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Abstract

:

The purpose of this study was to explore how undergraduate college students formed partnerships in informal educational teams to design and build an interdisciplinary, ill-defined, integrated science, technology, engineering, and mathematics (STEM) project and translate it to lessons taught to a pre-collegiate student (e.g., K-12 in the US) audience. The authors pursued two research questions: (a) How does an authentic research project provide space for integrating STEM disciplines? (b) How does an authentic research project impact partnerships among team members? Nine undergraduate college students were accepted into the 2020 cohort, forming three teams of three undergraduates each. Teams were roughly composed of one engineering major, one science major, and one education major. Methods of data collection included interviews and field notes. Data were analyzed by assessing the level of partnership achieved based on an already established model. Results indicate that all teams progressed through pre-partnership to at least the partnership (little p) level. Two partnership dimensions achieved the highest (big P) level: one of perception of benefit and one of products and activities. The results have implications that integration of STEM disciplines and forming partnerships could be related, and that building teamwork skills results in products of higher quality. The results are linked to previous research and recommendations for more effective partnerships are provided.
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1. Introduction


There is a nationwide call throughout the United States and the world for integrating the disciplines of science, technology, engineering, and mathematics (STEM) to prepare students for needed 21st-century skills [1,2]. Researchers have identified necessary core skills including effective communication, collaboration, problem solving, critical thinking, and creativity, along with technical skills and information management [3]. Some researchers claim that these skills are equally essential [4]. To achieve these skills, teachers may integrate the STEM disciplines, and one way is implementing engineering design principles in different contexts that emphasize underlying crosscutting concepts [5]. The authors of this study were inspired to develop and implement an undergraduate college student research project using an authentic setting and bringing together undergraduates from engineering, science, and education majors and disciplines, as those projects have been successful in the past [6]. The authors were interested in exploring how a context favoring integrated STEM might impact undergraduate college students to form a team and work in partnership toward designing and building a quality product.



The grant-funded internship project was implemented for the duration of three calendar years. During the second year, 2020, the authors designed and carried out a study to explore how undergraduate college students formed partnerships through teamwork to design and build an interdisciplinary, ill-defined, integrated STEM project (taking place outside of college coursework) and translate their project to lessons taught to a pre-collegiate student (e.g., K-12) audience. The authors utilized the idea that “encouraging design teams to monitor their activities can be beneficial” [7] p. 623. Many researchers have explored teaming; however, many of these studies are conducted outside of the educational setting [3,8,9,10,11,12,13,14,15,16,17]. Seeking understanding in an educational setting, but in a non-traditional learning space, the authors pursued the following research questions: (a) How does an authentic research project provide space for integrating STEM disciplines? (b) How does an authentic research project impact partnerships among team members?



1.1. Theoretical Framework and Background Literature


The authors conceptualized the overall project according to themes of authentic scientific inquiry, problem-based learning, integration of STEM disciplines, hands-on learning, and emphasis on engineering design practices, as components of integrated STEM learning [18]. The authors used problem-based learning [19], described by Merrit and others [20] as solving problems by integration and application of knowledge in actual settings and similar to clinical or medicine education. The authors encouraged utilization of engineering design practices as a model for this qualitative case study. The authors asked undergraduate college students to build and teach in authentic pre-collegiate school settings, and both of these components align with authentic scientific inquiry [21]. The projects were ill-defined problems the participants chose together as a team. The authors placed undergraduates in teams to encourage teamwork, an implied definition of such reported by Newell and Bain [22] to include higher education students, interdisciplinary, focus on the process, using problem-based learning, of developing interpersonal skills and partnerships [22]. The undergraduate teams needed to conduct research to determine if their problem and proposed solution was feasible, how to plan and carry out an experiment to collect data, and how to translate their work to a younger, less-technical audience. The undergraduates taught lessons as outreach with a partnering local school.



The theoretical framework utilized was an interpretivist, hermeneutics lens. The authors purposely attempted to understand participants’ experiences, and to interpret the phenomenon of the authentic STEM project and partnership development. The research questions that ask “how” the project integrates with disciplines and impacts partnerships are in line with a hermeneutics framework. In this case study, where the participants were all tasked with the same problem, the participants were interviewed as well as observed, and the participant was the main producer of knowledge. The authors’ role was to describe what they heard and saw as detached researchers [23].



1.1.1. Integrated STEM


For the authors of this article, and informed by multiple authors [24], STEM integration is defined as a space where STEM problems are from the real-world, connected by concepts and skillsets, have multiple disciplines represented, provide structure for the integration, and offer a space for participant collaboration. The nine undergraduate college students in this study, comprised three teams of three members each. The three projects required the undergraduates to stretch beyond the comfort zone of their major of study to learn new skills and knowledge from other disciplines. The completion of the project asked students to utilize engineering design practices, which non-engineering majors may have been unfamiliar with but have been implemented as part of national science standards in many pre-collegiate schools [5]. Possibilities for integration of disciplines were involved with formulating a real-world scientific question or an engineering problem that could be addressed by gathering data associated with a high-altitude balloon, designing and building a payload project to accompany a high-altitude balloon, collect and analyze data attached to sensors on a high-altitude balloon answering the question or solving the problem, and finally, to translate the project into lessons for informal outreach to a pre-collegiate audience. To accomplish this, the undergraduates worked with a partnering teacher at a participating pre-collegiate (e.g., K-12) school. This integration and emphasis on interconnectedness involved STEM majors working with education majors, some of whom intended to teach in a non-STEM discipline (e.g., English).



The authors conceptualized the participants working as teams on the project according to integration of STEM disciplines, with emphasis on engineering design practices [18]. The authors tried to place projects in the context of authenticity [21] as well as emphasizing engineering design practices [25,26]. Overall, the undergraduate teams used a modified collaborative and cooperative learning approach, which has been shown to increase meaningful learning in a social environment [27]. A true cooperative learning strategy encourages interdependence among team members, which we encouraged, but lacked structure and teacher direction [28], given that this study took place outside of formal undergraduate coursework. The authors followed the collaborative learning model as defined by van Leeuwen and Janssen [29] more closely than they did the cooperative learning model, by encouraging the undergraduate team members to coordinate effort to successfully complete the project, which aligned well with integrated STEM. Researchers may use collaborative and cooperative learning interchangeably [20,29], while others define the concept broadly to mean any setting in which more than two people come together to learn something [30] to include learning in online settings [31].



The authors used a design like other studies exploring how preservice teachers integrate STEM and followed recommendations to modify for strategic, purposeful partnerships, a focus on how the project applies to real life, encourage reflection on prior experience of teaching and learning, and use online resources to conduct background research [32]. The authors of this study followed other’s recommendations to allow the undergraduates time for maximum exploration and choice of project during the initial stages as well as to encourage iteration and monitor perceptions of team dynamics [7].



The undergraduates were expected to design and develop an experiment product, hereafter referred to as a payload, that would collect data necessary to answer their real-world question or solve their problem. This utilized a problem-based learning strategy that asks learners to pursue knowledge germane to solving the problem. Researchers have found that educational activities utilizing problem-based learning have resulted in learning gains [25], creativity [33], lateral thinking [34], and one twenty-year meta-analysis of project-based learning showed medium to large mean effect size (0.71) for student achievement [35]. Problem-based learning has a constructivist context, and one of the six aspects researchers have described is that going through the process results in participants seeing value in interdisciplinary teamwork and accepting the challenges in working with different perspectives [36]. Moreover, other researchers have found that problem-based learning contributes to teamwork, communication, and time management [13]. The conversation is ongoing, but still supported, as some researchers have proposed moving from problem-based learning (and the prior project-based learning) to practice-based education [37].



For this study, the authors provided undergraduates a choice of project, but purposefully formed teams based on intended major of study. The teams were encouraged to make the project community-based, culturally relevant, collaborative, engaging, and representative of all the STEM disciplines. The authors studied the teams’ process leading to performance in the sense of creating a payload and teaching lessons to a younger audience. Both mental models and team interactions, insofar as their knowledge gleaned from their major area of study, constitute a teamwork process [15]. Although the projects in 2020 aligned with personal interests of the participants, there was a greater societal impact to all projects. The partnering pre-collegiate teacher helped tailor projects to provide place-based and locally relevant context for lessons at the local school. Moreover, the authors guided the undergraduates to select projects that would apply their coursework to an actual problem, the real world, and what they might do in their future career.



Each team conducted a background study to choose their project query, in terms of a problem to solve or a question to answer by collecting data attached to sensors on a high-altitude balloon and translate their learning to lessons they taught to a younger audience. Although this overall goal was stated upfront by leadership and time on task was clearly outlined, intermediate goals of test launch, writing lesson plans, and planning classroom visits were decided by the undergraduate teams. Thus, teams set their own intermediate goals with the ultimate goals of completion of the project. Some researchers have shown that the most difficult goals lead to the highest effort and performance [12]. Setting goals that direct effort in a relevant way may energize team members and lead to action and persistence [12]. This goal setting theory was the foundation of the authors allowing undergraduate teams free rein to choose project questions, develop a payload, communicate with the partner teacher, and plan and deliver lessons in a K12 classroom. In addition to the performance goals of payload data collection and delivery of classroom lessons, the authors recommended that the undergraduates set goals as well, because research has shown the even the perception of others’ mastery goals has a positive effect on a team’s overall engagement and motivation [11].




1.1.2. Partnerships


As recommended [18], the authors encouraged “transfer knowledge across disciplines” by purposefully forming diverse teams. The project team spent time considering “the [informal] environment where the activities [would] take place, time allotment, facilitator background and availability, and the [grant’s] overarching goals” [38] p. 44, which are important factors to consider when creating a non-traditional learning environment. The authors, following recommendations by researchers, did not designate a leader, allowing students to organically develop a leader—or not, as researchers have shown that there is no measurable difference unless there is a time constraint [17]. Each team included one engineering major, one science major, and one preservice teacher education major. The teams were asked over the course of a calendar year to build a real-world experiment, a device that collected data, or payload, that was attached to sensors on a high-altitude balloon launched at the participating pre-collegiate school. The project provided real-world experience for the preservice teacher by packaging lessons and activities and teaching them as informal outreach to a local classroom.



By deliberately creating this synergy, the authors were orchestrating a high level of integration [39] among undergraduate teams and aligning goals. Researchers have suggested that outcomes are better if team members’ goals are aligned [9]. The authors purposefully formed undergraduate teams to foster teamwork and develop partnerships. Researchers showcased how discussions based on evidence-based justification for design decisions among middle school students were a key factor in fully integrating STEM disciplines [40]. Applications to the real-world extend to not only the problem chosen, but also to the teamwork (potentially forming partnerships) necessary in STEM disciplines as well as education. This style of collaborative learning through interaction has been shown to increase intrinsic motivation and satisfaction and will affect attitudes of participants [41]. Overall, evidence exists that communication is key to successful teamwork [8].



Working from this model, the authors designed a study to explore the intersection and interactions between integrated STEM projects and the development of partnerships among a team of undergraduates with different majors of study. STEM discipline cohesion is aided by coordination of tools and materials, forward and backward projection to reference when teaching, and use of consistent underlying concepts when teaching [42]. Conflicts, both micro and macro, were expected. Researchers have shown that micro conflicts are bound to happen, and the resulting interactions reduced uncertainty in successful teams and increased it in unsuccessful ones [16]. Educational researchers have proposed a definition of a team, “members’ interdependent acts that convert inputs to outcomes, through cognitive, verbal, and behavioral activities directed toward organizing taskwork to achieve collective goals” [16] p. 357. The process of teamwork describes how a team is doing and the nature of member interaction [14]. These researchers propose the time span for a team be divided into episodes based on activity, thereby defining a period in which goals are set, another of action, and the third of interpersonal relationships [14]. In this sense, the team progresses towards the ultimate goal by moving in and out of episodes in which attention shifts towards one of these episodes. Because the study timeframe was open under the umbrella of a calendar year, the authors framed teamwork into episodes of goal setting, followed by payload work, followed by goal setting, followed by lesson planning. Action mainly happened in the final semester as payloads were launched and lessons taught.



The undergraduate teams based the projects themselves on integrated STEM content, drawing from all disciplines of STEM to an extent, as described in Table 1 and met the collaboration, skills, and structure pieces too. The authors designed the integrated nature of the projects to facilitate participants to learn from each other, gain appreciation of the integrated nature of STEM, and build a potentially partnership-based team.






2. Materials and Methods


The authors conceptualized this study as a qualitative, collective case study [43]. The case study was instrumental to refining understanding of how, in undergraduate teams, partnerships intersect with integrated STEM. The overall National Science Foundation grant-funded project spanned three calendar years, and the purpose was to address the issue of improving undergraduate STEM education. This study focused on the 2020 cohort according to three purposefully selected teams, which made cross analysis multiple case study possible by comparing each team, or case, with each other in the overall context of the collective case study [43,44]. The authors used an interpretivist, theoretical stance in this study to describe the undergraduates’ experiences and meaning making during the process of forming partnerships and building teamwork [23]. Sources of data in this process-based study included interviews with each participant and observational field notes (taken by the authors) of the teams during weekly official meetings and during teaching in the pre-collegiate classroom. The field notes and transcribed interviews were coded and analyzed deductively according to the model of partnerships developed by Mullinix [45]. Triangulation of data collection, namely observations, interviews, and the products of the undergraduates’ projects (e.g., experimental payload and lesson plans) ensured credibility. Credibility was also enhanced by discussion between the authors, and constant comparison of authors’ interpretations of the data and the coding of partnership level [44]. Teams (cases) were analyzed within and comparatively [44] to further understanding of the research questions.



The authors asked the undergraduates to work from an engineering perspective (as described by [46]) as a construct of human-made test of a solution. The criteria were the practical success of the payload as a technical product that was effective and efficient at answering the question or solving the problem. The nuances of how teamwork functioned were perceived, constructed, and communicated by the participants to the authors. Although the authors considered studying the undergraduates’ conversations through the function–behavior–structure method [10], research shows that if content-based analysis is not the focus of study, there is no significant difference between the more laborious function–behavior–structure and using more informal methods, such as a turn-taking approach [10]. A simpler approach indicates involvement of team members and may be analyzed by a single coder (first author), which was a constraint of this study. Moreover, meeting and dialogue data among team members were not collected. Thus, the authors relied on interview and perceptions of team members regarding the project narrative. Perceptions of the undergraduates toward their teamwork process constructed the knowledge gleaned by this study. The authors purposefully used this framework to facilitate success by following others’ recommendations [7]. The authors functioned in a detached role, while the participants were the main knowledge builders. Although present at weekly meetings and interacting with all team members, the authors strove to bracket themselves from each project, minimally participating in meetings to concentrate on taking observational field notes.



The three projects are described in Table 1 including a description of team members included in this study, their declared major area of study, a brief description of their project, and a description of how STEM disciplines were integrated in the execution of each project. Because the project questions were defined by the undergraduates in terms of scope, full integration of all disciplines of STEM, although encouraged, did not always happen. For example, mathematics was used as a tool more so than a concept. Others have found that college student teams used mathematics as a tool and underutilized mathematics, thereby not fully integrating STEM [32]. The authors followed [32] recommendations, including (a) purposefully selecting teams to encourage partnerships, (b) encouraging teams to utilize online resources, (c) emphasize the application of the project to real life, and (d) encourage undergraduates to reflect on their own experiences when planning lessons to deliver to a younger audience.



The undergraduate teams were purposefully selected by the authors to maximize integration of STEM. The undergraduates applied to be a part of the project and all participants consented to take part in this study. IRB approval was given by the supporting university (blinded for review). Undergraduates were sophomores or juniors at the beginning of the program; people from traditionally underrepresented groups were encouraged to apply, although data pertaining to those characteristics were not collected as part of this study. Nine undergraduates were accepted into the 2020 cohort, forming three teams of three undergraduates each. The GPS and Cell Signal teams were composed of one engineering major, one science major, and one education major. However, the Microbes team was slightly different with two engineering majors and one participant double majoring in science and education. That double-major participant left the project early due to issues related to the COVID-19 pandemic. A replacement was found who held a prior degree in science while pursuing a certificate in secondary education. Although the changes in participants of the Microbes team caused a departure from the authors’ plan of similar teams of undergraduates, a collaborative, engaging, skill-based, and real-world problem set was still the foundation of the Microbe team.



Results are based on data collected during interviews with each participant and observational field notes during weekly meetings and teaching in the pre-collegiate classrooms. The authors conducted one-on-one interviews with all team members in a semi-structured manner. Due to the COVID-19 pandemic, the authors conducted some interviews in person, while others were conducted over web conferencing software Zoom. Interviews were recorded and transcribed verbatim. For the analysis of the team partnership levels, the continuum presented by Mullinix [45] was utilized and bolstered by the previous work by Burrows [47]. Basically, there are three stages of the partnership where the least developed is the pre-partnership, followed by the partnership (little p), and the most developed is the Partnership (big P). The dimensions of these three stages are focus of interaction, activities/projects, time/orientation, benefit, trust/respect organizational structure, organizational strategies, influence, and contracts. Each team was holistically assessed according to this continuum.




3. Results


The lesson plans were a product indicating effective and efficient planning of lessons and activities that engaged a pre-collegiate class and provided motivation to learn STEM. The process of developing partnerships and teamwork skills contributed to the quality of the products and is described within each team in the following sections.



3.1. Microbes Team


The Microbes team is described in Table 2. This team differed from the other two teams in two ways. First, it was composed of an education major who holds a prior degree in geology, and who joined the team halfway through 2020 as a replacement for a team member who left the project due to issues related to the COVID-19 pandemic. In addition, the Microbes team was composed of two engineering majors, civil and mechanical, instead of one engineer and one science major.



3.1.1. Integrated STEM—Microbes Team


The Microbes team perceived a level of benefit from the project, both by learning from each other and by learning content outside their major area of study. As Mike summarized, “I went from knowing nothing about Arduino besides the fact it was a microcomputer brain to actually being able to code and attach parts to it.” Mike gleaned this knowledge by learning from others online in chat rooms and discussion boards, where he modified examples posted by others.



Mike considered his work with the other engineer, Meg, to have been productive and cooperative. He described:




We were pretty in sequence. [Meg] obviously took charge of more the actual, like, physical design and layout, where I took control over, like, the electronics and the motors and stuff like that. But we still had to work very closely together, and it was very integrated, what we did. Or, like, the stuff was very reliant on each other. We had to test them with both parts.





Meg realized a missed opportunity to expand her locus of influence but also recognized the value of experiencing an engineering design process firsthand. She summarized the project:




Well, I’ve realized, and this is something you would never learn in an engineering classroom, that you can have all these ideas, and they could be a really good idea, look super pretty on paper, but they’re not actually practical. And I went through so many different designs, and I was like, oh this is awesome! And then I’d show it to [Mike] and he’d be like, yeah, but that and that and that…and I’d be like, yeah, that’s a really good point. Gotta change it. So, I don’t know, I think my understanding of the engineering process overall definitely improved. Um, like, I think there was an opportunity for me to gain a better understanding of, like, the electronic components, except I didn’t really take [Mike] up on that. But it was a potential.





Meg learned from the education major as well. Meg said that May “widened my range of thought” by presenting a different, science-focused perspective on the project, where “sometimes I kind of felt like a student too.” Meg’s role in the classroom as guide helped her learn the content:




It helps me understand the project more when I’m trying to explain it to other people… I think it helped me realize, like, the good parts and the bad parts of the payload, like the parts I wasn’t really able to explain? Those were the parts that I should reevaluate.





Meg learned confidence from observing May teach in the K-12 classroom, explaining that, “after watching her in the classroom, I feel like I could possibly do that if I had to.”



The Microbes team faced a challenge by losing a team member due to impacts of the COVID-19 pandemic. Thus, the team was left with two engineers. An education major, May, joined the team in fall 2020, more than halfway through the project and after the project was chosen, payload built, and a test launch performed. May joined the team mere weeks before the team went into the classroom to teach lessons and activities and encourage pre-collegiate students to participate in the launch. The close timing and late start affected the integration of the scientific and engineering content with education and tailoring the payload-related concepts to a pre-collegiate audience as May scrambled to design lesson plans and activities that pertained to the project and research the concepts to provide a foundational context to the lessons. Although she found meeting helpful and enjoyed getting to know the two engineer team members, May said, “sometimes it did feel like I was separate from the engineers…. I had to do a lot of research” in order to understand the Microbes content, “I had to really dig in.” Although May gave credit to the engineers’ role in the classroom, “they were great when they were explaining, the, you know, engineering portion”, she wishes she would have had an “explicit part for them, to be more involved in” the classroom portion. She suggested that “having a more structured plan and structured meetings between me and [Mike] and [Meg] um, would have helped their involvement in the classroom.”




3.1.2. Partnerships and Teamwork


May acknowledged the challenge of joining a team midway through the project, saying “coming in earlier probably would have helped a lot, just with my communication with them, and you know, us getting comfortable with each other and figuring out what each other’s expectations were.” She said, “it would have been nice to know them for longer” which indicates a perception that she did not fully move from getting to know them into true collaborative teamwork. This feeling of incompleteness was sensed by May, who “would have loved to be more involved in, like, the payload development. Because even though I’m not an engineer, you know, I have a STEM background… I think it would have been wonderful to be there for the whole year”.



Mike described the impact of the unexpected team member change on the teamwork process:




We kind of put the [lesson plans] on the education major at the last minute. And uh, because they kind of had to show up and then take charge of all that. While me and [Meg] were working on the actual payload from uh, since back in January, so that was a little separated, but that was just kind of because of the events that unfolded this semester, or this year.





Mike acknowledged the consequences of having “to get an education major at the last minute instead of having them from the start, who actually worked with the package and would have seen how far we’ve progressed.” Meg as well felt the impacts of the constraints dictated by the COVID-19 pandemic. She described the impact:




Just like because of COVID, and it being kind of like scared to be together for the first part of the spring, and in the summer. It was hard to work together, me and [Mike], I think. In normal times, I think we would have done a lot better, having a good solid team foundation.





Meg felt that as the pandemic progressed, teamwork broke down. She explained:




I think at the beginning in the spring, when it was [former team member, Mike] and I, I think there was a lot more integration. We would have weekly Zoom meetings or whatever where we would just discuss where we were all at. Maybe give each other ideas of what to look for, what to do. But then, I can’t really say what happened, but then there was just this time that we were all kind of separated and kind of just working on our own stuff. We would come to the weekly meetings, or on Zoom, during the summer. But I don’t know, there wasn’t a whole lot of integration…and I don’t know if it would have been different if we were more in-person, if COVID wasn’t a thing.





The changeup in team members may have impacted how the team integrated the content with the lessons and how integrated STEM content and developing a partnership were impacted by not knowing each other for very long. As May described:




I feel like the [roles] were pretty separate. Like, they pretty much did the engineering, they figured out all that. Of course, they did all that before I even joined the project so there wasn’t really a place for me within that. Um, and I felt like, you know, my teaching aspect was completely separate from what they were doing. Other than, you know, I have to integrate the payload and the balloon launch into the lessons.





However, May still perceived that “they taught me a lot about the payload” and that “they were really helpful to consult in the engineering portion of this”.





3.2. GPS Team


The GPS team is described in Table 3. This team is one of the traditional teams. Each member was an undergraduate, sophomore or junior in credits at the beginning of the project. The GPS team was composed of one engineering major, one science major, and one education major, who was pursuing a double major in physics as well as secondary education.



3.2.1. Integrated STEM


Members of the GPS team described learning outside of one’s discipline as a perceived benefit. Gabe, the physics education major, said:




Well, I didn’t have much of an understanding at all before the idea was presented. I had never heard of radio occultation. I had never known too much about GPS either. Um, so definitely my understanding developed as we did more research.





Gabe spent the summer building an antenna for the payload, which was outside his area of expertise and experience, and ultimately discarded in favor of a pre-built antenna. However, he considered it a worthwhile challenge and grasped the design constraints while researching how to build or acquire the item. As he described a little patch antenna that got the job done. But I did all sorts of research this summer learning about that. Um, how those work, and I built a few prototypes, and tried to find one that would get the job done right. There, you have to think about the directionality of it. Um, and the wavelength that you’re trying to pick up. And there’s a range of wavelengths that we were trying to pick up, and we wanted a satellite that goes to all directions because we weren’t controlling the orientation of the balloon. Um, so that was a good challenge to find an antenna that did that.



The education major respected how STEM majors conducted research. Gabe mentioned:




I was definitely impressed with the way my team did research. I just couldn’t think of a single idea…and they really left the chart with that. And that was impressive to me. Um, how they had an idea, without having a real teacher or curriculum or anything, just like grab on to an idea and then learn a bunch about it.





This respect developed into a frame of mind that the authors liken to jigsaw-style active learning, in which individuals learn a part of the whole, then communicate to combine their knowledge to socially construct the whole. As Gabe explained, “I can say I still don’t understand completely like the computation behind it, um, but I think I have a better understanding of what the components are, now.” The engineer member of the team took on responsibility for the computation side of the payload project.



Glen, the computer engineering major, described the project as “where I’ve learned the most, ever. I learned a lot in this project.” Glen described his experience, “I was surprised at how difficult it would be, I’ll be honest, and how complex.” In terms of content, Glen researched how GPS and satellites work. In terms of engineering design process, Glen mentioned learning how to collect data, data communication, and data processing, or analysis. Glen also mentioned learning a new coding language to analyze the data. Finally, Glen mentioned learning how to use tools such as atmospheric sensors and a thermocouple, which he had never encountered prior to this project. He conducted research both on Google Scholar and product sheets, as well as user guides and what he described as “self-learning”, or trial-and-error. Glen was confident that the knowledge and skills he learned from this project would be helpful in his future senior capstone design class.



Gail, the physics major, also learned from others, including an informal interview with a leading scientist in the field, and more hands-on activities such as soldering parts of the payload together. She demonstrated awareness of gaining a locus of influence from others. Gail said, “I learned a lot from my teammates. I think they are both very, like, brilliant and driven individuals…they taught me things all the time…I’d say we all learned from each other a great deal”.




3.2.2. Partnerships and Teamwork


Glen said the project “gives you the opportunity to learn about stuff, so it gives you a lot of experience. Both technical and, like, soft skills too, when you’re trying to teach and then, um, working in a group.” Glen, the engineer, learned from the education major. He described, “I did learn a lot about teaching from [Gabe], seeing how he kind of did things, it kind of gave me ideas of how to teach things when it was my turn to, like, talk about how radio occultation worked and stuff”.



Although the GPS team worked as a partnership, team members often worked independently in discipline-specific roles. As Gabe described the roles, “I think they were pretty separate. Um, we all collaborated on the side of who was going to do what. But we rarely actually worked together.” As Gabe explained:




But I think we were on the same page for most of it. I don’t think that’s bad, like I think that we all knew what was happening and no one was getting left out. But we just had our separate jobs to do.





On the other hand, Gail perceived strong teamwork and partnership development. She described the project as a “collaborative effort overall” and that “we all collaborated um, and on lesson plans too” but that the team “didn’t have assigned roles.” She gave credit to teammates for teaching her how to solder, build parts of the payload, and learn about software. “I feel very fortunate to have had teammates like them. Because, yeah, they were always, like, if I didn’t understand something, they would explain it to me.” This team in fact did deliver lessons together, albeit remote synchronous with the partnering pre-collegiate school due to distancing requirements, and recorded videos of experiments, demonstrations, and mini lectures together that they shared with the partnering school.





3.3. Cell Signal Team


The third group, the Cell Signal team, is described in Table 4. This team was the other traditional team. As with the GPS team, all members were undergraduates in their sophomore or junior year at the beginning of the project and remained with the project to completion. The Cell Signal team was composed of one engineering major, one science major, and one secondary education major, who intended to teach English.



3.3.1. Integrated STEM


The Cell Signal team learned from others while staying within the confines of major of study. The team members held a high level of trust and respect for each other’s expertise and readily admitted learning from each other. Carla said the STEM majors “did a great job making sure we had all of the parts that we needed to get the data” and that “I did learn some things about the payload…the circuitry they used, the antennas they used…different receptors and receivers” that she translated, with the STEM majors’ assistance, to visualizations “that were good for the lesson.” Carla appreciated the work the STEM majors put into the classroom visit, saying they:




Did a good job of explaining, like, how the pieces of our payload operated. And, like, what the technology was. And we talked about circuitry and all of those things. And so, we really did bring in a lot of those technological engineering pieces.





Cal, as a physics major, described a growing respect for “the difficulty of teaching difficult concepts to children.” Carol echoed this sentiment, saying she learned “how much you need to know to be able to teach someone else”. She mentioned a respect for Carla’s skills in “controlling a classroom” and “maintaining their focus” portions of her “teaching style”.



Carol, the mechanical engineer, showed respect for Cal’s knowledge, crediting him for finding documentation about their experiment “that said that we were actually operating outside of its range, and so that would account for most of the spikes that we saw.” Carla, the education major, learned from independent research, “for me, it was learning it. I had to learn the material, and then figure out, okay, how am I going to teach this to an audience?” as well as learning from experts, “Pretty much all I could do was talk to people.” Carla also learned from the STEM majors, complimenting then on “a good job of telling me what sort of things we were working on, and what the exact focus and what the exact capabilities of our payload were. So that I could plan around that.” Carol agreed, saying:




[Carla] did a really good job of coming in and understanding and asking the right questions to make sure she understood, and then the activities that she was able to put together I thought were really good as far as, like, helping the kids to learn about it as well.





Carol, the mechanical engineering major, described finding a better understanding of how the engineering process works…a lot of mistakes made along the way…that is where I learned the most…learning about the details of the process…like how our specific board works…operating outside of the board’s range...just understanding that experiments don’t yield ideal results.



Carla, the education major, regretted the missed opportunity to engage the pre-collegiate students in hands-on learning:




I would have liked to go a little bit more in depth on, like, how our payload worked. I think that would have been interesting for students to actually get to look at our boards and at our antennas and learn about how all of these different pieces come together.





However, Carla valued her role as delivering the content in ways that pre-collegiate students could understand and engage with, to “translate what [Carol and Cal] are saying about these concepts and about our payload and about the project and give it to students in a way that they could understand. I would say that I was the translator.” Cal, the physics major, supported that, explaining that in the classroom, “in order to um, to distill it down into a simpler version, I had to have a better understanding of the foundations of those ideas.” Cal mentioned, “those concepts are very interdisciplinary, and more complex than we were able to teach them”.




3.3.2. Partnerships


The Cell Signal team did not develop into a fully integrated partnership. Carla’s perspective was:




I wish that we would have incorporated with each other or worked with each other more. Um, because it felt sometimes that like [Carol] and [Cal] were their own separate team and then it was me. And I was just trying to grab at all the ideas that they were getting, um, I’m surprised we weren’t more of a unit.





Although Carla identified the lack of teamwork as discipline specific, saying, “[Carol and Cal] didn’t question things that I did in the classroom I didn’t question things they were doing with the payload. Um, and that’s just kind of the dynamic that it was, which is fine” she also hinted at a communication issue, “no matter how much we talked, we could never quite get there” and “I think from the outside, it looked like it came together, but from the inside, it didn’t feel like it came together.”



Cal seemed to support that perception, saying that “we only, I guess, interacted to help [Carla] understand the technical side of the project.” Cal regretted that there was “little collaboration” saying, “I would have liked to, um, to collaborate more.” Cal was frustrated by spending the summer doing “an entire separate project that didn’t work” and had mixed feelings about switching to Carol’s choice of project, something he said Carol “kind of did this as an offshoot” and “then we hopped on to her idea.” Cal said that he wasn’t sure if Carol “didn’t trust my abilities, or if she had, like, the foresight or if it was just because we were so disjointed, we were doing our own things” but his initial idea to do a project focused on radio signals morphed into a project studying cell phone signals. Carol, on the other hand, did not perceive this frustration, saying that “I think once we decided on [cell], I think that, um, it went as smoothly as we could have asked for.” However, Carol spoke about a “struggle” with communication, which she said eased “once we started seeing each other in person more.” Cal supported this perception, mentioning that he had poor “online” skills. Carol suggested that she took on a leadership role in the team, “I made it a goal to kind of, like, just say, like, hey, let’s meet at this time and this place, and we definitely started doing that more. And that was helpful, um, for sure it was helpful for me”.





3.4. Cross-Case Analysis


The authors analyzed how the three teams functioned holistically and developed partnerships. The partnership model that the authors used was a modified version (Table 5) of the Mullinix model [20], and the authors modified it to pertain to undergraduates working together toward a clearly defined goal. A few categories were eliminated from the original scale because those areas did not pertain to the needs of this study. The modified partnership development continuum is provided in Table 5. The authors describe how the three teams functioned in each dimension and include rationale for modifications to the model. The levels the teams reached in each dimension are indicated by lightly shading the boxes in gray.



The first dimension, focus of interaction, was of prime importance to the authors. The authors guided the teams to progress beyond getting to know one another to fully collaborate and integrate their skills to develop and implement the payload. However, the line was fine between working on the payload and working together on the payload. Observations collected during weekly meetings documented team meetings held outside the official weekly meetings, but the authors, who acted in dual roles as researchers and supervisors, did not attend these meetings. Further complicating the issue for the 2020 cohort was the onset of the COVID-19 pandemic and associated requirements of remote communication. Team members coped with the rapid transformation to a situation mandating remote learning, social distancing, mask wearing, and quarantine for all but the first third of the project. Each team, though, made efforts to progress into the partnership stage. This process occurred by informal meetings, social get-togethers, and synchronous Zoom meetings before or after the official weekly meeting. The Microbes team was able to progress through the pre-partnership stage considering the change in team members. The GPS and Cell Signal team unanimously perceived they progressed into the partnership (little p) stage, with some members perceiving teamwork reaching Partnership (big P) stage. The authors’ conclusion is that all three teams landed squarely in partnership, with occasional leaps into Partnership for this dimension. The members all worked to achieve their goal of successful payload launch and lesson plan, but they did not work seamlessly together all the time.



The second dimension, which were the products created including payload and lesson plans, were also of major importance to the authors. Here is where the authors noted a specificity of roles taken on according to one’s major area of study. For example, engineers did not typically take part in lesson planning. Nor did the education majors become deeply involved with building the payload. However, there were some overlaps. For the GPS team, that may be due to the education major also double majoring in physics. He spent the summer building an antenna, in this case a direct piece of the payload. Although the antenna was ultimately not used, he shared that he learned “a lot” from the experience. This dimension fit into Partnership, in that team members contributed equally to the success of the project.



A perception of benefit from the project was felt by all the team members, and all mentioned they had learned from each other. Learning from each other helped transcend disciplines and truly integrate the STEM aspects of the payload as well as the educational aspects of lesson planning and teaching. Each team increased status and were able to become more than what they would be alone. Each member contributed something to the project; no one team member took on every task. Together, the team delivered lessons and activities to a pre-collegiate classroom that would have been impossible for a single person, STEM major or education major, to accomplish alone. Here too the teams clearly achieved a Partnership, achieving and becoming more as a team than they would have alone.



The trust and respect dimension varied among the teams. The Microbes team suffered from a loss of a team member due to difficulties brought on by the pandemic. That team, understandably, had less history with the replacement team member, although all members indicated a level of respect for one another’s expertise, and a regret that the time was insufficient to get to know one another well. The GPS team valued and respected each other and could name specific instances where they were impressed. The Cell Signal team, although hampered by the challenge of changing project topics, harbored a feeling of respect as well. Because the authors heard mentions of “struggles”, “frustrations”, and “didn’t come together from the inside”; however, they hesitate to assign this dimension higher than partnership level. Although some team members trusted and respected others, and many disclosed so during the final interview, listening to what was unsaid indicates there may have been some difficulties here and there with team members.



The locus of influence was marked among the undergraduates. Every STEM major mentioned respect and admiration for the education major’s demeanor and management skills in the classroom. Even STEM majors who did not include education majors while building the payload readily followed the expertise of the education major when it came to lesson plans, classroom management, and so forth. STEM majors concentrated on “simplifying” content during the classroom visits and viewed themselves as something akin to subject matter experts, focusing exclusively on content. They recognized the difficulty in keeping pre-collegiate students focused and engaged and indicated respect for how the education major handled this issue. The STEM majors did not indicate any issues regarding each other’s expertise, but nor were they overly appreciative. The authors would place this dimension into a partnership, due to the division, often mentioned, between STEM majors and the education major. The “them and me” mentality suggests a partnership, in which the project was shared or differentiated according to expertise (major area of study) or capacity. The authors made efforts to nudge this into Partnership and full integration by asking the entire team design and deliver lessons to the pre-collegiate audience but left it up to the team to determine how the lessons would be organized, which generally fell to the education major to delegate.



The team structures, strategies, and access to information were combined into one dimension. The three teams aligned in these areas. In the Cell Signal team, the education major worked separate from the STEM majors. The education major developed the lesson plans mostly in isolation, although seemed to be willing to ask for help when needed. The Microbes team also had the STEM majors working in isolation as well due to the unexpected departure of the education major and the replacement not coming in until fall. The GPS team worked together most often of the teams. Besides the education major working on a piece of the payload most of the summer, the STEM majors came together to record video to share with the pre-collegiate students and participated in the experiments and demonstrations shared via remote synchronous with the pre-collegiate classroom. One reason why the authors decided to combine these categories is the COVID-19 pandemic. The teams began working in early 2020 under normal circumstances, and then needed to abruptly shift in March. The isolation, remoteness, and quarantining were more unfamiliar and stringent during 2020, and it is unknown what effect this had on teams’ working preferences (separately or together). Therefore, the authors give these dimensions less emphasis and place each team into a partnership level, separate but coordinated.



Time and orientation, along with written agreements and contracts, were not considered during this study because of the nature of those dimensions. All the undergraduates were under the same time constraint, one calendar year, thus nullifying any differences. The 2020 cohort began brainstorming and developing the payload the spring semester, work was optional during summer, and concluded with teaching lessons and collecting the data from the payload fall semester. Although time on task undoubtedly varied among the teams, no documentation exists for the informal and social meetings outside of what was mentioned during the exit interviews. Likewise, all undergraduates signed an agreement for compensation and expectations for time on task were delivered verbally by the supervisors.





4. Discussion


To summarize, teams reached the highest Partnership level with:




	
Activities/projects/programs (products created, both lesson plans and payload);



	
Benefit each team member perceived.








Teams achieved a moderate partnership level with:




	
Focus of interaction;



	
Trust and respect;



	
Locus of influence;



	
Team structures, strategies, and access to information.








The authors did not consider two dimensions for this study:




	
Time and orientation;



	
Written agreements and contracts.








The authors found a relationship between the degree of STEM integration and the strength of the partnerships formed. In general, the authors found, qualitatively, that STEM integration and partnerships seemed to increase together. The products of payload and lesson plans were supported by team members working together to become more than what they would have alone. Moreover, all teams progressed into partnership (little p) from pre-partnership, and establishing this foundation allowed teams to accomplish the higher levels in benefit and products. Engineers felt confident about teaching concepts to others after watching future educators’ demeanor in a pre-collegiate classroom; educators felt confident delivering complex material to a younger audience when STEM majors were present to address questions and confusion. The level of STEM integration increased with trust and respect among team members. The more team members trusted each other, the more they learned from each other during this project. Some team members viewed the project like a jigsaw exercise, a term used in the education discipline, in which not everyone needed to learn everything about the project, but everyone contributed according to their expertise. Hands-on learning led to integration and appreciation of the locus of influence. For example, a physics major learned to solder from a fellow team member, something she had never done before and contributed to her skill set. The authentic nature of the project as opposed to pursuing a theoretical question encouraged integration of STEM integration and meaningful learning. As Gail explained, “when you think about how GPS radio occultation works, like in theory in your mind, it’s definitely different when you’re actually seeing, um, readings from when, like, when we took it from that high hill…”



The teams overall progressed from pre-partnership into partnership and then Partnership levels, which is encouraging given the constraints imposed by COVID-19 pandemic social distancing. Even the Microbes team, who faced the challenge of a new team member, made strides into partnership levels and establishing trust and respect. Each team seemed firm in their resolve to see the project through and adapted to various constraints. The weekly official meetings with the authors were a mixture of in-person and remote synchronous, dictated by quarantine and isolation requirements. Access to pre-collegiate schools varied as well. The Cell Signal team enjoyed full access with no restrictions at the private elementary/middle school they visited; the Microbes team were granted visitor access but were required to mask and social distance at the high school for at-risk students they worked with; and the GPS team were not granted access to the middle school in another town and had to deliver all lessons remotely using synchronous software and web cameras.



The nature of the challenges presented by the COVID-19 pandemic makes assessment of STEM integration and partnership skills overall an uncertain venture and represents a limitation to this study. Nevertheless, nuances of how each team navigated integration of STEM and teamwork skills would have presented whether the pandemic had happened or not. Those nuances represent facets of each member’s personality and brought dynamics to how the team functioned. The pandemic threw a confounding factor into this study but did not derail the team’s collective will to produce or the conclusions drawn by the authors.




5. Conclusions


Overall, this study showcases the importance of partnerships and teamwork to integrated STEM and indirectly the importance of authentic and hands-on activities to integrated STEM. The authors found there is a relationship between quality of formed partnerships and the quality of team products. Team members progressed through the pre-partnership stage to reach partnership (little p), and in some cases Partnership (big P) status and achieved their common goals. Undergraduate teams progressed from pre-partnership to partnership in all other areas studied, which indicates that fulfilling the pre-partnership prerequisites was necessary to achieve the higher Partnership levels in the dimensions of benefits and products. Collaborative learning helped teams accomplish higher levels of partnership, underscoring the value in this learning approach other researchers have described [41,47]. Moreover, team members often stated in their interview the importance of communication and how the lack thereof increased their uncertainty about the project [8,16,47].



In multidisciplinary teams, gaining the perception of benefit from each member of the team is essential to producing a product of quality. Team members used problem-based learning to rely on each other’s area of expertise (indicated by their chosen major area of study) and learn from each other, which supports researchers’ claim of benefit to using a collaborative and problem-based learning approach [7,32,36]. Moreover, teams integrated the disciplines of STEM to build a payload that relied on aspects of each STEM discipline. This integration of discipline knowledge was crucial for a successful problem resolution and indicates that STEM integration can solve some of the issues discussed by researchers [18,40].



What should you do to build partnerships? The authors recommend that those looking to assist in partnership creation pay attention to the following dimensions adapted from [45]:




	
Focus of Interactions—Teams develop and implement activities together to assist in team building, unified objectives, and end targets;



	
Activities/Projects/Programs—Teams develop integral activities/projects/programs that grow directly out of common skills and interests to create cohesion;



	
Time and Orientation—Teams work on open ended and goal-oriented problems and can explain short- and long-term objectives and the overall mission;



	
Benefit—Teams (not just an individual) are able to become more than what they would be alone and should be able to articulate this accomplishment;



	
Trust and Respect—Teams build mutual trust and respect with all members through expectations and norms;



	
Organizational Structure—Teams work together, not as separate individuals, but instead as coordinated and transparent interactions with all members;



	
Organizational Strategies and Information Access—Teams develop activities/projects/programs together and sensitive information is promoted together;



	
Locus of Influence—Teams share the responsibility, based on expertise, to create tasks and actions for the whole team assisting with whole team ownership;



	
Written Agreements—Teams write out areas of interest, expectations, and commitments to each other and review them periodically for continued growth;



	
Conflict Management—Teams watch for conflicts and follow expectations and norms in discussing feelings, actions needed, or soliciting outside intervention.








Future research might focus on partnership integration versus jigsaw regarding STEM integration in authentic, ill-defined projects. Are there tradeoffs? Might one be preferable to the other? Are they different or two sides of the same coin?



Overall, this study assisted participants with providing hands-on, authentic activities, built on the necessity of communication skills and teamwork, which are 21st-century skills [1,2]. The soft skills, like communication, were shown to be important in creating stronger partnerships, along with the other dimensions outlined. This study might provide a means to facilitate undergraduates to practice both hard and soft skills in building partnerships as they engage in both teamwork and creating authentic, meaningful products.
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Table 1. Description of team members and projects.






Table 1. Description of team members and projects.





	Team Members (Pseudonyms)
	Major Area of Study
	Project Description
	STEM Integration





	May (Female)

Meg (Female)

Mike (Male)
	Science Education

Mechanical Engineering

Civil Engineering
	Microbes: Collect microbes at high altitude
	S = microbes background knowledge

T = payload, high-altitude balloon

E = design mechanism to collect data

M = coding, programming Arduino (&T)



	Gabe (Male)

Glen (Male)

Gail (Female)
	Science Education

Computer Engineering

Physics
	GPS: Measure occultation of GPS signal at high altitude
	S = occultation and weather prediction

T = program raspberry pi

E = build payload

M = works with T, coding, angles



	Carla (Female)

Carol (Female)

Cal (Male)
	English Education

Mechanical Engineering

Physics
	Cell Signal: Determine nature of cell phone signals at high altitude
	S = nature of cell signals

T = payload, high-altitude balloon

E = build payload, collect data

M = interpret and display data as graph
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Table 2. Microbes team summary, successes, challenges.
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	Team Member

and Major
	Summary of Learning

Learned from or by…
	Successes
	Challenges





	Meg:

Mechanical Engineer
	Others

Teamwork

Teaching

Independent research
	Integrated relationship of integrated STEM and teamwork
	Impact of loss of team member



	Mike:

Civil Engineer
	Doing

Others (remotely)

Teaching
	Teamwork was separate but coordinated
	Impact of loss of team member

Teamwork was remote



	May:

Geology, Secondary Science Education
	Others

Independent research

“The Engineers”
	Teamwork was a relationship
	Felt separate, “them and me”

Joined team late

Longed for more involvement










[image: Table] 





Table 3. GPS team summary, successes, challenges.






Table 3. GPS team summary, successes, challenges.





	Team Member

and Major
	Summary of Learning

Learned from or by…
	Successes
	Challenges





	Glen:

Computer Engineering
	Experts

Independent research
	Taught teammates
	Integration and teamwork “difficult”

Disciplines remained separate



	Gail:

Physics
	Experts

Doing

Teammates
	Learned skills outside major, e.g., soldering, building payload, software
	COVID restrictions kept team from in-person classroom experience



	Gabe:

Physics and Secondary Education
	Experts

Hands-on activities

Profs and online community
	Jigsaw—did not know all the pieces, but understood enough

Developed a team
	Team “rarely worked together” but “on the same page”

Team roles defined and separate
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Table 4. Cell Signal team summary, successes, challenges.






Table 4. Cell Signal team summary, successes, challenges.





	Team Member

and Major
	Summary of Learning

Learned from or by…
	Successes
	Challenges





	Carol:

Mechanical Engineer
	Others

Teaching

Independent research
	Teamwork is crucial

Took steps to improve
	Communication a “struggle”



	Cal:

Physics
	Doing

Experts

Teaching
	Perceived content as interdisciplinary, complex
	Would have liked more collaboration

Teamwork difficult because “online”



	Carla:

English Secondary Education
	Others

Independent research

Experts

Communicating
	Took leadership role in K-12 class, earned respect from teammates. In turn, recognized others’ expertise, appreciated explanations
	Felt separate, “them and me”

“Didn’t question” separate discipline dynamic










[image: Table] 





Table 5. Modified model after Mullinix (2001).






Table 5. Modified model after Mullinix (2001).





	Dimension
	Pre-Partnership
	Partnership
	Partnership





	Focus of Interaction
	Getting to know each other
	Working to achieve mutually valued objectives (payload and lessons)
	Developing and implementing payload and lessons together



	Activities/Projects/Programs (Payload and Lessons)
	Limited—specifically defined relationships which allow teams to become acquainted with each other
	Opportunistic—teams work together because it is convenient and appropriate (a good match)
	Integral—teams develop joint payload and lessons that grow directly out of common skills and interests



	Time and Orientation
	N/A
	N/A
	N/A



	Benefit
	Increased Networking—teams develop relationships and skills
	Increased capacity—teams able to do more and/or access more resources than they could alone
	Increased status—teams able to become more than what they would be alone



	Trust and Respect
	Building trust and earning respect
	Trust and respect exist among some team members
	Mutual trust and respect throughout team



	Team Structures, strategies, and information access
	Completely autonomous and separate
	Separate but coordinated
	Appropriately integrated and developed together



	Locus of Influence
	Separate
	Shared or differentiated according to expertise and capacity
	Integrated with acknowledgement of expertise and capacity



	Written Agreements or Contracts
	N/A
	N/A
	N/A







Note: Gray boxes show the levels accomplished by all teams.
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