE 1  99 

ADVANCES IN ENGINEERING EDUCATION

A Hands-on Guided-inquiry Materials Laboratory that Supports  

Student Agency

1. Establishing research goal

(a) Deciding if the goal is interesting, timely, worthwhile.

(b) Predicting if the goal is sufficiently ahead of current knowledge.

(c) Evaluating whether the research question is consistent with the constraints on funding, 

time, equipment, and laboratory capacity, including personnel.

2. Defining criteria for suitable evidence

(a) What data would be convincing given the state of the field?

(b) What variables are important and how might they be measured and controlled?

(c) What types of experimental controls and checks would need to be in place?

3. Determining feasibility of experiment

(a) Predicting whether or not experiment is realistically possible.

(b) The researcher must also analyze contingency options.

4. Experimental design

(a) Exploration of many possible preliminary designs.

(b) Analyzing relevant variables that may lead to systematic errors.

(c) Finalizing the design...

(d) Developing detailed data acquisition strategy...

(e) (added) Developing predictions for the experimental results.

5. Construction and testing of apparatus

(a) (modified) Building or assembling the apparatus

(b) Developing criteria and test procedures for evaluation of the individual apparatus 

components.

(c) Collecting data on performance of specific components and full apparatus.

(d) Developing procedures for tracking down the source of malfunction...

(e) Figuring how to modify particular parts... 

(g) Collecting experimental data.

6. Analyzing data

(a) Modelling the data by suitable mathematical forms, including deciding which approximations 

are justified.

(b) Deciding on what analysis methods are procedures are appropriate.

(c) Calculating the statistical uncertainty.

(d) Calculating the systematic uncertainty.

(e) (added) Interpreting the data relative to the model.

7. Evaluating results

(b) Testing data that come out as expected
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8. Analyzing implications if results are novel and/or unexpected and confirmed

(a) What are plausible interpretations...

9. Presenting the work

(a) Follow standard data display procedures or, as needed, develop new procedures that 

highlight critical features of methods or results.

(b) Explain the work so the broader context and uniqueness of the work, the apparatus, the 

procedures, and the conclusions are easily understood...

Conceptual Assessment Items

Learning assessment results are given in Table 6.

The conceptual assessment items dealing with lab-related concepts are shown below. Each 

item has a question number (e.g. Q1) and an item identifier (e.g. SA-SS-01). Items are organized 

by lab topic.

Table 6. Comparison of learning assessment results by item.

Average score

Learning assessment items
Fall 2019  
(n = 96)

Fall 2020  
(n = 121) p

Combined loading and strain gauges

 Q1 53% 61% 0.29

 Q17 22% 45% 0.0005

Processing

 Q36 33% 36% 0.85

Tensile testing

 Q32 74% 75% 0.95

 Q33 35% 38% 0.80

 Q34 54% 52% 0.86

Fracture

 Q21 82% 81% 0.94

 Q23 58% 56% 0.86

All lab-related items (8) 51.6% 55.6% 0.19

All items (37) 50.9% 51.4% 0.82

Average score for individual items is the proportion of students who answered correctly. 

p-values were calculated in R using a proportion test (for single items) or a t-test (for averages).
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A circular bar will be tested simultaneously in bending and torsion, as shown below:

A strain gauge measures strain along its length. Two strain gauges will be placed somewhere 

at cross-section X-X. Possible locations and orientations of the gauge are shown below:

Where should the two strain gauges be placed such that the bending strain and torsion 

strain can easily be measured independently?

(a) Middle 90° and inclined 0°
(b) Top 90° and inclined 45°
(c) Top 0° and middle 90°
(d) Middle 0° and inclined 45°
(e) Top 0° and middle 45°

Box 2. Q17 (DF-ST-01): Strain gauge placement.

A long cylindrical bar is twisted about its end by a torque T and loaded at its end by a vertical 

force P.

Which of the following diagrams best represents the stresses acting on a 2D element, E, on 

the top surface of the bar?

Box 1. Ql (SA-SS-01): Stress state under combined loading.
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A metal workpiece is subjected to a series of unknown processing steps. Which of the 

 following properties is least likely to change as a result of the processing?

(a) Yield strength

(b) Shear modulus

(c) Ductility

(d) Fracture toughness

(e) They are all equally likely to change.

Box 3. Q36 (MB-PR-02): Material processing.

A metal specimen is pulled in uniaxial tension up to point A, as shown in the stress-strain 

plot below:

If the load is slowly removed from point A, what is the most likely stress-strain plot for the 

entire test?

Box 4. Q32 (MB-CL-01): Stress-strain curve on unloading.
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A viscoelastic specimen is quickly stretched to a certain length at t = t
0
 and then held for a 

long time. The stress slowly decreases over time.

At t — t
1
, the specimen is quickly returned to its original length. What is the most likely graph 

of stress vs. time?

Box 6. Q34 (MB-CL-03): Stress reversal in viscoelastic specimen.

A metal specimen is pulled in uniaxial tension up to point A, producing the engineering 

stress-strain plot shown below:

Which graph shows the most likely true stress vs. strain plot for the test? The original plot 

is shown with a dashed line for comparison.

Box 5. Q33 (MB-CL-02): True stress in tensile test.
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Four notched beams with identical cross-sections made of the same brittle material are 

each loaded with a vertical force P.

Which beam will fail at the lowest load P?

Box 7. Q21 (YF-CR-01): Notched beams in bending.

Two identical, large plates of the same high-strength alloy with small cracks are loaded in 

tension.

If the crack in plate B is twice as long as the crack in plate A, what is the fracture strength 

of plate B compared with that of plate A?

(a) About 50% of A.

(b) Between 50% and 90% of A.

(c) Between 90% and 100% of A.

(d) About the same as A.

(e) There is not enough information to decide.

Box 8. Q23 (YF-CR-03): Fracture strength of cracked plates.


