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Abstract

Remote work is becoming increasingly common, a trend accelerated by the global

COVID-19 pandemic. Existing remote work research fails to address the challenges

and needs of engineers working remotely in Complex Aerospace System Develop-

ment (CASD), the field responsible for creating and operating aerospace systems.

This article presents an exploratory study to understand the challenges, benefits,

and strategies when working remotely in CASD. We interviewed 12 CASD engineers

working remotely at a major aerospace corporation. We ground our findings in six

characteristics of CASD work (complex systems; design paths and feedback loops;

relationships with suppliers, customers and regulators; distinct knowledge and skills;

one-off innovation; and high cost of experimentation) and discuss how each of these

characteristics challenges remote work. The findings show that CASD requires many

teams to work together, and this is encouraged through informal communication,

which almost disappears in a remote setting. CASD requires frequent feedback, and

we found that feedback was slow when working remotely. Participants found it chal-

lenging to demonstrate systems to customers and verify drawings with suppliers, and

the interpersonal relationships, which help to bridge disciplinary divides, were harder

to maintain remotely. The one-off nature of the systems designed meant that concep-

tual work was important, but participants lacked the virtual tools to do this effectively.

Lastly, testing hardware components required close virtual communication between

technicians and engineers, which was tricky in a detail-oriented context. This study

motivates areas for future work to better understand and address the nuances of

remote work by engineers in CASD.
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1 INTRODUCTION

Can engineers working on complex systems perform just as well when

working remotely as in conventional face-to-face settings? Given that
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mobile internet, digital tools, knowledge management systems, video

conferencing, and cloud computing and storage have enabled new

models of work in many industries,1–3 one would expect increased

remote and distributed work by all engineers in the future. However,
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whereas remote engineering practices have previously been studied,4

there is a lack of remote work literature specifically for engineers

working on complex systems like those in aerospace.

The response to the global COVID-19 pandemic has resulted in

restrictions to protect public health.5 These restrictions have forced

practicing engineers to change from co-located work, where they are

present in the workplace with their teams, to distributed work, where

they work from home, apart from their coworkers. Distributed work

from individuals’ homes, or simply remote work, is a change that has

significantly affected the way work gets done. Popular press examples

of teams adapting to this work suggest that engineers have adapted to

virtual work with varying success.6–8 Due to remote work, Engineer-

ing organizations face unprecedented challenges to their traditional

workflows.

This study defines remote work as when individuals in a team or

organization conduct work away from their workplace and cowork-

ers, often in their homes. Such a scenario requires individuals to

use digital communication tools to perform their tasks and to work

with others, sometimes called computer-mediated communication in

the literature.9 Other common terms in the literature for remote

work are working from home, virtual work, geographically dispersed

work, distributed work, and telework. This study will use the term co-

located work to describe when individuals are physically together in a

workplace.

Particularly challenged by these circumstances are those engineers

working on Complex Aerospace System Development (CASD), which

is the development and operation of systems in aerospace, such as

aircraft and spacecraft. This work is characterized by highly complex,

often safety-critical, innovative, and technically challenging projects10

that require high levels of collaboration, coordination and documen-

tation over a multi-year process. These characteristics make CASD

workmore challenging to complete remotely. Though international col-

laboration for global product development is standard for designers

to work with suppliers and manufacturers overseas, the predominant

working style in CASD remains co-located design teams.11 In fact, pre-

vious research suggests that organizations in an environment of lower,

rather than higher complexity, are more likely to adopt remote work

arrangements.12

Therefore, the global COVID-19 pandemic has created a natural

setting to study remote work. This article aims to investigate the gap

in remote work literature for engineers in CASD contexts while also

providing timely advice for practicing engineers in this area. Thus, the

essential research question explored in this study is: How are engineers

working in Complex Aerospace System Development affected by remote

work?

To generate practical insight to support remote work, this

exploratory study presents information on the challenges of engi-

neers in CASD, gathered through a qualitative analysis of interviews

with 12 engineers. This study will offer insights and solutions that

other engineers and their organizations can use to improve working

practices within CASD and beyond in remote work scenarios. The

study targets experiences and challenges faced during the times when

SIGNIFICANCEANDPRACTITIONER POINTS

This study reveals that some aspects of Complex Aerospace

System Development (CASD) work are feasible in a remote

and distributed setting. However, others are challenging

and require further research and technology development.

For practitioners, this opens up new possibilities for work-

ing configurations for CASD teams, particularly a hybrid

mix of in-person and remote employees, while highlighting

the challenges that we may need to overcome. Whether

voluntary or mandated, the study reveals that managers

and members of remote teams should be aware of signifi-

cant strains on communication and relationships, which are

critical for tightly coupled CASD work. Given that commu-

nication and relationships are not unique to CASD work,

managers and team members are encouraged to seek out

best practices and recommendations fromother fieldswhere

remote work has been practiced in the past. In particu-

lar, managers should anticipate challenges with cross-team

informal communication, getting feedbackquickly, displaying

systems to customers, maintaining relationships, doing con-

ceptual work, and testing hardware components. In general,

CASD worker attitudes are positive towards at least some

element of remote work for themselves in the future, and

thus managers who adjust their workflows to accommodate

such interest might anticipate advantages in attracting and

retaining employees.

For fellow researchers, our exploratory results reveal sev-

eral questions and topics that warrant deeper study: virtual

methods to view and inspect hardware for design, manufac-

turing quality control, and formal design reviews; communi-

cation platforms that support remote CASD work and how

large organizations can adopt them; and how to achieve the

benefits of informal communication in remote and hybrid

teams. Considering the endemic nature of COVID-19, and

the world’s shift to remote work, we expect that these con-

figurations will keep hold at CASD organizations to some

extent. Our study’s scope is one organization; therefore,

studies that expand and test the generalizability of these

findings would undoubtedly expand the frontier of Systems

Engineering knowledge.

evolving COVID-19 restrictions led to a remote work situation in the

region where this study takes place.

When investigating new and unstudied phenomena, Szajnfarber

and Gralla recommend that qualitative researchers ask, “What is

this an instance of?” to guide their literature review and to establish

a research question.13 For this study, the context is an instance of

three domains: remote work, Aerospace Engineering, and complex
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F IGURE 1 Position of this study within existing research.

system development, which is closely related to Systems Engineering

(SE). All three of these domains are individually well-studied. The

intersection between Aerospace Engineering and complex system

development is also a well-studied area due to the complex nature of

modern aerospace systems. However, both Aerospace Engineering

and complex systems development have not been addressed from a

remotework perspective. Further, all three have never been combined.

Figure 1 summarizes the scope of this study.

Thus, we contribute the first study of remote Complex Aerospace

SystemDevelopment and provide an initial framework describing how

the characteristics of this type of work impact the possibility of flex-

ible working schedules. We provide practical implications for current

CASD managers and their teams as they decide what the future of

work will look like, and identify rich areas for further theoretical

work.

The rest of this article is structured as follows: first is the back-

ground section describing key concepts and highlighting past relevant

work; next, the interview method is described; the results section

contains findings from the interviews; the discussion section places

these findings in the context of past work and existing theories, and;

finally, this article concludes and discusses directions for future

work.

2 BACKGROUND

Remote work is well studied, and research has been compiled

into literature reviews for over 2 decades.14 A recent literature

review on the topic published in mid-2020 by Morrison-Smith and

Ruiz9 provides a comprehensive benchmark on the current state

of research in this area. Of the variety of research contexts in

this literature review, none specifically target engineering outside

of Software Engineering, and Software Engineering studies com-

prise only a small fraction of the total studies.9 Further, all works

compiled predate 2020 and thus do not consider the unique chal-

lenges of remote work during the COVID-19 pandemic. Instead,

the literature review states that remote work is motivated by the

forces of globalization,9 a very different driver than the COVID-19

pandemic.

Though not well captured by the Morrison-Smith and Ruiz9 review,

remote work has been studied in the general engineering context,4

and more specifically, for SE.15 SE is highly relevant to the present

study because it is a discipline employed heavily in complex system

development. SE is a socio-technical activity of human problem-solving

and thus requires teams to cooperate closely. It follows that the SE

community’s opinion is that co-located work is better than remote

work because of the facilitated collaboration.15 More than 20 years

ago, Harris15 identified that the SE community should evaluate their

remote experiences and determine their communication needs.15 This

research area has not been addressed, and this gap is highly relevant

due to COVID-19.

In contrast to the remote work research to date, the present study

will consider the context of the COVID-19 pandemic and its role in the

remote work practices we see today. Remote work during COVID-19

differs in several ways: First, it is involuntary, meaning it occurs regard-

less of individual preferences. Second, its onsetwas unplanned, and the

future of remote work is unclear. Third, it fluctuates such that individ-

uals may return to their place of work occasionally, subject to varying

public health orders in the region. These characteristics are discussed

when they apply to our findings.

This study will elucidate the nuances of what individuals face when

working remotely in CASD and connect these experiences with the lit-

erature. The article includes a discussion of so-called “soft” aspects of

CASD, a generally under-studied lens in the field of design.16 Remote

work is a broad concept, so this study has been scoped to a few

key topics. First, the context of CASD is important, so we focus on

key aspects that define CASD. We also focus on communication, as

this is critical to SE and is shown to be impacted by remote work

practices. Lastly, we touch on trust and shared understanding, which

are concepts important both for remote work and complex systems

development.

2.1 Complex aerospace system development

CASD is a type of work in which complex aerospace systems, a spe-

cific form of a complex product or system (CoPS), are developed.

CoPS are defined as high-cost, customized, and complex, and are con-

trasted with low-cost commodity goods, which are mass-produced

and based on standardized components.17–19 Hobday argues that

designing these CoPS, which have different product and produc-

tion characteristics, also have different innovation processes, com-

petitive strategies, industrial coordination, and market characteris-

tics. In his seminal paper, he describes CoPS and discusses eight
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critical dimensions of these products: complexity, product architec-

tures, design paths and feedback loops, breadth of knowledge and

skills, coordination across units (customers, suppliers, and regulators),

embedded software, product profiles, and implications for experi-

mentation. We conjecture that these features of CASD impact the

ability of these designers to work remotely, and thus these fea-

tures will provide context for some of the challenges they are

experiencing.

Further backgroundon the context ofCASDworkand its relianceon

co-location is also relevant to this study. These aspects are covered in

the following sections on design phases; and, hardware and assembly,

integration, and test (AIT).

2.1.1 Design phases

The NASA Systems Engineering Handbook20 provides a widely

adopted framework for the phases and milestones in projects under-

taken in CASD. We chose this process model for the study because

of its ubiquity in Aerospace and Systems Engineering. The handbook

breaks a project into seven life cycle phases, designated Pre-Phase A,

Phase A, through Phase F. Phases A and B occur early in the project

before any significant fabrication of components or detailed design

occurs. Phase C is the period for detailed design and the start of fab-

rication. Phase D is where the overall system is fabricated, integrated,

tested, and finally completed. In the context of this study and many

CASD programs, the result of Phase D is the construction of just one

final device or vehicle (often called one-off innovation).Multiple copies

may be produced, but there is no mass manufacturing. Phase E is the

operations phase which occurs after the project has been successfully

developed and put into flight operations. Phase F is when the sys-

tem is taken out of operation. In summary, the authors would expect

that the effect of remote work on a CASD team would depend on

the phase in which that team works, and we investigate this in our

study.

2.1.2 Hardware and AIT

AIT collectively refers to Phases C and D tasks and consists of the

final work done on the project before completion and operation.

The development of complex systems involves an extensive set of

tests,21 and these tests place different requirements on the project

members to interact with hardware. Assembly requires extensive

interaction with the hardware, whereas integration and testing could

be accomplished through simulations or remote access to hardware

components, though this varies case-by-case. For the context of this

study, it is well established that numerous aspects of AIT require the

co-located use of facilities, equipment, and hardware, some of which

are very specialized.22,23 With the co-located requirements of AIT, the

constraint of even partial remote work will create challenges in this

aspect of projects.

2.2 Communication

Morrison-Smith and Ruiz9 captured that work can be categorized as

“tightly coupled” or “loosely coupled.” Tightly coupled work is charac-

terized by being non-routine, complex, and reliant on the individual’s

skill. Tightly coupled work requires rich communication due to its

complex nature. In a remote work scenario, tightly coupled work

encounters challenges due to strained communication, resulting in

mistakes and less successful projects.9

Tightly coupled work matches the work expected in the complex

systems development work investigated in this study. This similarity,

therefore, predicts the importance of communication in our context.

Specifically, many studies have found that in tightly coupled work, the

structureof theproduct or systembeingdesignedmimics theorganiza-

tion’s communication structure, or vice versa, and thismirroring results

in improved performance.24 However, literature also shows that com-

munication changes when working remotely.9 This finding motivates

an investigation of communication in our teams and a comparison of

findings with the literature.

Communication is one of the fundamental challenges in remote

work for engineers. Engineers, including those in aerospace, spend

more than 50% of their working time communicating, and that is

increasing over time.25 Further, communication becomesmore compli-

cated for engineers working on more complex technical systems, such

as those investigated in this study. Lastly, the learning style of engineers

emphasizes listening and discussing over reading.25

Any impact on communication during the remote work period will

thus present challenges to engineers. A loss of informal communi-

cation, the extra effort required to communicate remotely, strained

managerial responsibilities, and personal levels of digital technol-

ogy confidence are all ways remote work may negatively impact

individuals’ communication compared to co-located work.9,26

Communication between engineers occurs in different ways, which

can be described as channels. Communication channels include infor-

mal discussions, internal presentations, or written communication,

such as emails. Similarly, findings from surveys of engineers state that

the frequency of use of a communication channel does not depend

on the intrinsic value of the channel, but instead on the accessibil-

ity of the channel.25 This insight indicates engineers prefer easily

accessible, informal, and oral communication channels. An example

of a communication channel for collaboration is the whiteboard, for

which researchers identified the importance of establishing an online

equivalent for over 20 years ago.27

An important type of communication for engineers is informal com-

munication. Engineers, including those in aerospace, favor oral and

informal communication and have been found to spend nearly 10%

of their working time on informal communication alone.25 Morrison

Smith and Ruiz9 explicitly identify an open research gap for better

supporting informal communication.9 In response to this question and

the literature presented thus far, this study explores informal commu-

nication and communication channels in a remote work scenario for

engineers in CASD.
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2.3 Trust, awareness and shared understanding

The tightly coupled nature of complex systemdevelopmentwork natu-

rally benefits from informal communication between engineers, which

results from established interpersonal relationships. Trust, awareness,

and shared understanding are key factors that impact these aspects of

interpersonal relationships and informal communication.

Trust is one of the most studied aspects in the literature on remote

work, and it remains a popular topic.28 Prior studies show that remote

collaboration benefits from having the individuals involved share a

“common ground” from working together before and sharing experi-

ences. A lack of common ground leads to difficulties building trust and

communication in remote work,9 also known as the mutual knowl-

edge problem.29 Trust is crucial for remote teams, but many barriers

exist to building trust in remote settings. These include the diffi-

culty in conveying nonverbal cues using video calling tools or any

other platform, the reduced frequency of interactions, and the lack

of face-to-face time to build initial trust in relationships between

coworkers.9

The extent to which relationships are established also changes the

communication needs of a team during remote work. More experi-

enced teams need less synchronous technology to accomplish their

task, whereas teams in the early stages benefit the most from syn-

chronous options like video conferencing.9

Another dimension of teamwork is awareness, which is a well-

explored concept defined loosely as the sense of presence of others in

one’s work environment.9 It is well established that compared to co-

located work, awareness is reduced during remote work. Past studies

suggest the cause of this is simply that remote workers have fewer

opportunities for casual encounters and spontaneous conversations

characteristic of informal communication.9 In this sense, the overlap in

awareness of the goals, tasks, processes, team interactions, and infor-

mation about team members is defined as shared understanding within

a team.30 The loss of awareness, or a lack of shared understanding

in remote work, is problematic because it is linked to several ben-

efits. First, it provides context for employees’ activity, ensuring that

individual work contributions are compatible with the group’s collec-

tive activity. In the tightly coupled work of CASD, this is particularly

critical.9

Second, it is tied to individual motivation to work effectively.

That is, people tend to work harder when not alone.9 Remote work

during COVID-19 has the potential to be particularly isolating for

employees, and feelings of isolation reduce contributions and par-

ticipation in teams.9 Third, the inability to observe others’ efforts

during remote work leads to perceptions of others’ efforts that

can be overly negative. Such negative perceptions could damage

relationships between team members, impacting the highly collab-

orative work of CASD. In summary, the established importance of

trust, awareness, and shared understanding in remote work liter-

ature motivates exploring these concepts for similar problems and

may also permit strategies presented in the existing literature to be

applied.

3 METHODS

3.1 Research context

We used interviews to gather the remote work experiences of

our participants. Qualitative research originates from the social

sciences,31 yet it is beneficial for research in engineering,13 especially

in exploratory contexts. Using the standards outlined by Szajnfar-

ber and Gralla,13 a qualitative approach is well suited to this study’s

goals because of the lack of literature tailored to the remote work

practices of engineers in CASD. Further, a qualitative approach is the

best way to make sense of the human and contextual drivers at the

intersection of remote work and CASD by permitting a deep explo-

ration to uncover insights not captured in existing hypotheses or

theories.

The interviews were semi-structured, conducted with one partici-

pant at a time, lasting at least 1 hour, and conducted via Whereby,32

a video conferencing software. Interviews were guided by a predeter-

mined set of questions, which we deviated from where appropriate.

The interviews covered the following topics: their background at the

company, projects they work on, and prior remote work experience;

the challenges they face and how these relate to CASD; how specific

design phases or activities (including AIT) have been impacted; how

they use artefacts and whether this has changed; and any tools they

use when working remotely. The interview sample included 12 par-

ticipants at a single Aerospace Engineering company. Ten of the 12

participants were chosen based on the recommendation from their

department manager at the company. We requested that the depart-

ment manager try to vary seniority, gender, and experience with prior

remote work when recommending individuals. Participants were only

recommended to the researchers if they were interested in the study,

which was determined prior to being contacted by the researchers.

The remaining two participants were selected based on the sugges-

tion of one of the other 10 participants. These two participants were

suggested because they work in mechanical design, which became a

more prominent focus of the investigation as it was discussed exten-

sively in the second interview.Note that the studywas approved by the

University of Toronto Ethics ReviewOffice.

The interviewquestionswere relayed to participants in advance per

the department manager’s request to ensure no questions would lead

participants to reveal sensitive information or company intellectual

property. We also provided unedited transcriptions of the interviews

to the company for review, so redactions of sensitive information

could occur if needed. In the review of the proposed questions, no

changes were required. In the review of the interview transcripts,

only three required redactions and changes were made, and these

were minor and not directly related to the topics explored in this

study.

The participants continuously experienced remote work for 7

months before the start of the interviews. Interviews were then con-

ducted over another 4 months consisting, largely but not entirely, of

remote work for participants. During both these periods, the total
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number of employees at the organization working remotely was esti-

mated to be between 80% and 95%. Therefore, the extent of remote

work at this company impacted all employees. The company had

never experienced a remote work situation of this nature before. The

significant duration of remote work prior to data collectionmeans par-

ticipants and their company had the opportunity to adapt routines and

work processes or develop new ones. This timing positions this study

to focus on the steady and medium-term considerations of remote

work, not the sudden transition process from co-located to remote

work.

3.2 Thematic analysis of transcripts

We analyzed the reviewed interview transcripts using the qualitative

research software NVivo.33 The second author completed the analysis

using the Braun and Clarke thematic analysis method.34 We began by

open coding the transcripts, which consisted of identifying statements

made by participants and coding the relevant topic represented in that

quote. The unit of analysis was, at minimum, a sentence, but often

consisted of a paragraph. Previous interviews were revisited when

new codes emerged. The codes from the open coding process were

then grouped and organized hierarchically to expose the core themes.

Two authors then iterated upon the organization of codes into themes

to answer researcher queries and interpret results. At this point, we

returned to past work, described in the background section, and iter-

ated between the themes and literature to draw meaning from the

data.35

The analysis aimed to determine trends and discrepancies between

participants and identify the driving forces behind these differences.

The analysis also intended to seek themes core to all participant

experiences. During the process, some thematic areas were removed

from the study scope to ensure those with the most valuable results

could be presented in rich detail. To this end, results in this study are

formatted as thick descriptions to provide full details on the expe-

riences captured, similar to other studies using these methods (see

literature36–38).

3.3 Participant demographics

Of the 12 participants, there are eight men and four women. The par-

ticipants’ age distribution is as follows: two are between 20–29 years

old, six are 30–39 years old, two are 40–49 years old, and two are over

50.

We identified all participants as engineers basedon the typeofwork

that they do and the departments theywork in. Participants came from

various engineering backgrounds, such as Mechanical, Electrical, and

Aerospace. The authors assert results of this study remain applicable

to engineering broadly. Preliminary findings based on interviews with

six participants that focused exclusively on Systems Engineering are

available for reference.39

We interviewed eight employees with the title senior engineers,

one with the title engineer, one with the title intermediate engineer,

and two junior engineers. Three senior engineers and one intermediate

engineer participants manage others as part of their role.

4 RESULTS

In this section, we present the results from the thematic analysis of

our interviews. This section is presented around the characteristics

of CASD, discussing how various characteristics of this specific type

of work make remote work challenging. In the following section, we

bridge these individual findings to engineering theories to highlight

flexible work’s implications on CASD processes and products.

4.1 Characteristics of CoPS

As described, CASD is a type of workwhich fits into the CoPS category

from Hobday, which are high-cost, customized, and complex prod-

ucts and systems, as opposed to commodity goods.17 We argue that

these characteristics challenge remote work practices in new ways,

and we organize our results around this framework. We adapt this

framework slightly to represent complex systems inmodern times. For

example, we combine product architectures (the idea that CoPS have

multiple possible product architectures) with complexity, as character-

istics of the product architectures are cited as one possible measure

of complexity.40 Further, we do not specifically discuss the impact of

embedded software as this is now common in many products41 and no

longer distinguishes CoPS. Our adapted version of this framework and

our findings within each characteristic are shown in Figure 2.

Though we note that many of the participants did not believe their

challenges to be unique to work in CASD, we use this framework of

CoPS work to discuss how the challenges participants experienced

may have resulted from, or be exaggerated by, the characteristics of

the work participants were completing. Participants stated they would

expect their remote work experiences to apply to similar lines of

knowledge-based work. The one exception is the specific kinds of test-

ing doneon aerospace equipment. This finding suggests thatwemaybe

able to turn to existing literature studying remote knowledge work to

contextualize our findings within CASD.

4.1.1 Complex products and systems

Hobday17 describes CoPS goods as complex, where complexity can be

defined by the architecture of the product or system, the number of

subsystems, the degree of customization, or the degree of technical

novelty. Hobday describes how CoPS have multiple potential architec-

tures, which in our adaption of this framework, we consider another

measure of complexity. The complex nature of the aerospace systems

developedbyour participants challenged their ability towork remotely
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FERGUSON ET AL. 205

F IGURE 2 Results of our study describedwithin the framework of complex products and systems fromHobday,17 withminor adaptions.

in several ways. Designing complex systems requires diverse skills, and

each subsystem is often designed by its own team. Thework that these

diverse teams do is highly coupled, meaning that one team relies on

the work of another. These characteristics of complex work mean that

many diverse teams must closely collaborate in designing and imple-

menting these systems, and communication, particularly informal or

unplanned communication, is critical for this continuous adjustment.9

Informal communication is crucial to the role of Systems Engineers

as they integrate components and subsystems of the final design. We

observe that the Systems Engineers at this organization were partic-

ularly challenged when working remotely due to the lack of informal

communication.

Interviews with participants revealed extensive communication

challenges during remote work and the produced strategies to adapt

and succeed. These emergent challenges and strategies demonstrate

the core role communication plays in the engineering work in CASD

due to its tightly coupled nature. As one participant summarized, “if

you don’t keep in communication with everybody and you don’t streamline

everything, then it’s a big chaotic mess.”

Much of this communication between tightly coupled teams used to

happen informally, such as at the edge of meetings, in the hallways, or

in the lunchroom, often referred to as ‘watercooler’ conversations.42

Informal communication is spontaneous, unplanned, and is described

as chance conversations that arise typically from co-location in the

same space. Informal communication can also be intentional, like vis-

iting someone’s desk for a quick question. The informal aspect does

not imply it is not work-related, just that the communication is not

scheduled on a calendar like ameeting.

In the absence of these opportunities, participants described that

building and maintaining relationships was challenging, which harmed

the flow of information to support tightly coupled work. A senior

engineer participant succinctly expressed that “it all comes down to

information transfer and how you basically communicate with other human

beings. [. . . ] If you don’t have that flow of information, it’s very hard

sometimes to do your job.”

This flow of information due to informal communication was found

tohave several implications. First, it provides individualswith improved

awarenessofwhat is happeningonother teamsandopportunities todo

work outside their typical scope. One participant said, “you can kind of

expand your own knowledge that way.” Second, newly hired employees

miss out on gaining tacit knowledge of the company normally acquired

through informal conversation while co-located. We heard that the

lack of tacit knowledge extends beyond immediate onboarding and

may impact new employees several years after being hired.

One strategy that participants suggested to overcome the lack of

informal communication when working remotely is to organize work

differently. They offer “a key area for adapting to [working from home] is

work organization—clear chunks allocated to [individuals], [as opposed to

in-office work] where more loosely defined tasks and higher frequency inter-

action could normally be employed.”However, it is unclear towhat extent

such complex work could be decoupled.

Findings on replacing informal communication in remoteworkwere

limited. The random and often unplanned nature of informal communi-

cationmakes it both valuable and difficult to reproduce remotely. Prior

remote work was occasionally motivated by a desire to avoid informal

communication, which presents a strong statement that remote work

is not perceived as promoting this kind of communication. Participants

expressed discomfort in starting virtual conversationswith others they

haven’t met. Also, there are mixed opinions on whether the available

messaging platforms (Slack and Zoom) are suitable substitutes. The
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206 FERGUSON ET AL.

main area of praise and criticism towards these platforms centers on

time, “I do like the Zoom messages. I like how quick it is. I like how I don’t

have to write up a formal email. I can just shoot a quick message and get a

quick response. It seems pretty comparable in some ways to going by their

desk with less overall chatter. . . but I have heard other people complaining

and they don’t like getting toomanyZoommessages.” Participants likehow

quick the instantmessaging platform can be, but sometimeswaiting for

a responsemay take as long as booking a block of time in advance.

Communication matters for all engineering disciplines in CASD, but

the extent varies. One of the Systems Engineers interviewed exempli-

fied this best, describing their roles as being the “glue” of a team that

relies on communication, “I think of Systems Engineers as kind of like the

glue that holds the team together, right? You really have to be in constant

communicationwith everyone on your team, all the different groups, making

sure that the interfaces are going to come together properly, that it’s not just

those sub-disciplines designing and working in isolation of each other. And

that all that meets what your customer needs in the end.”A shift to remote

work has had a particularly large impact on the Systems Engineer-

ing discipline because of the changes in communication for this tightly

coupled work. Another senior Systems Engineer participant stated, “I

have found over the years that it is 10 times more effective to go and sit

at someone’s desk, actually probably closer to a hundred times more effec-

tive, than to fire an email off into the ether and which they’re very busy,

they don’t see it, or even phone calls and they go unheeded and stuff like

that.”

Exacerbating the communication challenges experienced when

working remotely is the disparity of adoption of communication plat-

forms between teams and departments. One participant explained

that, with communication platforms like Zoom, “everyone has to buy into

it” to make it work effectively; otherwise, the benefits are lost. The

disparity of adoption observed is evident in the extent to which new

communication platforms are used.

A participant described different “camps” of communication plat-

forms within the company, in this case, the “Zoom camp” and the

“Slack camp.” Zoom is a video conferencing software,43 and Slack is

an organized instant messaging platform where participants can send

messagesbetween individuals or in channelswith several individuals.44

The tension is over which platform to use for text-based instant mes-

saging. A participant who spoke for the employees who prefer Zoom

for instant messaging said, “we had Slack channels before where we

could message each other, but Zoom is a much easier interface.” Others

supported using Slack, stating, “even if I’m in the building, we would

use Slack to communicate. [. . . ] Way more effective than texting cause

everyone kind of knows what’s up. And so that’s kind of trumped any

email. [. . . ] The day-to-day activities, they’re all kind of coordinated through

Slack.”

The individual preference for platforms varies by role and team.

These preferences lead to challenges in communication between

teams who use different platforms. The result is added frustration and

awkwardness when trying to communicate and extra work for employ-

ees to track others’ preferences: “like in my role, I have to kind of be able

to get a hold of everybody. So I have all of them, I have all the Slack and all

the Zoom and all of it.”

A likely driver for this disparity is a lack of clear organization-level

standards for using communicationplatformsbecauseof the rapid shift

to remote work.

In summary, the complex nature of CASD work requires collabora-

tion between many teams, and we found that this collaboration relies

on the informal communication that often happens in the office. With-

out this, it is harder to complete tightly coupled work, which most

impacts SystemsEngineers. Further, our participants shared that itwas

essential for all teams who interact to use one virtual communication

platform.

4.1.2 Design paths and feedback loops

Another characteristic of CoPS work is the many design paths, or

processes, that could be followed and the feedback loops within

phases of these processes.17 Designers consistently provide feed-

back on designs and iterate throughout these systems’ development.

Often, they need to provide feedback on hardware components,

materials, or 3D Computer-Aided Design (CAD) models. It is essen-

tial to study this process because, as one participant said, “How

we do what we do is as relevant from a process perspective as the

work itself, and often something that is given less attention than is

warranted.”

We found that this iterative design process influenced remote work

in twoways: first, somenewvirtual communication toolsmade it easier

to reach team members for feedback, though feedback on CAD mod-

els was challengedwhen communicating remotely. Second, while some

participants could provide and receive feedback using virtual commu-

nication tools, others felt strongly that this component of CASD work

required the previously defined informal communication that existed

in the office, and that feedback was slowed, and thus they were less

productive, without this.

Some of our participants said that the new communication plat-

forms, such as Zoom and Slack, helped gather feedback from cowork-

ers, and they would like to continue using these platforms even when

returning to co-located work. The Zoom platform is one example:

“Zoom is nice in that I can communicate to several people without needing

to go find a room or get a projector. I can annotate, and everyone can anno-

tate on the screen at will, and keeping track of it all is as simple as pressing

the screen capture button.”

As a specific example of using Zoom to provide feedback, three

participants from this study belong to the same team, which was

geographically distributed between two in-person offices before the

remote work period. This specific team will be referred to as Team

A through this study. Before the remote work period, to support

operations, TeamAwould provide “active support,”watching live opera-

tions activities to enable them to call experts immediately in response

to problems. Since the onset of COVID-19 remote work, this team

has used Zoom to create a virtual “backroom” with the relevant

experts all present and watching. The presence of experts in this

backroom streamlines the process of getting input for Team A, let-

ting them provide faster overall support than the previous method.
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After the first time doing this, the team decided they “should do that

more often.”

This strategy was not used before because Team A “didn’t really

have a tool” because they “didn’t really know about Zoom.” This exam-

ple is unique in this study’s findings, likely because this team was

previously geographically dispersed. The forced shift to remote work

for the whole organization presented Team A with new connectivity

technology to improve their processes.

Another example that has more adoption at the company is the

messaging platform Slack. The platform’s channel-based messaging

functionality could have mitigated the problems described by one

senior participant in an experience before remote work, “I was part of

a design review. [. . . ] They had a deadline they were trying to meet. And so

[. . . ] as a 12 to 16-person team, we had to review three major subsystems

in 5 days, and we did it entirely through email. And it was the worst expe-

rience of my career at [the company].” The communication tools adopted

to address the forced remote work seemed to be an upgrade from the

prior tools.

However, not alwayswere virtual communication tools conducive to

providing feedback. For example, participants shared that CAD model

communication is difficult on adistributed team. Previously, individuals

were co-located in a room where they could collaboratively view and

discussmodels. However, now theymust annotate PDF files or images,

sharing these over email or screen sharing on a video call. Participants

described thesemethods as time-consuming: “The biggest change for me

is the amount of time I spend communicating design and modelling updates

to non-CAD users.”

Lastly, participants described how much of the feedback they

received happened during the informal ‘watercooler’ communication

in the office. They described a strong connection between informal

communication, feedback, and productivity—the rate at which for-

mal work output occurs. During remote work, participants reported

it takes longer to get in touch with people when needing feedback

without desk chatter, as booking calls are a burden. Further, some

participants feel using messaging platforms is not as easy as walk-

ing over and talking while co-located, “if I was in a position where I

needed to get in touch with people, it takes longer. Now, I have to set up

a meeting. . .what might be a 5 min conversation turns into a 30-min con-

versation, potentially cause I don’t go to their desk. Now, I have to book

a time with them.” This challenge was also noted in studies of physi-

cal product designers, where iteration is also common in the design

process.42,45

Further regarding feedback, participants described that having

co-located desk arrangements was conducive to improving produc-

tivity through communication before the remote work period. One

participant intentionally situated their desk with other engineers

organizing the same project, enabling them to overhear conver-

sation easily. Another participant went a step further to lever-

age the full benefit of co-location to support feedback on hard-

ware work: “I moved my entire computer out to the shop floor, right

beside the hardware. I was working on a completely different program’s

work, but every once in a while, the technician would say, ‘Hey, this

doesn’t look right.’[. . . ] And just being there beside them, they ask a

really quick question that they probably wouldn’t have asked if I wasn’t

there.”

In summary, the frequent feedback needed by CASD engineers may

be made easier by some of the newly implemented communication

tools, though some of the complex feedback regarding CAD mod-

els is still challenging. Further, participants once again emphasize the

importance of informal communication in their day-to-day work; they

describe how this was often one of theways they received feedback on

designs, andwithout this, feedbackwas slowed, and thus theywere less

productive.

4.1.3 Relationships with suppliers, customers and
regulators

Hobday differentiates CoPS from mass-produced commercial goods

due to the required close relationship with suppliers, customers, and

regulators.17 SinceCoPSare oftenone-off products, designeduniquely

for one customer, the customer is highly involved in the design pro-

cess, usually present at testing and providing approval at multiple

stages.17 Suppliers are often heavily engaged in the CoPS design

process, as designers may need to order custom parts. Additionally,

because CoPS organizations often operate in high-risk industries, such

as the aerospace organization we study here, they are highly regu-

lated. Here, we showhow these necessary relationshipswith suppliers,

customers, and regulators challenge the organization’s ability to work

remotely.

Participants described how remote work made it more challeng-

ing to communicate with suppliers, which represents a supply chain

concern for procuring parts. It is generally less convenient for sup-

pliers to ask questions that could have led to error correction, “they

made a choice without consulting me, and it had a fairly dramatic impact

to the overall build.” Several participants highlighted that explaining

mechanical drawings on-site with a supplier is important because of

the many possible interpretations. It is difficult to communicate phys-

ical features, even with drawings and CAD. During the remote work

period, it was impossible to visit the suppliers producing the hard-

ware to explain or perform the inspections before the final shipment to

“make sure they’re interpreting a drawing correctly.”These visits were pre-

viously done because communicating about physical hardware, CAD,

and drawings was expressed as extremely difficult or impossible when

done over a video call.

Due to this limitation, the company had to change the quality clause

in their contracts and resorted to using photos of the hardware for

inspection. However, photos were not as effective as an in-person

inspection, and as a result, there have been “big glaring errors that would

not have made it through the chain if we were allowed to be on-site and

inspect properly.”

Participants also described challenges in demonstrating hardware,

mainly functioning electro-mechanical systems, to customers. In the

past, customers could visit the company site to inspect hardware and

watch a live demonstration. The hardware’s scale, detail, and subtle

motion make it difficult to use traditional video calling software to
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208 FERGUSON ET AL.

provide a demonstration. One participant describes: “So instead of [the

national agency] getting to see hardware performing in its demos, they’re

watching the Zoom videos and a couple of the folks on the [national agency]

side, they had latency issues there, their internet wasn’t the best. And so

the impression that the hardware gives is diminished when the reviewer

is annoyed at the technology that they have to view that through.” Par-

ticipants described trying to improve the technology used, to some

success, “we set up this HD camera and did a live video feed through Zoom

in HD. Cause they want to look at like this little mark over here. . . .I’m talking

like tiny, tiny, tiny, like I’m zooming in on this HD camera. Like, can we see it

now?. . . but we did make that happen. So that was a way to get around some

things we just can’t change.”

Lastly, our participants did not share any challenges related to their

relationship with regulators, though they did discuss how the regula-

tions placed on them limited their ability to adopt traditional virtual

communication tools. For example, a significant limitation of Slack at

aerospace companies like the one studied is that documents, data, and

sensitive communication must still be sent via email to follow the reg-

ulations on data security. One participant shared, “we don’t hold the

servers for those Slack channels. And so I can’t communicate program info

or sensitive info through Slack, and that makes it almost useless for me. I use

Slack to keep track of my board game meetings group. . . it’s just a side tool

for communicating socially.” The need for secure file transfer is some-

what unique to aerospace projects and creates an additional challenge

to overcomewith remote work.

In summary, close relationships with suppliers and regulators are

critical to the success of CASD projects. However, these relationships

rely heavily on viewing physical documents and hardware, which is

challenging during remotework,with no good solution yet. Further, the

regulations placed on CASDwork limit the virtual tools they can adopt

to help overcome these challenges.

4.1.4 Distinct knowledge and skills

Another characteristic of CoPS work is the distinct knowledge and

skills required to design complex products and systems. For exam-

ple, in the organization studied here, teams consist of Mechanical,

Electrical, Aerospace, and Systems Engineers, all with specific roles

in the design team. This diversity means that experts with different

backgrounds, who may “speak different languages,” must collaborate

closely to decide on the system’s design. In these multidisciplinary

design team collaborations, a recent review showed that trustwas crit-

ical to positive design outcomes,46 and oneway that this trust is built is

through interpersonal interactions,47 which facilitates the discovery of

others’ perspectives. Thus, interpersonal relationships and teamwork

are critical to bridge different expert knowledge in multidisciplinary

CoPS teams, and we found that the ability to build these relationships

was challenged when working remotely. In this section, we use the

word teamwork to describe what it means for people to work together,

build relationships, and function as a team or organization.

All participants reported negative impacts of remote work on team-

work. Two participants captured this well, the first stating, “I’m a huge

fan of people participation on teams, and to do that, you need to build team

spirit. You need to have people in the same roomeating cookies. It’s very hard

to do that remotely.” And the second explains, “the key is the synergy with

the customers, the [in] person time with the team to make sure there’s an

understanding of what each [team member] is able to do. They understand

who to talk to, when to talk to them. And there’s a good rapport, right? So

that’s critical.”

The driver of this negative trend is the loss of opportunities for

socialization and interpersonal bonding activities. Participants did

describe the efforts being made to create these opportunities, such

as virtual “lunchtime sessions,” but it was not consistent between par-

ticipants and did not occur as often as they desired. Participants also

reported missing their colleagues and expressed that existing rela-

tionships with others outside their team had broken down during the

remote work period. Examples of this are no longer having the oppor-

tunity to speak with a desk neighbor and a lack of social drinking with

coworkers. Compounding this problem is the trend that at “almost all

meetings, everyone has cameras off” while on video calls. Building rela-

tionships and team rapport is difficult when employees cannot see one

another.

Another teamwork trend relates to onboarding and the experience

of recently hired employees. The training and integration of new and

recently hired employees was brought up as a particular problem by

participants who were both recently hired employees and those in the

position of onboarding others. Other work investigating the impact of

remote work has come to similar conclusions and attributed this to a

lack of mentoring when working remotely.48 This topic was frequently

mentioned in interviews because of the large amount of hiring during

this study. These new employees may struggle to receive feedback on

their performance due to cameras being off in video calls. One junior

participant expressed, “so trying to figure out how I’m performing [. . . ]

when I can’t see their facial expressions [. . . ] it’s felt a little bit trickier to just

kind of know where I’m at and how I’m doing. Unless if they’re actively ver-

balizing it and giving me feedback regularly.” Feedback on performance

must be actively sought or provided instead of given implicitly. Our

participants also explained that it is difficult for existing employees

to reach out and develop relationships with new hires. Unprompted

communication during remote work was described as awkward, and

there were few social venues to meet new employees. Participants

notably identified that more co-located timewould help build relation-

ships with new and recently hired employees. A possible solution to

this problem is to encourage existing employees to reach out to new

and recently hired employees and create explicit opportunities for this,

such as through virtual watercoolers.49

There are comparatively few instances of improved teamwork due

to remote work reported by the participants. The best example again

comes from Team A. Participants on Team A described improved team

dynamics and stronger relationshipswith one another after the start of

the remotework period. Onemember of TeamA stated, “I think all of us

sort of tend to agree that this has been actually a good thing for the team,

weirdly.” Improved teamdynamics and stronger relationships appear to

be driven by the increased use of Slack and Zoom platforms between

teammembers. Team-wide adoption of these platforms seems to have
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FERGUSON ET AL. 209

created a low-friction way to interact and build interpersonal relation-

ships, aligning with the research which suggests that ease of use is a

driving factor for adopting communication platforms.25 Further, mem-

bers of this team seem to havemore time to focus on relationshipswith

one another, as connections with others outside their team had broken

down after no longer being co-located.

Another finding identified is that individuals who work with those

with whom they have a pre-existing relationship have positive team-

work experiences during remote work. These pre-existing relation-

ships result fromworkingwith others on the sameor previous projects,

both internally orwith external clients. These relationshipswereestab-

lished through time spent face-to-face before the remote work period.

Lacking these relationships was described as a challenge, “we already

had a good, solid quantity of face-to-face work, a lot of common ground and

respect for each other [. . . ]. So that helped a great deal. . .when starting from

scratch, [that] makes it a much bigger challenge.”

Participants highlighted both the positive and negative impacts

remote work had on teamwork, despite most participants having a

positive sentiment overall towards remote work. This insight may be

contradictory, but one possible explanation that emerged is that par-

ticipants perceive the negative impacts of remote work on teamwork

as solvable given a future of remote work that is at least partially

co-located.

In summary, most participants described that remote work made

it challenging to build and maintain interpersonal relationships with

their coworkers, which we hypothesize impacts the ability of multidis-

ciplinary teams to collaborate on CASDwork.

4.1.5 One-off innovation

Hobday describes product profiles, or products where one version

builds off the previous one (think iPhones), in differentiating mass-

produced goods from CoPS.17 He explains how simpler products with

product lines benefit more from learnings from past product versions,

which is less common in CoPS as each product or system tends to be

uniquely designed for a specific customer and use.17 This quality, called

‘one-off innovation,’means that the design processes followed inCASD

work are different, uniquely impacting the remotework experience. As

each new product/service is innovative in some way, the conceptual

design phases (Pre-Phase A and Phase A in the NASA classification)

are fundamental, and our participants describe a lack of efficient vir-

tual tools for replicating these highly collaborative, creative activities

online.

For example, participants shared that live drawing tools (i.e., virtual

whiteboard alternatives) are inadequate for conceptual or graphical

engineering activities. Drawing conceptual designs on a whiteboard

while co-located in a room was highlighted as a productive practice

now hindered because access to appropriate alternative technologies

is lacking. Specifically, when asked about the design phases, partici-

pants noted that Pre-Phase A and Phase A were negatively impacted

by remote work, primarily because this conceptual work was tightly

coupled, thus requiring rapid feedback and strong teamwork,which are

hindered in remote work scenarios, as previously discussed. Partici-

pants particularly noted that conceptual work is much more efficient

when they can quickly run an idea by their desk neighbor. One partic-

ipant describes their challenges in completing early-stage conceptual

work, “I was on a lot of proposal efforts, and there’s a lot of conceptual

work in proposals. And it was a challenge to kind of explain what you were

thinking of and communicate that to someone without having easy access

to my CAD tools because it would just chug down on the bandwidth, on

my computer. . . the tools that we were using like the Zoom annotate, and

they weren’t really that great. . . So trying to discuss technical solutions for

proposals and conceptual paths forward was a challenge as well.”

4.1.6 High cost of experimentation

Lastly, Hobday describes how CoPS are usually comprised of expen-

sive electric andmechanical components, whichmeans that it is harder

to iterate, or experiment with different designs, as each prototype

can be costly.17 Combined with the one-off nature of the innovation,

this means that designers must work carefully during the conceptual

design phase, utilize software and computation testing methods, and

conduct physical tests frequently during themanufacturing process. In

theNASA Systems Engineering process, this refers to theAIT activities

that take place in Phases C and D. Primarily, our participants discussed

how the frequent testing needed in this type of work made it chal-

lenging to work remotely successfully and resulted in communication

issues between engineers and technicians.

Phase D particularly suffers during remote work. As discussed in

the background, Phase D involves AIT and hardware work, so all the

challenges associated with those aspects of engineering apply primar-

ily to this phase. Our participants reported far more challenges of AIT

caused by remote work than benefits to AIT. One participant, work-

ing on a Phase D program overseeing the mechanical work, elaborated

extensively on challenges throughout their interview, stating, “I don’t

see [current operations] as a viable way of being able to work remotely now

or moving forward.”

During the remote work period, AIT work still occurred on-site,

as programs would halt or be delayed if in-person work was blocked

in this respect. Those on-site were typically technicians, whereas the

engineers worked remotely, though this varied by role and personal

preference. The main impetus for any participants being on-site was

to work with hardware, as per company policy. Examples of on-site

hardwarework includeworking on or supporting testing and hardware

activities and setting up and collecting 3D-printed components. Given

this, there are challenges associated with AIT, but its core function

remains fundamentally unchanged. One suggestion to this challenge,

which our participants did not discuss, but we may see emerge in

coming years, is using robots for AIT activities. As robotic capabili-

ties advance, studies suggest they may replace humans for some AIT

activities, enabling Industry 4.0.50

One aspect of AIT that has not changed in remote work conditions

is testing protocols. The company has an established corporate pro-

cess for conducting testingwith a group of personnel required, and this
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has not changed with remote work. Other AIT-related tasks that do

not require co-located work also have not changed, such as reviewing

relevant documents and creating tests. Meetings to address assembly

problems are also able to proceed via video calls.

As mentioned previously, challenges with AIT and hardware center

around how it is difficult to communicate about features of physical

hardware when not co-located. One participant described the chal-

lengeof remotely conducting theprocess of solving assembly problems

on-site. They described referencing several visual sources of informa-

tion and working with the technician: “you’re like sitting [by] a problem,

looking at hardware, looking at a reference hardware, looking at the draw-

ings and looking at a CAD model and to share that via Zoom, it’s just

impossible. There’s no way.”

In contrast, Phase E (operations) appears to be positively impacted

by remotework. The findings on this phase are primarily fromTeamA’s

experiences, though there are other mentions of this in the study. In

particular, the nature of aerospace systems operations supported by

the company already incorporates various elements of remote work:

collaboration between geographically dispersed teams and the natu-

rally remote operation of the space systems. As one senior participant

expressed, “supporting things remotely is certainly a well-proven capabil-

ity from our line of work.” The conclusion is that the remote work period

presented new tools and strategies to collaborate and forcefully moti-

vated their adoption. A key exception to this conclusion is that ongoing

testing activities to support operations will face the same negative

impacts as AIT and hardware work.

In summary, the nature of frequently testing hardware components

as required inCASDwork challenges theability of these teammembers

towork remotely. Some testing alwayshas tohappenon-site,which can

cause communication issues between those on-site and those working

remotely. While some testing could be conducted over video calls, our

participants shared that this isn’t a viable solution in the long term.

5 DISCUSSION, IMPLICATIONS AND FUTURE
WORK

This study presents the challenges engineers designing complex

aerospace systems experienced when working remotely during the

COVID-19 pandemic. We have structured these findings around the

characteristics of complex system development17 to describe how this

type of work specifically may be challenging to complete remotely,

as well as to provide strategies that our participants derived to

overcome these challenges, and to highlight areas for future work.

However, numerous other theories within the Systems and Design

Engineering field can further elucidate the challenges faced by com-

plex system designers working remotely, predict what challenges

we might continue to see, what the outcomes of these challenges

are, and suggest critical areas for future research. Here, we discuss

two theories: the mirroring hypothesis24,51 and the impact of shared

understanding.52

The mirroring hypothesis51 states that the formal structure of an

organization that designs systems should mimic the technical struc-

ture of the system being designed.24 Scholars have empirically tested

this by analyzing whether ties—such as communication, co-location, or

employment relations—correspond to technical dependencies within

theproduct or system.24 A recent reviewof studies testing this hypoth-

esis found strong evidence that a product/system’s technical structure

corresponds to the organization’s structure in studies of industries and

firms.24 Further, they found that most firms who explicitly chose to

model their structure based on the technical dependencies of the prod-

uct/system performed well, and those organizations that failed at this

mirroring performed poorly. The study also finds that communication

between individuals is the most common way of measuring a tie in

an organization; however, when it is challenging to measure commu-

nication directly, the proximity of co-location is often used as a proxy.

This point explains how we may expect remote work to impact CASD.

We found that informal communicationwas lost when our participants

beganworking remotely, impacting their ability to work on tightly cou-

pled tasks and receive feedback on design iterations. Extending this

finding, if this informal communication made up much of the inter-

actions between individuals and teams—if physical proximity and the

ensuing informal communication were relied on for creating organi-

zational links between the products’ interacting elements—long-term

remote work may cut some of these ties within the organization, thus

harming the mirroring between the organization and the product. In

turn, this may mean that subsystems within the larger product/system

may no longer integrate as they should, and task dependencies could

cause delays in development. Some of the findings in our work, such

as slow design feedback, may be warning signs for these outcomes.

We motivate future work to study the mirroring hypothesis in CASD

and how mirroring is affected by remote work practices. Scholars can

analyze the organizational architecture of organizations moving from

entirely remote practices to hybrid or in-person schedules to investi-

gate the impact these changes have on mirroring and overall project

success.

The second theoretical body of work we can contextualize our find-

ings within is the study of shared understanding in design teams.53

Shared understanding is the degree of overlap of each team mem-

ber’s belief of the goals, processes and context of the task at hand.30

Sharedunderstanding is anoutcomeof effective communicationwithin

teams,53 and due to the changes to communication when work-

ing remotely, many studies have looked at how remote teams build

shared understanding.30,53–55 A number of conclusions have been

made about what contributes to shared understanding, such as team

spirit,30,54 shared experience,30,54 trust between team members,54

transparency,54 question asking,53 having the opportunity to learn

about each other over time,30 and sharing knowledge.30 Our inter-

viewees described many of these contributing factors as harmed

during remote work—for example, our participants shared that it was

challenging to ask questions and get feedback, and informal com-

munication where knowledge sharing typically happens disappeared.

Thus, we can hypothesize that building and maintaining shared under-

standing in system design teams will be challenging when working

remotely. A strong shared understanding is linked to improved perfor-

mance; specifically, it allows teams to predict the behaviours of other
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members and efficiently use resources and efforts, reduces implemen-

tation errors, increases the motivation of team members, and reduces

conflict.30 Without a strong shared understanding of the goals, tasks,

processes, team interactions, and team members themselves, the sys-

tems designed byCASD teamsmay suffer.While shared understanding

has been studied in already geographically dispersed teams,53,55 future

work can analyze how shared understanding varies as teams co-locate

more or less often, and howwe can implement the contributing factors

of shared understanding in remote environments.

Specific areas of future study that this workmotivates include: solu-

tions for the remote inspectionof hardware; communicationplatforms,

andhowthey shouldbeadopted; the impact of thepresenceor absence

of video in virtualmeetings, and; cultivating informal communication in

remote and hybrid teams.

Specifically in terms of informal communication, which we heard a

lot about in our interviews, we motivate further research into the bal-

ance between flexible working schedules and creating opportunities

for this type of communication. Ten of the 12 participants we inter-

viewedwould like to continue remotework in some capacity, andmany

mentioned a balance of remote and co-located work, such as working

in office 2–3 days a week to communicate with colleagues and having

a few days a week for concentrated work at home. Suppose employ-

ees choose a hybrid of co-located and remote work in the future. In

that case, employees who are co-located on a given day can engage in

informal communication but will exclude employees working remotely.

Similarly, thosewho are co-locatedmay not be able to visit thosework-

ing remotely at their desks, eliminating some benefits of co-located

communication. In fact, a recent study found that the adverse effects

of remote work are not eliminated by you being in-office, but by your

surrounding team and department being co-located.56 One possible

mitigation to this challenge suggested by participants is synchronizing

remote working schedules, and designating which days all team mem-

bers should be co-located. However, this mitigation does not address

problems between teams. The authors see this as a significant area

for future work and perhaps one of the biggest challenges for hybrid

remote work after the COVID-19 pandemic.

Lastly, this exploratory study begins to develop a framework for

remote CASDwork, which can be the basis of future quantitative stud-

ies to assess the direct impact of work design choices on organization

and system outcomes.

6 LIMITATIONS

This study aims to provide a preliminary understanding of remotework

in the CASD context. The exploratory nature of this aim warranted a

qualitative investigation via semi-structured interviews. Future work

will aim to test the generalizability of the findings outside of this set-

ting, with a larger and more diverse sample. Specifically, with women

comprising only one-third of this study’s participants, the representa-

tion of women’s perspectives may be reduced or lost in the results.

Interview studies generally draw on small sample sizes and rely on

participant self-assessment, memory and reflection (salience).

Further, this study focused on remote work’s challenges rather

than benefits. The study focused on one company to provide a deep

understanding of that context of the work; however, this prevents

the identification of any company-specific effects. In this study, not

all design phases were represented equally, and a future study may

therefore be able to specify challenges by phase better.

The interviews took place 7 to 11 months into the remote work

period. Therefore, the participants were past the transition phase of

this work and had the time to adapt to remote work and establish pro-

cesses and routines. However, the timeframe still limits this study to

only observing the near-term impacts of virtual work via this study;

there may be uncaptured, longer-time-scale effects of this mode of

work still to be uncovered.

7 CONCLUSION

The impact of remote work on engineers working on complex system

development in the aerospace sector has been previously under-

studied, but in the wake of learnings from COVID-19 restrictions, it

is anticipated to grow. CASD involves tightly coupled work; thus, the

communication challenges associated with virtual work are expected

to have a significant impact. The present study has endeavored to

explore this topic and uncover particular challenges of remote work

unique to CASD work via a series of semi-structured interviews at a

major aerospace corporation.

This qualitative study revealed thatwhile flexibleworking styles are

feasible for CASD work, virtual work also negatively impacts relation-

ships between teammates in tightly coupled work, with some positives

associated with teams that were previously working remotely (due to

geographic distribution). Based on the characteristics of CASD work,

the findings show that a lack of informal communication challenges

cross-team collaboration; design feedback was slow, or impossible

sometimes; it was challenging to demonstrate systems to customers

and suppliers; interpersonal relationships, which help to bridge disci-

pline divides, were harder to maintain; the required conceptual design

lacked appropriate virtual tools; and testing hardware products and

systems required close virtual communication between technicians

and engineers.

Though CASD work is tightly coupled, technically challenging, and

highly uncertain, some of the challenges experienced are similar to

those reported in other engineering contexts. This study motivates

future work that the authors argue is important to address to improve

further the productivity, outputs, and experience of virtual work for

CASD engineers.
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