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ABSTRACT 10 
Laboratory research experiences can be an important part of the training process for STEM professionals, 
but barriers exist that can prevent broad access to these opportunities. Virtual Research Group (VRG) 
modules, which use data curated from the scientific literature to simulate aspects of the research process, 
provide a scalable alternative to traditional in-lab research experiences. Here we describe the general 
concept of VRG modules and the implementation of a VRG module focused on block copolymers in both 15 

a high school outreach program and an undergraduate materials science course. Through qualitative and 
quantitative data analysis of student post-survey responses, we demonstrate that VRG modules effectively 
simulate many of the attributes of traditional research experiences. We also compare student experiences 
when VRG modules are offered in three different formats: (i) competitive in-person, (ii) competitive 
virtual, and (iii) collaborative virtual. Finally, we demonstrate that VRGs can be applied to topics other 20 

than block copolymers through implementation of a VRG module on bulk metallic glass. 
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INTRODUCTION 
Undergraduate research experiences (UREs) are considered high-impact educational opportunities 

that can help increase retention and persistence of students in science, technology, engineering, and 30 

mathematics (STEM), build disciplinary knowledge and practices, and integrate students into STEM 

culture.1 A body of literature demonstrates the benefits of research experiences, including the role they 

can play in helping students increase self-efficacy, develop a science identity, and refine career goals.2 

UREs have also been an integral part of efforts to broaden diversity, inclusion, and belonging in STEM, 

with numerous studies demonstrating the positive impacts UREs can have on underrepresented 35 

minorities in particular.3 

Despite the benefits of UREs, barriers exist that hinder widespread and equitable access to these 

opportunities. These barriers include limited faculty time/resources, lack of knowledge of 

opportunities, socioeconomic barriers, and low student confidence in being able to meaningfully 

contribute to research.4 Course-based undergraduate research experiences (CUREs) have been 40 

explored as one approach for overcoming some these barriers4b, particularly in the chemical sciences.5 

These courses, which are centered around inquiry-based learning, try to recreate aspects of UREs by 

emphasizing exploration of a question with an unknown answer, collaboration, iteration, and 

engagement in scientific practices.6 CUREs are more scalable than traditional UREs since they serve 

all students enrolled in a course rather than relying on the apprenticeship model typical of other 45 

research experiences. They also offer more authentic experiences than traditional laboratory courses 

because they revolve around inquiry rather than a “cookbook” list of tasks.7 CUREs are often 

implemented in introductory courses, including general chemistry,7-8 which has made it possible to 

expose students to research early in their STEM careers without them necessarily seeking out such 

opportunities independently.  50 

While CUREs help address many of the barriers to accessing research experiences, they still 

require physical laboratory space and resources, and can require substantial faculty and technician 

time. These factors can impact scalability (e.g., a 100 person lecture). To address this challenge, we 

have developed Virtual Research Group (VRG) modules (VRGs) focused on block copolymers and 

metals. These modules are designed to simulate the investigative, discovery, and peer learning aspects 55 
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of the research process that are present in both UREs and CUREs, without requiring any physical 

laboratory space or intensive computational resources. We hope that the VRG model can serve as a 

scalable pathway for broad student access to research experiences, including for students in the 

chemical sciences, and provide students with this exposure early in their careers.  

VIRTUAL RESEARCH GROUP MODULE CONCEPT 60 
VRGs utilize datasets curated from the literature to simulate research experiences. The general 

flow of a VRG is illustrated in Figure 1. Students are provided with background information and/or 

instructional scaffolding (e.g., introductory lectures/course material, recommended resources) to 

introduce them to foundational concepts and common analysis tools relevant to the topical focus of 

the VRG. They are then given a problem statement, such as “identify the unknown material” and a list 65 

of experimental tools they can use to investigate the problem. Students work in teams to select an 

initial experimental technique to use in their investigation and are then provided with the 

corresponding data which has been curated by the instructor in advance of the module. Students 

analyze the data, choose a next step, and continue through an iterative process until they have either 

addressed the problem statement given at the beginning of the module, or they run out of the allotted 70 

time. In some cases, the data provided for an experiment is inconclusive, suboptimal, or of limited use 

for the study. Students must “modify” their technique to get usable data as a part of their iterative 

problem-solving process. The experience is then culminated with a final presentation or report, a final 

reveal, and (if available) an expert interview (e.g., a short video from a scientist involved in the original 

investigation). The purpose of the interview is to incorporate a role model aspect into the experience. 75 

Regardless of topical focus, by going through this workflow VRG participants will ideally achieve the 

learning outcomes detailed in Box 1. 
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Figure 1: Workflow of Virtual Research Group modules. 
 80 

 

VRGs can, in principle, be developed for a variety of different topics and fields. Box 2 outlines the 

general criteria for a VRG module. The focus of our preliminary VRG module was on block copolymers 

(BCPs), an important class of material in the field of materials science that is used in everyday 

applications, such as tennis shoe soles, safety glasses, and chewing gum.9 BCPs were selected 85 

because of their ubiquity, both in common life and research over decades, while still remaining 

relatively obscure in popular science. This combined with the beauty of the self-assembly that leads to 

their unique properties made them an excellent topic for investigation. Students were tasked with 

identifying this material, which at the start of the VRG module was unknown to them. Specifically, 

Box 1. VRG Module Learning Outcomes 

By the end of the VRG, participants should be able to: 
• Identify and describe the experimental tools 

commonly used in a specific field. 
• Analyze and interpret experimental data. 
• Debate and discuss potential next steps in a 

problem-solving approach with a group of peers. 
• Choose an experimental tool to explore a 

hypothesis and justify the tool’s selection based 
on background knowledge and/or previously 
obtained data from other experimental tools. 

• Modify an experimental approach in instances 
when unexpected and/or unusable experimental 
data was obtained.  

• Discuss conclusions from an investigation 
involving multiple experimental tools via written or 
oral communication. 

• Identify a scientist or engineer related to the VRG 
topic. 
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students worked to identify samples of styrene-butadiene-styrene (SBS) triblock copolymer, 90 

commercially sold as Kraton resin. SBS was first synthesized by the Shell corporation in 1961 with the 

goal of enhancing the properties of butadiene rubber.10 An unintentional feature of the newly 

synthesized SBS copolymer was its thermoplastic elastomer properties. It could be reformed and 

remolded at moderate temperatures, which opened new possibilities for recyclability and rapid 

processing via injection molding. 95 

 

 

Figure 2: (a) Example list of experimental techniques provided to VRG participants. Data from a “failed” (b) x-ray diffraction and (c) 
transmission electron microscopy experiments. Data from iterated (d, e) X-ray diffraction and transmission electron microscopy experiments, 
where small angle X-ray scattering and staining were introduced, respectively, to overcome previous experimental barriers. Diffraction data 100 
was made by hand, scattering data was assembled from multiple sources (M1,11 M2,12 and M313), and the microscopy data was adapted from 
Pedemonte et al.14 and is reused here with permission from Elsevier. 
 

The participants of the BCP VRG were provided with the list of experimental techniques shown in 

Figure 2a. Each of these techniques is a common tool used in materials characterization; however, 105 

some of the tools, such as scanning electron microscopy, are not particularly useful for SBS 

copolymers. Other tools, such as X-ray diffraction (Figure 2b) and transmission electron microscopy, 

Box 2. General Criteria for a VRG Module 

• Availability of data 
• Multi-technique requirement 
• Commercial/real-world impact 
• Ease of understanding 
• Aesthetic appeal/ease of demonstration 
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(Figure 2c) initially did not provide useful data. With some modification, however, such as moving the 

detector position to change the scattering angles probed (“inventing” small-angle X-ray scattering, 

Figure 2d) or staining the sample (Figure 2e), these techniques were able to yield meaningful and 110 

useful results that the students could use in their investigation after additional data analysis and 

interpretation. Upon utilizing several experimental techniques, students had enough information to 

identify the unknowns: three SBS samples with structural variations. As a culminating experience of 

the BCP VRG module, students either participated in or were played an interview with Dr. Geoffrey 

Holden, who worked on the Shell research team responsible for the material’s discovery. 115 

IMPLEMENTATION 
We deployed the VRG modules in two highly different environments: (i) as an elective in the New 

Jersey Governor’s School for Engineering and Technology (NJGSET), a program for gifted high school 

rising seniors and (ii) in a required junior-level Chemical Engineering course, Materials Science and 

Engineering, at Rose-Hulman Institute of Technology (RHIT). The delivery also took on two distinct 120 

modalities, respectively: (i) a 16-hour elective course and (ii) a required final project. A more detailed 

discussion of VRG implementation in each environment can be found in the Supplemental Discussion 

section of the Supporting Information. It should be noted that while the structure of the RHIT VRG 

remained relatively unchanged (a project completed outside of class), the NJGSET implementation 

evolved slightly from year to year, which most notably included a transition from a competitive in-125 

person structure in Summer 2019 to competitive (Summer 2020) and collaborative (Summer 2021) 

virtual structures following the COVID-19 pandemic. 

As a part of the modules, VRG participants completed pre- and post- surveys containing short 

response and Likert-type questions about their previous research experiences, professional goals, and 

takeaways from the experience. Short answer responses were analyzed using qualitative coding and 130 

Likert-type responses were compared between groups using a Mann-Whitney U Test. All data was 

collected in accordance with Rutgers’ IRB approval process (Pro2018001132) and Rose-Hulman’s 

Human Research Protection Policy (RHS0314). Approval for the studies at both institutions were 

granted under “exempt” status, according to 45 CFR 46 exempt categories 1 and 2 and only the survey 

responses from participants who gave informed consent were analyzed. Additional information on 135 
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survey design and data analysis approach can be in the Methodology section of Supplemental 

Information. 

RESULTS AND DISCUSSION 
Student Experience and Overlap with Traditional Research Experiences 

VRG participants were asked to complete a series of post-survey questions upon completing the 140 

modules to help us gain insight into their experience. As can be seen in Figure 3, both NJGSET and 

RHIT students indicated that VRG modules positively impacted their interest in doing research and in 

materials science. We found these responses promising given that one of the goals of UREs is to 

increase interest in STEM fields.1b Post-survey responses also indicated that most VRG participants 

enjoyed the research simulation more than previous in-lab research experiences and traditional 145 

laboratory classes, and most students were interested in completing a project (RHIT) or course 

(NJGSET) of a similar format in the future. One reason why some students may have enjoyed the 

simulation more than other in-lab experiences is the faster pace afforded by not running the 

experiments themselves, as evidenced by post-survey comments such as “the experiment portion 

wasn't actually in a lab so it didn't take extra time to do”. It should be noted, however, that other 150 

student comments lamented not getting hands-on experience with the various experimental 

techniques. 

A major goal of VRG modules is to simulate aspects of traditional research experiences. Only 31% 

of NJGSET and 39.6% of RHIT VRG participants had some type of previous research experience, so 

these modules were the first exposure to research for the majority of the participants. While the effect 155 

of previous research experience on students’ perception of the VRGs is discussed in-depth in the 

Supplemental Information, it should be noted here that previous research experience did not have a 

statistically significant effect on responses to most of the questions in Figure 3.  
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  160 

Figure 3: Post-survey responses of block copolymer VRG participants. (a) Questions gauging student interest and comparing VRGs to other 
educational experiences. The RHIT post-survey did not include the Likert-type question “I have enjoyed the research simulation portion of this 
course more than a traditional lecture”. (b) Questions gauging student engagement and preparation during the VRG module. Statistically 
significant differences between NJGSET (N =68) and RHIT responses (N = 35 for the two questions related to previous research experiences; 
N = 48 for all other questions) are indicated by an asterisk (*, 𝑝 < 0.1; **, 𝑝 < 0.05). A medium effect size (0.3 < r > 0.5) was observed for the 165 
question “I felt prepared…”. Small effect sizes (r < 0.3) were observed for all other questions. Two notes for the questions related to previous 
in-lab research experiences: (1) All NJGSET students participated in either an in-person or guided virtual research project as a component of 
the program. (2) Some RHIT students who indicated that in their pre-survey they had no prior research experience may have acquired 
research experience during the quarter, which is common for students in their junior year.  
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To better understand how the student VRG experience compared to traditional UREs, we coded 170 

post-survey responses to short answer questions according to common gains associated with UREs.2a, 

15 We considered gains in four categories:  

(i) gains in students’ practical understanding of the research process and scientific knowledge 

(categorized as “thinking and working like a scientist”) 

(ii) gains in/presence of attitudes and behaviors associated with being a researcher 175 

(categorized as “becoming a scientist”) 

(iii) gains in science identity and collegiality (categorized as “personal-professional”) 

(iv) gains in understanding of career and education goals (categorized as “clarification, 

confirmation, and refinement of career/education paths”) 

These categories were modeled after an ethnographic study by Hunter et al.,2a which found that more 180 

than 75% of all gains-related statements made during interviews with faculty, staff, and 

undergraduate researchers belonged to one of these four categories. Other studies have documented 

gains in similar categories.1e, 2d, 16 The percentage of VRG participants with coded post-survey 

responses and representative comments for each category are shown in Table 1 and Table S3, 

respectively. 95.5% of all VRG participants had at least one coded post-survey response. 185 

The most common gain for VRG participants was in the category of “thinking and working like a 

scientist”. Within this category, 67.1 % of NJGSET and 74.0% of RHIT participants made statements 

in their post-survey responses that indicated gains related to hands-on experience analyzing and 

interpreting results, critical thinking, and/or problem solving. This finding is consistent with the 

design of the VRG modules, as modules were structured to emphasize choosing experiments and 190 

analyzing and interpreting data. Additionally, 12.2% of NJGSET and 24.0% of RHIT participants made 

comments indicating gains in their understanding of the open-ended and constantly constructed 

nature of science. Iteration and “failed” experiments were intentionally incorporated into the VRG 

module design, so it was promising to find that some students reported growth resulting from these 

elements. The higher percentage of RHIT students who gained understanding in the nature of science 195 

compared to NJGSET students may be due to difference in VRG format and duration. RHIT students 

completed the VRG module over several weeks, outside of class, which meant they had more time than 
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NJGSET students to reflect as they progressed through the module. Finally, 17.1% and 18.8% of 

NJGSET and RHIT participants, respectively, made comments indicating gains in their understanding 

of theory/concepts and connections within science, indicating that VRG modules may be able to serve 200 

as a tool to expand students’ general scientific knowledge. 

 

Table 1. Percent of BCP Unknown Participants with Post-Survey Comments Related 

to Traditional Attributes of Research Experiences 

Common Research Experience Attributes 
Percent (%) of Participants 
NJGSET RHIT 

Thinking and working like a scientist* 76.8 (18.3) 87.5 (32.3) 
• Understanding science and research through hands-

on experience (analyzing and interpreting results, 
critical thinking, problem solving) 

67.1 74.0 

• Understanding the nature of scientific knowledge 
(open-ended, constantly constructed) 

12.2 24.0 

• Increased knowledge of theory/concepts and 
connections within science 

17.1 18.8 

• Transfer between research and courses/coursework 2.4 7.3 
• Understanding how to approach research 

problems/design 
0.0 3.1 

Becoming a scientist* 68.3 (31.7) 68.8 (13.5) 
• Greater understanding of the nature of research work 62.2 35.4 
• Project ownership 37.8 47.9 

Personal Professional*  47.6 (1.2) 20.8 (1.0) 
• Establishing collegial working relationships with peers 

and/or faculty. 
40.2 18.8 

• Gains in confidence to do science. 8.5 3.1 
Clarification, Confirmation, and Refinement of 
Career/Education Paths* 

54.9 (-) 41.7 (-) 

*Values for main categories (shaded grey) include the percent of participants who had a response coded for at least one 
attributes. The percent of participants with coded responses for at least two attributes are indicated by the number 
surrounded by parenthesis. The attributes considered are listed in the table directly below the main category title. 

 

The relative prevalence of gains in the different subcategories of “thinking and working like a 

scientist” for VRG participants (Table 1) was consistent with the findings of Hunter et al.2a In Hunter’s 205 

study, the highest number of faculty and student observations in the “thinking and working like a 

scientist” category were related to understanding science and research through hands-on experience 

(67% of faculty observations, 46% of student observations), whereas only a small percentage of 

observations (2% of faculty observations, 9% of student observations) were related to gains in 

understanding how to approach research problems and designs. Similar findings were observed in a 210 
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study by Thiry, et al. of undergraduate students conducting research in the biosciences.16b An 

intermediate number of our observations were related to gains in understanding of theory and 

concepts, which is also consistent with the findings of Hunter et al.2a These similarities indicate that 

VRG modules may realistically replicate aspects of a traditional, in-lab research experience.  

Our findings are further reinforced by student responses to Likert-type questions from the 215 

Undergraduate Research Student Self-Assessment (URSSA) survey (Figures S3 and S5), a validated 

survey instrument designed to evaluate URE outcomes.16a RHIT participants predominantly reported 

“a fair amount” or “a great deal” of gain in post-survey responses for several of the questions related to 

“thinking and working like a scientist”, such as those related to gains in analyzing data, problem 

solving, and understanding the relevance of research to coursework. NJGSET students answered 220 

URSSA questions in this category on both the pre- and post-surveys and statistically significant shifts 

in responses were observed for all questions. It should be noted, however, that these changes were 

also likely influenced by the research component of NJGSET outside of the VRG course. Other studies 

that have used URSSA to assess undergraduate research experiences, as well as C.U.R.E.s, have 

reported high self-reported gains similar to our findings in “thinking and working like a scientist”,.16b, 225 

17 Studies on a Group-Led Undergraduate Research Program (GURP) at University California Berkeley, 

a program similar in concept to VRGs that was designed to introduce early career students to 

nanomaterials, have also shown that research experiences focused on discovery and the analysis of 

pre-collected data lead to gains in research skills and scientific knowledge.18 

 Coding of post-survey response also revealed that a large percentage of students had gains related 230 

to “becoming a scientist”. Most prevalent for NJGSET students (62.2%) were comments indicating the 

development of a deeper understanding of the nature of research work, such as developing an 

understanding that research can require iteration, requires planning, and connects to real-life 

applications. Most prevalent for RHIT students (47.9%) were comments demonstrating project 

ownership, such as expressions of excitement toward scientific inquiry and expressions of a sense of 235 

personal scientific achievement.2a, 19 VRG participant comments, such as: 

 “Often different tests yielded unhelpful results, making progress somewhat frustrating or slow.” (coded 

as understanding nature of research work) 
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“It was gratifying to be able to select a material based on our own interpretations of the data given. I 

enjoyed being able to choose which experiments to run as it gave us more freedom for how we could 240 

approach finding a solution.” (coded as project ownership) 

are consistent with those documented in the study by Thiry, et. al, in which interview responses 

from undergraduate researchers were coded according to the “becoming a scientist” category.16b In our 

study, we suspect the difference in emphasis in post-survey comments of NJGSET and RHIT 

participants may be due to differences in background experiences and VRG implementation format. 245 

NJGSET students were rising high school seniors, whereas RHIT students were predominantly 

sophomore, junior, and senior chemical engineering majors. As such, RHIT students may have had 

more previous educational experiences that had already shaped their understanding of the nature of 

research work. Additionally, NJGSET students completed the VRG module synchronously and had 

more frequent group discussions and interactions with the module facilitator. These interactions may 250 

have led to greater emphasis in the NJGSET VRG on the nuances of what research entails. Regardless 

of the reasoning for the high prevalence of NJGSET comments related to understanding the nature of 

research work, perceived gains in this area are important as they have been linked to increases in 

student self-efficacy and are considered an attribute of an authentic research experience.20 

The greater prevalence of coded responses indicating project ownership for RHIT participants 255 

compared to NJGSET participants (47.9% vs. 37.8%) may have been related to: (i) the independence 

student groups had while completing the project outside of class, (ii) the longer project duration, 

leading to more time for emotional investment, and (iii) a greater exposure to STEM experiences than 

NJGSET students. Two dimensions of project ownership, emotional investment and overcoming 

challenging moments, were also hinted at in responses to Likert-type questions.19 The majority of 260 

NJGSET and RHIT students agreed or strongly agreed that (i) they were interested in reaching a 

conclusion and (ii) it was challenging to analyze the data (Figure 3b). A larger proportion of RHIT 

students compared to NJGSET students, however, tended to agree or strongly agree that they felt 

prepared to analyze the data given to them.  This increased feeling of preparation, may indicate that 

RHIT students felt more prepared to actually overcome challenging moments associated with 265 

identifying the unknown material as a part of the VRG module. In a study by Thiry, et al., it was 
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observed that as undergraduate students gained more research experience, they tended to 

demonstrate more ownership over their work, in part due to their stronger foundational knowledge of 

scientific concepts and the research process.16b The hands-on intensive nature of the engineering 

curriculum at RHIT, in addition to knowledge and experiences students acquired through internships, 270 

research projects, the materials science course itself, may have allowed students to come into the VRG 

feeling prepared to take ownership over their project. The prevalence of responses demonstrating 

project ownership for RHIT and NJGSET students alike is given that ownership is typically observed in 

both UREs and CUREs2a, 19 and has been shown to help promote interest and persistence in STEM.21 

The strong emphasis on collaboration in the instructional scaffolding for the NJGSET VRG module 275 

implementation was apparent in the analysis of student responses related to “personal-professional” 

gains. 40.2% of NJGSET participants mentioned collaboration and other aspects of establishing 

collegial working relationships in their post-survey responses. This frequent mention of collaboration 

is promising given that high school students in a study by Burgin, et al. who experienced high degrees 

of collaboration in research apprenticeships tended to express an interest in pursuing additional 280 

research experiences in the future.22 While group collaboration was less strongly emphasized in the 

scaffolding provided for the RHIT VRG modules, the students did work together in groups and 18.8% 

of RHIT participants had coded responses relating to collegial working relationships. The majority of 

RHIT students also reported “a fair amount” or “a great deal” of gain in URSSA survey questions 

related to working collaboratively with others and discussing scientific concepts (Figure S4). These 285 

results are consistent with a survey of 212 undergraduate researchers at University of Texas El Paso, 

where students also largely reported “a fair amount” or “a great deal of gain” in their responses to the 

same URSSA survey.17a Given that collaboration and mentorship are important aspects of 

undergraduate research experiences, it is promising to see VRG participants from both populations 

commenting on this aspect of their VRG experience.23  290 

Finally, 54.9% NJGSET and 41.7% RHIT had post-survey comments indicating “clarification, 

confirmation, and refinement of career/education paths”. Some students discovered a newfound 

enthusiasm for materials science and/or research, whereas others discovered or confirmed that their 

interests may lie elsewhere. Undergraduate research experiences have previously been shown to help 
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students gain clarity on their future goals, so it is promising to see the VRG modules may have similar 295 

effects.2a, 24 

Effect of Delivery and Environment in Course Setting 
The NJGSET course setting, being fully focused on the VRG module, has been adjusted in mode of 

delivery several times. These adjustments have been made in response to student feedback or changes 

to the program itself (Table S5). Figure 4 shows the student ratings collected by the NJGSET program 300 

for each year of the NJGSET VRG course, including the 2017 course that was offered before the data 

collection protocol was implemented. These ratings were a single value of 1-10 and a box for student 

comments, which were combined with an informal “focus group” session held after the post surveys to 

obtain student feedback for the purposes of improving the course. In addition to the adjustments 

discussed below, more subtle improvements were also made to the material, such as drop-in 305 

teleconferencing with research group members to “show off” select machines in 2021. For the 2018 

course, student feedback suggested that instructional scaffolding was too intensive, so the Experts 

system was added. For 2019, additional Experts’ activities were added since students found that the 

videos and brief in class discussion was not sufficient for them to feel prepared. This format was 

retained in 2020; however, the 2020 program was moved to remote instruction due to the COVID-19 310 

pandemic. Students found the remote format eliminated the feeling of competition and, instead, left 

them feeling isolated in their teams. To combat this, the most recent 2021 remote cohort was switched 

from a competitive to a cooperative format, where students would start each day as a large group to 

recap the previous day’s results and then be assigned to 2-4 smaller breakout groups to pursue 

investigations defined through group discussion. Here, the breakout membership was shuffled and 315 

composed of relevant Experts for each task, such that any two students had a chance to work in the 

same group at least once. This resulted in a rise in student reviews. Interestingly, the 2021 cohort’s 

selection of experiments lead them to arguably make less progress towards the solution of the BCP 

structure than individual teams in past years (Table S5). 



  

Journal of Chemical Education 8/27/23 Page 15 of 24 

 320 

Figure 4: Box plot of student course evaluations, where black dots represent an individual rating, the open dot represents the mean, the black 
line in the median, the green region is the first through third quartiles, and the lined region is the second standard deviation. 
 

To evaluate the effects of (1) the change to remote instruction and (2) the change from competitive 

to cooperative formats in remote learning environments, it is instructive to compare the 2019, 2020, 325 

and 2021 student survey responses (Figure 5). Interestingly, student interest in doing research and in 

materials science was similarly affected in all formats. Where differences become more apparent is in 

comparison to other educational experiences. Students in the 2021 cohort were more likely to find 

their past research experience to be similar to the VRG, which is not surprising since high school 

students conducting research in advance of the 2021 program were much more likely to have 330 

conducted this research in a remote format. The results of short/long term remote transition can also 

be seen in comparisons to lab courses, which were the most favorable in 2019 when the class was in 

person, making the experience more social, if simultaneously more “hands-off,” than labs they had 

experienced. In 2020, students were not yet accustomed to the remote environment, and had a greater 

chance of having participated in an in-person lab class. More favorable comparisons in 2021 are 335 

therefore likely affected both by (1) lab classes shifting remote during the 2020-2021 academic year 

and (2) students adapting to remote learning. This is echoed in student interest in conducting a 

similar activity, which had no disagreeing answers in either 2019 or 2021 and an overall higher mean. 

A combined “what you know” and “what you are used to” effect may impact the overall student view of 

the quality of the experience and should be kept in mind when considering student responses to 340 

engagement and preparation questions (Figure 6). 
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Figure 5: Post-survey responses of NJGSET VRG participants to questions gauging student interest and comparing VRGs to other 
educational experiences. The Summer 2019 VRG (N = 17) was offered in-person and had a competitive focus, Summer 2020 (N = 13) was 
virtual and had a competitive focus, and Summer 2021 (N = 17) was virtual and had a collaborative focus. Statistically significant differences 345 
between cohort responses are indicated by an asterisk (*, 𝑝 < 0.1; **, 𝑝 < 0.05). A medium effect size (0.3 < r > 0.5) was observed the 
comparison of the S2020 and S2021 responses to the question “The research simulation…” and for comparisons of responses to the 
questions “I enjoyed …research experience I’ve had” (S2020 vs. S2021, S2019 vs. S2021), “I enjoyed … lecture” (S2019 vs. S2020, S2019 
vs. S2021), and “I enjoyed … lab class” (S2019 vs. S2020, S2020 vs. S2021). A small effect size (r < 0.3) was observed for all other 
questions. 350 

 

Comparing the in-person (2019) and remote (2020) competitive formats, the only significant 

difference is that the in-person group had a greater difficulty in choosing their next 

measurement/experiment (Figure 6). This is echoed in their perception of the challenge being greater, 

with the 2019 cohort all agreeing or strongly agreeing that it was challenging to analyze the data and 355 
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reach a conclusion. While this result may seem counterintuitive considering that both the course 

reviews and the overall interest in reaching a conclusion were higher in 2019 than in 2020, it most 

likely speaks to a reduction in competition caused by the remote environment. Anxiety is a natural 

result of competition, as has been shown in studies of college-level students.25 It is therefore not 

surprising that students competing in the same room might be more concerned about their choices 360 

and feel both less prepared and more motivated. Mulvey and Ribbens demonstrated that intergroup 

competition leads to better goal setting and higher performance,26 having a greater effect than 

students having clearly defined goals set. Conversely, students who mainly see the same team in a 

breakout room and, due to the competitive structure, have very little interaction with other teams, can 

easily self-evaluate their progress as being satisfactory while feeling isolated from actual competition.   365 

 

Figure 6: Post-survey responses of different cohorts of NJGSET participants to questions gauging student engagement and preparation during 
the VRG module. The Summer 2019 VRG (N = 17) was offered in-person and had a competitive focus, Summer 2020 (N = 13) was virtual and 
had a competitive focus, and Summer 2021 (N = 17) was virtual and had a collaborative focus. Statistically significant differences between 
cohort responses are indicated by an asterisk (*, 𝑝 < 0.1; **, 𝑝 < 0.05). A large effect size (r > 0.5) was observed for the comparison of S2019 370 
and S2021 responses to “I felt prepared…” and medium effect sizes (0.3 < r > 0.5) were observed for “I felt prepared…” (S2020 vs. S2021), “It 
was challenging…” (S2020 vs. S2021, S2019 vs. S2021), and “It was difficult…” (S2019 vs. 2020). Small effect sizes (r < 0.3) were observed 
for all other questions. 

 

In light of this, the changes that occurred when shifting from remote competitive (2020) to remote 375 

cooperative (2021) become quite intuitive. In general, cooperative approaches have been shown in a 
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meta-analysis by Qin, Johnson, and Johnson to increase quality of problem solving in both children 

and adults, especially with nonlinguistic problems.27 In the remote cooperative VRG, difficulty in 

experiment selection remained similar to the remote competitive format, while the perceived challenge 

of analyzing data and reaching a conclusion in the remote cooperative format was significantly 380 

reduced compared to both competitive formats. This supports that while competition may not have 

been perceived in the remote format, collaboration can enhance problem solving. Interest in 2021 

returned to almost the same as 2019. Most significant, however, is student feelings of preparation, 

which became much greater in the collaborative format than in either of the previous years. This shift 

was likely the result of meeting together as a whole class at the beginning of each analysis round to 385 

discuss what tasks were needed for the day, leveraging collective understanding to define what each 

student needed to be working on. However, returning to the conclusions of Mulvey and Ribbens, the 

lack of competition may explain the fact that these students made less progress overall,26 since they 

may have not taken the selection of measurements as seriously as past years.  

Effect of Unknown 390 
At RHIT a second VRG module focused on metals and BMGs was implemented in Fall 2019 and 

Fall 2020, with student groups being randomly assigned either the BCP or BMG module for their final 

project. BMGs were selected for the second VRG module topic, in part, because they satisfy all of the 

criteria outlined in Box 2, but also because their amorphous structure provides an opportunity to 

challenge students’ expectations surrounding metals. The design of this new module mirrored that of 395 

the BCP module, in that it contained multiple unknowns, an identical list of experimental techniques 

(Table S6), curated data from the literature, and inconclusive results. 

Our analysis of post-survey responses reveals that the BCP and metal/BMG modules provide 

students with a similar experience. Participants in both VRG modules were very interested in reaching 

a conclusion (Figure 7), reported similar levels of enjoyment and interest in doing future research 400 

(Figure S6), and provided similar response distributions to URSSA questions probing students’ 

perceived gains in skills relevant to UREs (Figures S7 and S8). The two areas where student response 

distributions differed with a high degree of statistical significance were in how prepared students felt 

to analyze the data and how challenging it was to analyze data and reach a conclusion. Specifically, 
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students with the metal/BMG unknown felt more prepared and less challenged than students with the 405 

BCP unknown (Figure 7). These differences are likely attributed to aspects of the materials science 

course itself, where metals are much more strongly emphasized than polymers when introducing 

students to structure-property relationships. The BCP module may also have been inherently more 

difficult, as slightly more nuance is required to distinguish between the three BCP unknowns (samples 

with lamellar, hexagonal, and cubic structures) than the two unknowns in the metal/BMG VRG (a 410 

crystalline and an amorphous metal). 

 

Figure 7: Post-survey responses of RHIT participants with block copolymer (BCP) and metal/bulk metallic glass (BMG) unknowns. Questions 
gauged student engagement and preparation during the VRG module. Statistically significant differences between responses for the BCP 
unknown (N = 47) and the metal/BMG (N = 19) are indicated by an asterisk (*, 𝑝 < 0.1; **, 𝑝 < 0.05). A medium effect size (0.3 < r > 0.5) was 415 
observed for “I felt prepared…”. Small effect sizes (r < 0.3) were observed for all other questions. 

 

CONCLUSIONS 
VRG modules provide a scalable approach for simulating research experiences that overcome some 

of the barriers to access present for traditional UREs and CUREs. Our results demonstrate that VRGs 420 

replicate several attributes of traditional UREs known to promote interest and persistence in STEM. 

The implementation of VRGs in distinct environments and several modalities demonstrates that these 

modules are flexible and can be adapted to fit various educational settings. Furthermore, 

implementation in the NJGSET setting demonstrates the potential of VRGs for providing early-stage 

STEM students exposure to research. These students often have fewer opportunities to engage in 425 
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research than their later-stage peers and may benefit from research experiences as they explore their 

interests and make decisions about the next steps in their educational and professional trajectories.  

While the two VRG modules presented here are centered around materials science, VRGs have the 

potential to be developed and applied to other STEM disciplines. These modules can be designed and 

developed by educators using the learning outcomes and design criteria highlighted in this report. An 430 

initial time investment and access to scientific literature is required to create a VRG module; however, 

VRG modules have the potential to be assembled into educational kits that can be shared with 

educators in environments including K-12 classrooms, community colleges, and university settings. 

With this goal of developing educational kits, one key aspect that will need to be evaluated in the 

future is the ability for a VRG to be run by an instructor who (1) did not assemble the materials 435 

and/or (2) is not familiar with the VRG topic beyond the included materials.  
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