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Abstract
Teams are a major feature of engineering and are commonly thought to be necessary when solving dynamic and complex
problems. Even though teams collectively provide a diversity of knowledge, skills, and perspectives to problem-solving,
previous work has demonstrated that in certain scenarios, such as in language-based and more spatially oriented configuration design problems, the production by a team is inferior to that of a similar number of individuals working independently
(i.e., nominal team). This research explores this comparison of individual versus group problem-solving within the domain
of conceptual engineering design. Thus, a behavioral study was run with freshman engineering students, who solved a conceptual engineering design problem individually or collaboratively in a team. Results corroborate previous findings, exhibiting that individuals outperform teams in the overall quality of their design solutions, even within this more free-flowing
and explorative setting of conceptual design. Exploiting this result, this work further considers whether adaptive feedback
from a process manager can lessen the underperformance of collaborative design teams compared to individuals, by helping teams overcome potential deterrents that may be contributing to their inferior performance. Teams that are under the
guidance of a process manager end up performing better than teams that are not in terms of solution quality, and almost as
well as individuals, though not significantly different. This result suggests that process managers are able to mitigate some
of the deficiencies in design teams. In an attempt to uncover some of the cognitive rationale and strategies that may be beneficial throughout problem-solving, the managerial interactions with the design teams are then investigated. Furthermore,
to determine the reason of the collaborative teams’ underperformance, the effect of verbalization is studied as a possible
cognitive hindrance. In the end, this work expands growing research on team problem-solving in engineering, and suggests
that collaborative teams may not be optimal in every circumstance, but under the proper process management, can become
substantially more effective.
Keywords Engineering design · Teams · Conceptual design · Process management

1 Introduction and background
1.1 Teams in engineering
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Teamwork pervades the modern practice of engineering,
both in academia and industry (Bellamy 1994). Providing
a diversity of knowledge and perspectives, team problemsolving is particularly crucial when the given task may be
too challenging or complex for individual expertise and
effort. For effective problem-solving, team members must
be able to collaborate and communicate with one another
(Hoffman 1965; Laughlin 2011). Beginning in the early
stages of their careers, engineers are trained via problemand project-based experiences to provide them with these
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hands-on, team-oriented skills to prepare them for the rigors and demands of engineering design in practice (Dutson
et al. 1997; Seat and Lord 1999; Mills and Treagust 2003).
Sharpening these collaborative techniques can improve upon
the competencies of making decisions, exchanging technical ideas, and resolving conflicts, to help abate any dissension that may arise within the team (Turkalj et al. 2008;
Tesluk et al. 2009). Effective communication strategies can
also lead to a common, shared mental model of the problem
among team members, fostering team synergy and improving the collective team performance (Dong et al. 2004; Kim
2007).

1.2 Drawbacks to teams
Although there are numerous benefits to teams, there also
exist some generally acknowledged deficiencies (Maier
1967). Social loafing, for example, is a psychological phenomenon in which individuals tend to expend less effort
when working in a group, as opposed to working individually, even to the extent of withholding information from the
rest of their group members (Karau and Williams 1993;
Alnuaimi et al. 2010). This is due to the belief that an individual’s work (or lack thereof) will be obscured relative
to the efforts by the rest of the team. Furthermore, group
think is a psychological drive for a consensus among a
group in an attempt to avoid any potential confrontations or
disagreements. This phenomenon may lead to a premature
decision, even on one that some members may not agree
with, and in turn, can hinder creative thinking (Janis 1972;
Schmidt 2013). A dominant individual can also emerge from
the group, who pressures other team members, and consequently, has an unduly greater share of impact on the final
outcome of the team, often resulting in more polarized decisions (Myers 1976). This influence may not necessarily stem
from a higher degree of knowledge or problem-solving ability, but from that individual simply being more persuasive
and resolute. Thus, many of these deficiencies in teams have
to do with the problem-solving process itself, as opposed to
individual experience or knowledge. Perhaps, as Maier put
it, there is a “need for an integration function” that could
mitigate some of these process shortcomings in groups by
acting as their central nervous system (Maier 1967).
Previous work in psychology and configuration engineering design has supported this assertion that teams may not
always be maximally proficient (Faure 2004; Rietzschel
et al. 2006; Putman and Paulus 2009). Many of these
studies utilize the term nominal team to refer to a team of
participants who work individually, but whose efforts are
pooled together with the best solution chosen to form the
collective team performance. Nominal teams are necessary
in these studies to be able to make comparisons between
individuals and interacting teams. In brainstorming studies,
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interacting groups are shown to generate fewer ideas than
nominal brainstorming teams (Taylor et al. 1958; Diehl
and Stroebe 1987). In language-based, Remote Associate
Test (RAT) puzzles, interacting groups perform worse than
non-interacting nominal groups (Sio et al. 2018). Remote
Associate Tests are word-retrieval protocols which measure
analytical and convergent thinking ability (Lee et al. 2014).
The test is done by having the participant form compound
words/phrases through a given set of provided cue words by
finding the common term that links with all three cues. It is
inherently a language-based task because of this dependence on semantically related word retrievals. Additionally,
in configuration engineering design problems, McComb
et al. behaviorally studied and computationally simulated
human design teams. Configuration design refers to a subset
of design problems that involve pre-defined set of components that can be combined based on interface constraints
and requirements of the task (Mittal and Frayman 1989). In
their work, they showed that under certain problem characteristics, such as objective alignment and global structure,
zero interaction frequency among team members resulted
in optimal performance (McComb et al. 2017). This zero
interaction frequency finding indicates that individuals, i.e.,
nominal teams, would be the preferred structure under these
circumstances.

1.3 Overcoming a drawback: impasses in creative
and conceptual design
The current work exploits previous findings of individual
and team performance but on a different type of design
problem, conceptual engineering design. Conceptual design
is free flowing and exploratory in the early stages as with
brainstorming, but narrows down to seek high quality and
practical solutions. It is also structured and constrained as
with configuration design, but while conceptual design is
open-ended, configuration design is limited to the combinatorics of a finite set of enumerated components. Thus,
because configuration design problems utilize these predefined components to work with, there is normally a single best assembly/solution (Wielinga and Schreiber 1997).
Conceptual design is initially more open-ended, in that there
could be multiple preferred solutions that satisfy the problem, although a single concept must be selected by the end
amongst these design alternatives. Moreover, unlike previous brainstorming studies, this work presents an engineering design problem that more accurately emulates one that
would be encountered in practice, with dynamically changing design constraints (Liu and Boyle 2009). Thus, this work
seeks to understand how teams behave in this early, albeit
critical, part of the engineering design process.
Engineering teams may often reach impasses during
problem-solving (McComb et al. 2015a), as do people
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solving RAT problems (Moss et al. 2011). Additional aid in
the form of analogies and solution examples has been shown
to stimulate group creativity and improve solution quality,
particularity during brainstorming tasks and the ideation
stage of conceptual engineering design (Fu et al. 2010; Linsey et al. 2012). However, such aid can also lead to fixation,
which is a blind adherence to a set of ideas or concepts.
Fixation can suppress team creativity and lead to inferior
overall performance (Jansson and Smith 1991; Sio et al.
2015). Work on creativity tasks has tried to lessen this fixation effect, for example, through providing expansive versus
restrictive examples (Agogué et al. 2014), effectively managing non-verbal devices such as pictures or sketches (Brun
et al. 2015), as well as examining the specificity and level of
abstraction of such (Ezzat et al. 2018). Furthermore, theoretical models have been developed for leadership strategies
in creativity tasks (Rickards and Moger 2002). Perhaps some
of the aforementioned deficiencies in team problem-solving
can be ameliorated in conceptual design if a portion of the
resources used for solving the problem are instead used to
guide and control the team’s design process. This work considers allocating these resources to a human manager, who
acts as a team’s central processing system, to gather feedback and provide adaptive management. Previous work on
design creativity provides stimuli to problem-solvers that
are static in nature, such as in constant modalities and/or
at pre-defined intervals. The integrative role of the process
manager in this current work provides real-time feedback to
design teams that is fluid in both modality and timing, adapting to a team’s current state and how they evolve throughout
the problem-solving process.

1.4 Research goals
Consequently, this research is motivated by two goals. The
first seeks to determine whether the underperformance of
team problem-solving, identified in language-based and
configuration design, applies to the conceptual phase of
design, by comparing individual and team performance in
this domain. The second goal is to explore whether a portion
of the resources used for problem-solving could instead be
used to dynamically manage and control the design process
of the remainder of the team and improve performance via a
human manager. The effect of the process manager on design
teams is studied and the performance compared to that of
both unmanaged and nominal teams. After this comparison,
an amalgamative analysis, with both quantitative and qualitative features, is done to uncover some of the managerial
strategies, and the rationale behind which, are most beneficial to design teams.
To form a conceptual framework, this paper begins by
introducing the experimental architecture and logistics of
the behavioral study that is run to answer the aforementioned

research goals. Here, three different types of team conditions
will be defined, for consistency, and used throughout the
remainder of the paper: a managed team (problem-solvers
who work together and are overseen by a more experienced
process manager), an unmanaged team (problem-solvers
who work together and are not overseen by a more experienced process manager), and a nominal team (individual
problem-solvers who do not work together but are randomly
placed together to form an artificial team). Also in this section is a description of how the process managers are chosen
and the methods by which they are able to intervene with
their design teams. The next sections provide an overview
of the analysis metrics and techniques that are used to compare problem-solving performance (design quality, design
novelty, and team cohesion), followed by the presentation of
the results and the process manager interventions. The paper
concludes with a discussion of the strategies and cognitive
rationale of the process managers, as well as a supplemental experiment studying the effect of verbalization. As the
primary means of conveying ideas, teams are required to
communicate and verbalize with each other, which is one of
the main differences between individual and team problemsolving. Also motivated by previous research studying this
effect, whether verbalization acts as a cognitive deterrent
during conceptual engineering design problem-solving is
examined. Finally, limitations of the study and future work
are acknowledged, followed by brief remarks on the implications of this work for engineering design teams and design
practice.

2 Methodology
2.1 Experimental conditions
To address these two primary research goals, a behavioral
study was run with freshman engineering students at Carnegie Mellon University in Pittsburgh, PA, USA. Participants for the study were recruited from the “Fundamentals
of Mechanical Engineering” class, a freshman-level course
in the Mechanical Engineering department. The intention
was to recruit students with comparable and little to no prior
exposure to techniques and theories in engineering design
methods and conceptualization. In total, 95 freshman engineering students participated in the study. Because students
were recruited through their engineering course and participated in the study in lieu of a scheduled lecture, they were
not monetarily compensated for participating. However, during the time period they were not participating in the study,
they received an educational lecture on engineering ethics.
These students, or novice designers, were randomly
assigned to one of three different team conditions: a managed team, an unmanaged team, or a nominal team (see
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Fig. 1). A managed team was composed of four freshman
engineering students collectively solving the problem, with
one mechanical engineering graduate student as a manager
overseeing their design process. An unmanaged team was
comprised of five freshman engineering students and no
graduate student manager. The additional problem-solver in
the unmanaged teams was to keep the number of personnel
equivalent across the two experimental conditions. Lastly, a
nominal team was composed of five randomly chosen freshman engineering students (of the 23 participants) who solved
the problem individually but did not interact with each other.
Instead, the best solution was chosen from amongst the five
individual solutions. In total, there were eight managed and
eight unmanaged teams, and 23 individuals from which eight
nominal teams were artificially created to compare with the
other team conditions. The method for generating the nominal teams will be discussed later in the paper.

2.2 Process manager selection and manager bank
creation
The managed teams were composed of four freshman novice
designers and one graduate student process manager. These
managers were able to intervene with their team to affect the
solving process with different stimuli, but could not directly
contribute to the problem solution. The graduate students
were selected for the study via a recruitment survey that was
disseminated to a portion of the graduate student population
in the Mechanical Engineering Department at Carnegie Mellon University. The response rate from the surveys was 68%,
with 40 graduate students completing it.
The desired managerial characteristics were the possession of engineering design knowledge and prior experience
in leading a team. Using a Likert scale assessment, questions on the survey queried the graduate students to selfassess their mechanical engineering design knowledge, as
well as their leadership experience. To minimize survey bias
due to over- (or under-) confidence in their own abilities,

supplemental questions asked them for specifics such as
undergraduate/graduate classes they had taken in engineering design, the area of their primary research, areas of interest outside of their primary research, and specific examples
they had in leading a team. The eight graduate students with
the highest level of design knowledge and leadership experience were selected as the process managers for the study.
Even though the managers were instructed to intervene
when they felt it necessary, they were only allowed to interact with items from a bank of prescribed stimuli. Three distinct categories of interventions were chosen, theoretically
grounded in previous literature for different modalities and
stimuli for improving ideation and problem-solving effectiveness. Inspired by the approaches of design by analogy
and metaphor, keywords were selected, a technique known
to help designers divergently think about and reframe the
problem in a different domain (Hey et al. 2008; GoucherLambert et al. 2018). Cognitive priming with solution
examples, shown to increase quality output (Fu et al. 2010),
inspired the use of different design components. Moreover,
because visual representations have been shown to be a more
effective modality (Goldschmidt and Casakin 1999), these
components were pictorially depicted. Heuristics for creative problem-solving and management (Yilmaz and Seifert
2010; Isaksen 2013) influenced the use of design strategies,
where designers with more structured planning and approach
perform better. Thus, previous literature motivated the following intervention types that were, respectively, chosen:
keywords, design components, and design strategies.
The collection of permissible stimuli was created for this
particular problem from questions in the manager recruitment survey. In the survey, each potential manager was
asked to generate possible items in each of those categories
that they might provide to a hypothetical engineering team
to aid in solving the design problem used in the study. After
the graduate students with the highest level of engineering
design knowledge and leadership experience were chosen
through the survey, their answers to these questions were

Fig. 1  Participants were randomly assigned to one of the three team conditions: a managed team, an b unmanaged team, or a c nominal team
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compiled. For the three intervention types, the six answers
with the highest frequency between the chosen managers
were aggregated to form the manager bank, shown in Fig. 2.
During the ensuing study, the process managers were only
allowed to select from these 18 specific examples, that comprised the three categories, to intervene with. This compilation was done to control for variability and to maintain some
consistency in the types of interventions. The keywords and
design components in the bank were printed on cards that
were physically handed to the design teams, while the design
strategies were verbally spoken by the managers, all done
when deemed appropriate. All in all, the study was purposefully designed to minimize the impact of differences or limitations in managerial skill, by recruiting graduate students
with both design knowledge and leadership experience, and
creating the manager bank, from which they were restricted
to apply.
Prior to the experiment, the graduate students were
required to participate in a 30-min training session. During
this session, which was led by one of the research investigators, the managers were trained on the experimental procedures. Other than reading the instructions, answering logistical questions, and intervening with a design strategy, the
managers were not allowed to speak during the experiment.
The managers were also told to keep notes on the exact times
and types of interventions they used during the study with
their teams. It was also emphasized to them that they were
not to help their team in directly solving the design problem,
but were there only to manage their team’s design process.
Within 2 days following the experiment, a post-study
interview was also conducted with each manager. During these interviews, the research investigator went
through each intervention and asked the managers:
“What made you interact [with item x]”, “Why did you
interact with what you did”, and “What was the effect of

your interaction?” The primary goal of these interviews
was to determine what prompted the managers to interact with their teams, to gain a deeper understanding into
the rationale underlying these interventions. During these
interviews, the managers were allowed to refer back to the
notes they had taken during the study, to facilitate in their
recollection of events, if necessary.

2.3 Experimental protocol and materials
The students’ 1-h and 50-min class period was broken up
into two 55-min intervals. Half of the class was assigned
to group A while the other half of the class was assigned to
group B. While group A participated in the experiment for
the first 55-min period, the other group received a lecture
on engineering ethics, an agreed-upon request between
the researchers and course instructor for running the
study during the class period. For the second half of the
class, the two groups switched. Within a group, students
were evenly and randomly distributed among the different
experimental conditions. The same experimental materials
were provided to all participants, regardless of the team
condition they were in. These items include a pen for each
individual on a team and 3 sheets of 11′’ × 17′’ white, multipurpose paper. In the managed and unmanaged team conditions, the three sheets of paper were shared among the
entire team to promote collaboration, while in the nominal
condition, each individual received three sheets. Prior to
participating in the experiment, individuals were asked to
read and sign a consent form.
During the experiment, participants were given 30 min
to solve the following engineering design problem (Fu
et al. 2010; Linsey et al. 2010; Gyory et al. 2018a):

Fig. 2  The collection of
intervention stimuli which the
process managers were able to
use during the experiment
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Problem statement:
Design a low-cost and easy-to-manufacture device that removes the
outer shell from a peanut
Constraint 1:
The device is meant to be utilized in developing countries where
electricity may not necessarily be available as a power source
Constraint 2:
In addition to the previous constraint, the proposed design must be
able to separate a large quantity of peanuts from their shells, while
causing minimal damage to the inner peanut

To simulate a real-world, dynamically changing engineering problem, the two constraints were sequentially introduced 10 min and 20 min, respectively, into the study. These
added constraints were meant to exacerbate the problem
difficulty throughout problem-solving. An overview of the
experimental timeline is shown in Fig. 3.
Participants were allocated the entire 30 min to problemsolve. To distinguish this task from a pure, creative brainstorming session, participants were told from the onset that
they could initially (and were encouraged) to discuss and
sketch about as many possible ideas for the problem, but
by the end of the experiment, had to come up with a single
design solution. This instruction was to encourage problemsolvers to eventually bring closure to (i.e., select a concept),
and potentially, iterate upon their final design. Each time
a constraint was introduced during problem-solving, they
were instructed to continue their sketches on a new sheet of
paper that was provided to them. By the end of the experiment, each team had three sheets of sketches, with the last
sheet containing their final solution. Using audio recorders,
both managed and unmanaged teams’ discourse was also
collected throughout the experiment. At the conclusion of
the experiment, one team member from these two conditions was also asked to provide a brief, verbal description
of the group’s final design. The individuals and unmanaged
teams were under the supervision of passive experimenters,
who only read the experiment instructions, monitored time,
and provided the experimental materials (sheets of sketching

Fig. 3  The experimental timeline showing the introduction of the
problem statement, constraints, and blocks of problem-solving.
*Audio was not collected from the individuals (i.e., nominal teams),
so they did not provide a verbal description
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paper and constraints to the problem). In the managed condition, these same procedural responsibilities were assigned to
the process managers.

3 Data analysis
3.1 Ideation metrics
To compare the performance between the collaborative
and nominal teams, their final designs from the end of the
experiment are evaluated. According to Shah et al., accurate
measures of ideation effectiveness, as well as how problemsolvers explore within the design space, can be seen in the
novelty, quantity, quality, and variety of their design output
(Shah et al. 2003). However, because the participants in this
experiment are told to only come up with one final design
solution, and both quantity and variety are a function of the
number of ideas generated per individual, only the novelty
and quality are used in this analysis. In practice, products
need to work, but they do not need to be novel; thus, an
effective solution is required while a novel solution is only
desired. Thus, novelty, or uniqueness, of a solution is secondary to quality, given that low-frequency solutions are not
necessarily good solutions, they are simply rare. Therefore,
the teams’ final designs are evaluated based on these two
ideation metrics, with quality taking precedence.

3.2 Design quality
The quality of a design refers to its technical feasibility
and how well a particular solution satisfies the engineering
specifications of the problem. Two mechanical engineering
graduate students at Carnegie Mellon University, with extensive experience in design theory and methodology, rated the
quality of the final designs based on how well a solution
satisfies the constraints of the design prompt. Ratings are
coded into the three distinct categories shown in Table 1.
This three-point rating scale was chosen to minimize the
subjectivity inherent in larger rating scales, at the expense
of losing resolution in the scores, while enabling a judgement of excellent, acceptable, and poor. The raters were
provided with brief instructions, the problem statement and
constraints used in the study, and the corresponding category
descriptions from Table 1, but did not receive any further
training on how to score the designs. Because each design is
scored by both raters, each design has two associated quality values.

3.3 Design novelty
The novelty of a design solution defines how unconventional or unusual an idea is compared to other designs,
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Table 1  Quality rating
categories

Rating category

Category description

0
1
2

The design violates a constraint/function of the design problem
The design poorly satisfies the constraints/functions of the design problem
The design effectively satisfies all constraints/functions of the design problem

within the set of designs generated within the experiment.
This definition represents the breadth of search through the
design space. The authors prefer the term uniqueness as
these designs may not have value or be truly rare beyond
this study; however, for consistency with the design literature and by assimilation of the Shah et al. metric, the
term novelty is used in this paper. A posteriori evaluation
of novelty is computed, in which comparisons are made
relative to the ideas generated between participants during
the experiment. Therefore, the design space is populated
with only those designs from the experiment. The novelty
is calculated by looking at the different sub-functions of a
design and identifying what mechanism is used to satisfy
that sub-function. To meet all the engineering requirements of the problem statement from the study, an adequate solution can be broken down into five distinct subfunctions that must be satisfied by the design (each with an
associated weight f). These include an energy conversion
(human/natural to mechanical) mechanism (f1), transportation of the peanuts through or along the device (f2), crushing/de-shelling of peanut shells (f 3), sorting of the intact
peanuts from their crushed shells (f4), and the collection of
the harvested peanuts (f5). Shah et al. formulate the posteriori computation of the novelty, N, of a team’s design as

N=

n
m
∑
∑
Tji − Cji
fj
× 10 × pi ,
Tji
j=1 i = 1

(1)

where Tji is the total number of ideas generated for subfunction j, Cji is the count of the current solution for function j, fj is the weight assigned to function j, signifying its
importance, n is the total number of sub-functions (in this
case, n = 5), m is the particular stage of the design process,
and pi is the weight associated with that stage. Because the
focus is only on one phase of the design process, the ideation
phase, the above equation reduces to

N=

n
∑
Tj1 − Cj1
fj
× 10.
Tj1
j=1

(2)

The multiplication of the constant 10 is to normalize
the novelty scores on a scale from 0 to 10. The weights, f j,
for each of the five sub-functions are chosen based on the
experimenter’s estimated importance of the sub-functions’
contribution to the overall design problem. Accordingly,

the chosen weights for the sub-functions to compute the
overall novelty scores are f j = {0.25, 0.10, 0.35, 0.20,
0.10}, where 1 ≤ j ≤ 5.

3.4 Generation of nominal teams
To compare the performance of both the managed and
unmanaged teams with the individual problem-solvers,
nominal teams are generated. Nominal teams are teams
composed of individual problem-solvers who did not interact during the study, but are artificially placed together to
form a team. Then the cumulative best solution amongst the
individuals’ solutions is considered the product of the entire
team. In this experiment, five individuals are placed together
so that they can be compared with the other team conditions. The nominal teams are computationally formed with
a random number generator, under the following constraints:
(1) all 23 individual problem-solvers need to be placed on
a team, (2) all but six individual problem-solvers needed
to be assigned to two different teams (assuming eight total
teams with five students on each), and (3) every team had
to consist of five unique individual problem-solvers. This
algorithm is repeated until eight valid nominal teams are
generated. This random assignment removes any bias that
could be formed, because all members were equally likely
of being selected for a team. In this experiment, the solution
with the highest quality is chosen as the team solution. The
intuition behind this is that, in practice, when individuals on
a team select between possible designs (or their supervisor
selects amongst candidate solutions), the design with the
best quality would likely be the one chosen. If two designs
are comparable with respect to their quality, then the design
with the higher novelty is selected as the preferred idea.
With this method, it is possible that a significantly superior
design (in terms of quality and novelty) could appear on
multiple teams. However, at most, an individual could only
be placed on two different teams and, therefore, that design
could only be considered at most twice.

3.5 Team cohesion
In addition to measuring the solution output from the design
teams, the teams’ dynamics are investigated. The audio
recordings from the experiment are used for this purpose to
measure the similarity of a teams’ discourse, i.e., the team
cohesion, and how it evolves throughout problem-solving.
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Latent semantic analysis (LSA) has been shown to quantify this level of semantic convergence in language-based
communication between members in design teams (Dong
2005). The degree of a team’s cohesion has been shown to
be directly proportional to their cognitive representation of
the design problem, and is accepted as an accurate measure
of a team’s design performance (Dong et al. 2004). Because
the individual problem-solvers that comprised the nominal
teams were not audio recorded during the experiment, only
the collaborative teams can be compared with one another
with this measure. Therefore, this analysis will facilitate in
addressing only the second research goal of this work: the
impact of process management interventions on engineering teams.
As background, LSA uses singular value decomposition
(SVD) to determine the underlying patterns within text (here
speech) by projecting the co-occurrence of words across
documents (here speakers) to a lower rank (dimensional)
approximation of the semantic space (Landauer and Foltz
1998). The SVD of a matrix, X, is shown in the following
equation:
(3)
X = USV T .
For this experiment, matrix X is an [n × m] occurrence
matrix with n number of words and m speakers, U is an
[m × r] concept vector matrix with rank r, S is an [r × r]
singular values matrix, and V is an [n × r] speaker matrix,
containing speaker vectors. By mapping the co-occurrence

of words into this new r-dimensional semantic space, the
cosine similarity between speaker vectors can be computed
to determine how closely related speakers’ semantic coherence is. The overall semantic coherence of a design team is
then computed by taking the average of all pairwise cosine
similarities between members of a team.
The pipeline for post-processing the audio files and running LSA to compute the semantic coherence is depicted in
Fig. 4. The text corpus for LSA is generated from the audio
files recorded during the study. First, each audio file is transcribed, via an outsourced vendor, into a single transcript for
each design team (step 1). Each transcript is then checked
and verified for proper speaker identification. The speakers
are then segmented out of the full experiment transcripts to
obtain a text document representing each speaker on a team
(step 2). For the managed teams, the manager document is
excluded from the analysis because they are not included
when computing the semantic similarity of a design team.
The occurrence matrix, X, is then generated for each team
(step 3) and weighted using the global, log-entropy (Eq. 4)
across speaker documents of a team (Harman 1986):
( )
∑ pij log2 pij
W = 1+
,
(4)
log2 (m)
j
where Pij is the ratio of the frequency of each term in a
document to the frequency of each term over all documents.

Fig. 4  Representation of the pipeline for running latent semantic analysis (lsa) on the audio transcriptions
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This global entropy weighting is used to dampen the effects
of large differences in the frequency of words (i.e., gives
less weight to terms that occur frequently or are commonly
used, and more weight to terms that are less frequently
used). After weighting the occurrence matrix, SVD is performed (step 4) to reduce the dimensionality of the matrix,
and speaker vectors are then extracted. The cosine similarity is then computed between all pairs of speakers (step 5)
and the average of those comparisons is taken as the team’s
semantic similarity (step 6).

3.6 Manager interventions
The transcripts from the experiment are utilized, in conjunction with the post-study interviews, to designate the timing and type of managerial interventions. This exploratory
analysis will provide insight into some of the managerial
techniques and strategies utilized by the managers at different points in the design generating process. To do this,
comparisons are made across three, equal 10-min intervals
of the experiment, which are delineated based on when the
constraints were added to the problem (i.e., before the first
constraint was given, between the first and second constraints, and after the second constraint).

4 Results
At the conclusion of the study, participants are instructed
to have their single, final design circled. For both the managed and unmanaged teams, this solution is collaboratively
chosen by all members on a team and, therefore, is representative of an entire team’s effort. These elected designs are
extracted from the last sheet of sketches and utilized in the
assessment of the previously discussed ideation metrics. A
sample set of final design solutions from each team condition is shown in Fig. 5.

4.1 Design quality
As discussed in the analysis section, each design is rated
for quality by two mechanical engineering graduate students as either 0, 1, or 2, depending on how well the solution satisfies the problem statement and design constraints.
Figure 6 shows the frequency of designs binned into each of
the categories, with the x-axis representing the three quality
categories and the y-axis being the frequency of designs in
each respective bin. Due to some subjectivity in this assessment, each design is scored by both graduate student raters,

Fig. 5  Example final design solutions from an unmanaged (top), a nominal (bottom-left) and a managed (bottom-right) engineering design team

13

Research in Engineering Design
Fig. 6  Frequency of quality
ratings for unmanaged teams,
managed teams, and nominal
teams

to maintain consistency and objectivity in the scoring. To
gain a sense of the degree to which the raters are consistent with one another, the intraclass correlation coefficient
(ICC) is computed across all designs (ICC = 0.58), which is
an acceptable correlation (Cicchetti 1994).
Because the data are ordinal and not normally distributed,
a Mann–Whitney U test, the non-parametric version of the
t test, is run. The test reveals that both the managed teams
(p < 0.014, effect r = 0.39) and nominal teams (p < 0.001,
effect r = 0.64) generate designs of significantly higher quality than the unmanaged teams. The nominal teams’ designs
tend to be of slightly higher quality than those of the managed teams (p < 0.15, effect r = 0.18). Thus, the first research

goal, of whether the performance of individuals surpasses
teams in the domain of conceptual engineering design, can
now be addressed. Indeed, the higher quality designs generated by the nominal teams, compared to unmanaged teams,
are indicative of better overall performance.

4.2 Design novelty
The final designs are evaluated using a posteriori measure
of novelty (i.e., uniqueness), which describes how uniquely
each of the five sub-functions are satisfied in a given solution, compared to the other solutions within the experimental design space. Table 2 provides a summary for each of

Table 2  The count of different mechanisms used in design teams’ solutions
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the five sub-functions and the count (Cj) of each mechanism
used to satisfy them. Summing these counts for each subfunction identifies how many teams in total, Ti, satisfy a
particular sub-function, where i ranges from 0 to 24, for 24
total design teams (eight in each of the three conditions).
In reference to the total counts, Tj, the only sub-function
that is satisfied by all 24 teams is the crushing function,
f3. The energy conversion sub-mechanism is the next highest, followed by the transportation function. This result is
consistent with the chosen weights, fj, that were discussed
previously. For example, the sub-functions given the higher
weights end up being fulfilled by more design teams, signifying their lack of ambiguity from the problem statement
and importance to the overall design task. Substituting the
counts (Cj) and totals (Tj) from Table 2 into Eq. 2, the novelty scores can be calculated for each team. Figure 7 shows
that the managed teams have a significantly higher measure
of novelty than both the nominal (p < 0.01, d = 1.35) and
unmanaged teams (p < 0.007, d = 1.41). There is no significant difference between novelty of unmanaged and nominal
teams’ designs.
To determine whether the experimenter’s chosen values
of the weights impact the results of the novelty, a sensitivity
analysis is performed on the novelty formulation. The functions are first weighted equally (fj = 0.2), for each sub-function (equivalent to no weighting at all). Re-computing the
novelty, the results are identical to that originally found, with
the managed teams exhibiting higher novelty than both
unmanaged and nominal teams; the latter two having no significant difference. Furthermore, to determine the sensitivity

of the novelty score to the value of the individual weights,
each weight is successively perturbed ± 10% from its original value and the novelty is re-determined. When one weight
is perturbed, the four remaining weights
so
�
�∑are readjusted
5
.
After
f
=
1
that the total weight sum remains at 1
j=1 j

recalculating the novelty with each new combination of
weights, in every case, the managed team’s novelty score
remains highest, and the unmanaged and nominal teams
lower and similar. This analysis confirms that the scores are
not sensitive to the originally chosen weights (which were,
f j = [0.25, 0.10, 0.35, 0.20, 0.10], for 1 ≤ j ≤ 5), and this
weighted set will be the one used for purposes of this work.

4.3 Team cohesion
Now that nominal teams have been shown to produce
higher quality solutions than unmanaged teams, the second
research goal can be addressed, namely whether a manager
is able to mitigate the costs associated with collaborative
engineering design teams. From Figs. 6 and 7, the teams
under the guidance of a manager generate solutions that are
both significantly more novel and of slightly higher quality than the unmanaged teams. Post-processing the audio
transcriptions according to the pipeline outlined in Fig. 4
and running LSA on these transcriptions (Fig. 8), the managed teams’ discourse exhibit higher semantic similarity
over all three experimental intervals (p = 0.016, p = 0.026,
p = 0.015, respectively). This result further supports the
claim that the process managers are able to mitigate some

Fig. 7  Average novelty scores
for unmanaged, managed,
and nominal teams (error bars
show ± 1 SE)

13

Research in Engineering Design

Process Manager Interventions by Type
Design
Stategy, 27%

Keyword, 31%
Keyword
Design Component
Design Stategy

Design Component,
42%

of the performance costs of engineering design teams. It is
also interesting to note that both team conditions exhibit a
similar and consistent trend, showing a decrease in cohesion
between the first and second intervals, followed by a small
increase in the third interval.

4.4 Process management interventions
Since process managers are shown to be beneficial, a preliminary analysis into some of these constructive managerial
strategies can be done by examining the frequency and types
of interventions throughout the experiment. A general summary of all the manager interventions is shown in Fig. 9. As
a recap, the allowable types of manager interventions are
the keywords, design components, and design strategies that
were depicted in the manager bank (Fig. 2).
The managers were able to interact with those prescribed
items but could not otherwise speak with the design teams or
help in directly solving the problem. In total, the managers
intervene 52 times with 11 interventions in the first interval,
25 interventions in the second, and 16 during the final interval. Of the 52 interventions, 42% are design components,
31% are keywords, and 27% are design strategies. To understand the evolution of managerial strategy over the different
problem-solving phases, Fig. 10 depicts the temporal evolution of interventions. The percentages shown are relative
to the number of interventions per interval. For example,
45% of the design strategy interventions in the first interval
equate to five distinct design strategy interventions. Overall,
the design strategies and keywords comprise the majority
of interventions in the first segment of the experiment, with
a more equal distribution among all three types in the middle. By the end of the experiment, the largest proportion of
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Fig. 9  Overview of manager intervention usage over the entire experiment by type (top) and frequency (bottom) (error bars shows ± 1 SE)

managerial interventions is design components as the final
design ideas are instantiated.
The post-study interviews with the graduate student managers are also evaluated to uncover the underlying motivations. This is useful for determining the rationale, and consequently, the feedback the managers used in deciding the most
opportune times of intervening. After analyzing the interviews and sorting the interventions into common themes,
four salient motivations emerged: assist the team in generating new ideas, help the team promote their current thought,
remind the team of the engineering design requirements,
and improve the team dynamics. To get a better sense of

Process Manager Interventions
30

Frequency of Manager Interventions

Fig. 8  Latent sematic analysis on audio recordings of design teams
(error bars show ± 1 SE)

Frequency of Manager Interventions

Frequency of Process Manager
Interventions Across Experiment
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Fig. 10  The evolution of managerial interventions during each experimental interval
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4.5 A possible mechanism: verbalization
Even though process management, in this experiment, is
shown to be beneficial to design teams, individual problemsolvers still perform marginally better in terms of their collective solution quality. One of the main differences between
individual and collaborative team problem-solving is the fact
that teams need to verbalize to communicate ideas with one
another. Sio et al. previously investigated the effect of this
communicative process on RAT problems, and found that
thinking-aloud nominal groups were impaired in comparison

Process Manager Motivations
Frequency of Manager Motivations

how these motivations are binned, consider the ones shown
in Table 3.
For example, asking a manager why they intervened with
the design strategy, “Can you think of similar ideas that
already exist”, they responded with the first statement from
Table 3: “There was no structure to their thought process,
and there was no direction”. This intervention is characterized as “help generate new ideas”, because the engineering
design team was not focused and having difficulty deciding
how to approach the problem and brainstorm initial ideas.
Each of the 52 manager interventions is analyzed and categorized in this way, by associating with it an underlying
motivation.
Similar to the intervention types, these motivations are
examined across the three experimental intervals. The progression of managerial motivations is shown in Fig. 11.
The percentages are, again, relative to the number of interventions per interval. For example, 18% of the “reminder
of engineering design requirements”, in the first interval
equates to two distinct interventions. One central trend
captured in Fig. 11 is the steady increase of “reminder of
engineering design requirements”. This evolution suggests
that assisting design teams in focusing on the constraints
of the problem and attributes of their designs is an increasing objective of the process managers throughout the entire
problem-solving process. This is true, particularly near the
end of the experiment, when 75% of the interventions are
categorized by this motive.

30
25

8%

20

36%

15
10
5
0

18%
36%

56%

45%
Interval 1

75%
25%

Interval 2

Interval 3

Experimental Intervals (time)
Genearate New Ideas

Promote current thought

Reminder of engineering
design requirements

Improve Team
Dynamics

Fig. 11  The evolution of managerial motivations during each experimental interval

to nominal groups who solved the problem quietly (Sio et al.
2018). Perhaps this could be one of the main cognitive hindrances and costs of group problem-solving, and one that
the process management in this experiment is not able to
mitigate.
Consequently, a supplemental condition is run to examine
the effects of verbalization during problem-solving, and to
see if individuals who verbalize perform worse than individuals who do not verbalize during problem-solving. The
experimental architecture and logistics are identical to the
previous nominal team group, except that participants are
also told to think aloud during problem-solving so that their
thoughts on conceptualization could be followed. The time
was carefully monitored, and if an individual went 10 s or
longer without expressing their thoughts, the experimenter
reminded them to continue verbalizing. In total, 22 additional freshman engineers participated in this condition of
the experiment, and nominal teams were generated following
the same algorithm discussed earlier. The designs were evaluated in the same way, and the results are shown in Fig. 12.
While the differences are in the right direction (silent
outperforming speaking), there is no significant difference in the quality of design solutions between individuals
who solve problems silently and those who concurrently

Table 3  Example motivations from post-study interviews with managers
Managerial motivations
Help generate new ideas
“There was no structure to their thought process, and there was no direction”
Promote current thought
“They were thinking through a bunch of human interfaces and they hadn’t really considered a crank, and I thought a crank would be a useful
extension to the one’s they had considered”
Remind of engineering design requirements
“They had only focused on crushing the shell at that point and not thought about how to actually get the center of the peanut out of the shell”
Improve team dynamics
“There was really one person leading it and I wanted everyone to have something to do and have them take different tasks”
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Fig. 12  Frequency of quality
ratings between silent nominal
teams and speaking nominal
teams

verbalize. The inconsistency of this result with the results
from the RAT problem task is likely due to a fundamental
difference in the tasks: in particular, the difference in the
cognitive processing of spatial and verbal tasks. As shown
by Brooks (Brooks 1968), tasks that are verbal in nature,
such as the RAT problems, will be hindered by concurrently
performing a task that is also verbal, such as thinking out
loud, while spatial tasks, in his case visualizing action on
a block letter, will not be so affected. Conceptual design is
more of a spatial-oriented problem (Hsi et al. 1997); thus,
verbalization should not, and turns out does not, act as a
cognitive barrier while concurrently solving the design problem, due to this difference in the form of processing. Thus,
verbalization does not seem to be a direct cognitive barrier
to this type of team problem-solving, and additional work
must be done to try to identify what features of collaborative
teams put them at a disadvantage to individuals in conceptual engineering design.

5 Discussion
5.1 Effects and general strategies of process
management
As introduced at the beginning of the paper, this research
presents two primary goals. The first is to determine
whether the performance of individuals (i.e., nominal teams) is superior to that of collaborative team
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problem-solving in conceptual engineering design, a
domain which shares the free-flowing, creative aspects of
brainstorming, but possess the goal-oriented and structured characteristics of configuration design. The results
from this study support this claim, showing that unmanaged engineering design teams are not as proficient as
individual problem-solvers. Nominal teams generate
design solutions of significantly higher quality. Exploiting this result, the second aim of this work is to examine
whether the underperformance of these design teams can
be mitigated with resources allocated to the management
of the design process via a human manager. The effects of
a manager to the problem-solving process show that these
teams do benefit, even when resources are taken away from
directly solving the problem. The managed teams, with
one less member and, therefore, fewer direct problemsolving resources, still perform better, with significantly
higher quality design solutions than unmanaged teams.
These teams also produce final designs that are of greater
novelty (uniqueness across the set generated)—and are
more cohesive throughout the experiment, as measured
through the semantic similarity of their verbal discourse.
Thus, the findings from this study show that real-time
management of the design process closes the performance
gap between individual problem-solvers and teams. However, the nominal teams still produce designs of marginally
higher quality than the teams that are managed, suggesting
that there are still some deficiencies in design teams that
managers are not able to mitigate.

Research in Engineering Design

Given that the process management of design teams is
shown to be beneficial, analyses can now focus on uncovering some of the constructive intervention strategies. Generally, the managed teams satisfy a greater number of the
five identified sub-functions of the design problem, and in
more unconventional ways than teams in either of the other
conditions, resulting in higher novelty of their final designs.
Of the 12 mechanisms, in Table 2, that are used by only a
single design team (i.e., the most unique mechanisms), half
of those are from managed teams. The set of these mechanisms includes lever, pivot, wind, lead screw, hammer, and
scissors. Also, as depicted in Fig. 11, reminding teams of the
engineering design requirements is the only motivation that
considerably increases throughout the entire experiment.
This suggests that the managers play a major role in getting
their teams to think about all requirements of the design.
Another significant trend in the manager interactions is
the usage of the design component stimuli, which increases
from 18% of the manager interventions in the first interval to 56% by the final segment. Because the design components are all specific mechanical elements, this trend is
also consistent with the managers reminding their teams to
consider the functional aspects of the design. For example,
providing a team with the conveyor stimuli could prompt a
design team to focus on the transportation of the peanuts
through the device. Similarly, providing a team with the
sieve component helps teams to concentrate on sorting the
peanuts from their shells. One could argue that the managed teams become fixated and directly use the components
that are provided to them during the interventions. Because
the managers are trained not to speak when intervening
with the design components, some of the participants may
have perceived these particular interventions as additional
requirements to the design problem. Even so, this does not
undermine the fact that, overall, the managed teams’ designs
are more novel. Also, as shown in Table 2, out of the most
novel mechanisms (those with a count of 1), only the hammer design component is taken directly from the manager
bank. As such, fixation on the specifics of manager suggestions is an unlikely implication from the interventions.
Collectively examining the types and frequency of interventions over all three experimental intervals (Fig. 10), coupled with the compilation of motivations (Fig. 11), yields
valuable insights into the managerial strategy and how it
evolves throughout problem-solving. The design strategies
comprise the largest proportion of interventions in the first
interval of the experiment (46%). This result suggests that
toward the beginning of ideation, the managers want their
teams to follow a more encompassing and exploratory search
of the design space. Specifically, “Can you think of similar ideas that already exist” and “Can you clearly identify
the assumptions, constraints, and goals of the problem” are
the two significant design strategies suggested by managers

in the early stages of the experiment. Similarly, in the first
10 min of the study, 46% of the interventions are motivated
toward helping their design teams generate new ideas. This
result agrees with the types of interventions, because in
the early stages of brainstorming and ideation, effective
exploration of the design space is important. As problemsolving proceeded, the most frequent interventions focused
on design components, with 56% of the interventions in
the final experimental interval. The increasing implementation of design components, particularly near the end of
the experiment, indicates that the managers try to get their
teams to hone in on a specific region, or subset of solutions, within the design space, to instantiate a final effective
solution. Overall, it seems that the predominant tendency
in managerial behavior is to push their teams to follow an
exploratory-to-convergent search of the design space, which
has been shown to be an effective strategy for concept generation and creativity in design problems (Thompson and
Lordan 1999; Liu et al. 2003), and thinking in design teams
(Stempfle and Badke-Schaub 2002). This exploratory-toconvergent funneling of design team efforts is also mirrored
by the manager motivations, with 75% of the interventions in
the last interval being prompted by reminding teams of the
engineering design requirements. This rationale is critical in
final design convergence and selection when improvements
and iterations must be done to achieve all the engineering
design specifications.

5.2 Limitations and future work
It should be acknowledged that the results from this work
are prognostic as opposed to purely diagnostic. The underlying reason of why nominal team performance is superior
is still an open question and requires future work to make
any definitive conclusions. Perhaps some of the recognized
deficient team characteristics from other literature, such as
social loafing, may be at play here (Comer 1995). In observing the interaction of teams during the study, for example,
it appeared that some members did not participate as much
as others; thereby indicating that social loafing could be the
cause. Also of note, both the teams and individuals evolve
what they perceive to be their best design. However, in the
team condition, biases in decision-making and other team
characteristics may possibly have influenced and inhibited
the selection of their actual best design (Jones and Roelofsma 2000; McComb et al. 2015b). By the current definition of a nominal team, the best design amongst the collection of individuals is automatically chosen for them. This
discrepancy in selection could have affected the difference
in collaborative and nominal team performance, though this,
and other theories that might account for the inferior performance of the design teams, are left for future investigation.
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Nonetheless, supplying process management did mitigate
the negative effects of working in teams.
Moreover, the team structure in the experiment is both
static and free; the structure does not change throughout
problem-solving and all members are free to communicate with all other members without any limitations. This
structure could also have negatively affected and led to the
inferior performance of design teams. Additional work on
modeling different team structures which have shown to be
more effective (Siggelkow and Rivkin 2005; Kavadias and
Sommer 2009), such as hybrid teams, where individuals initially work on the problem separately before coming together
to collaborate (Girotra et al. 2010), could be an interesting
direction.
To gain a deeper understanding into managerial behavior,
future work can focus on a more refined and in-depth analysis of the manager interventions to extract specific modalities and timing that are most beneficial to design teams.
The evolution of each teams’ designs may also be tracked
through the experiment to see how designs are affected by
these interventions and whether managers help teams overcome some of the stumbling blocks associated with problem-solving. The process managers were also recruited with
similar skillsets and constrained in the types of interventions
that could be used; this was purposefully done to equalize
management capabilities and reduce variability. Although
fixation was not seen as directly impacting the teams (as the
managed teams had more novel ideas), it would be interesting to see how enlarging the manager bank to create a more
expansive example set, as well as changing the managers’
expertise, impact the design process (Agogué et al. 2014;
Ezzat 2017). Different evaluation metrics could also be studied, such as creativity, to determine how feedback influences
such (Ezzat et al. 2017). Because this study utilizes freshman
engineering students from an academic institution and limits
the problem-solving process to a short time frame, there are
still unanswered questions about the generalization of the
results outside the lab setting. Thus, future work can also
consider if the results and observations from this current
work extend to a larger scale and apply to engineering design
teams in practice.

6 Conclusion
This paper presents an empirical study to investigate individual versus group performance in the domain of conceptual
engineering design. Accordingly, a behavioral experiment
is run, in which freshman engineering students solve a conceptual design problem individually or in a collaborative
team setting. Corroborating previous findings, those who
work on the problem individually, when the cumulative best
solution is selected, end up generating solutions of much
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higher quality than those who work in unmanaged teams. An
attempt to mitigate some of the deficiencies associated with
design teams is then made by introducing a third condition,
where partial resources are taken away from problem-solving and reallocated to the process management of the team.
Teams that are guided by this process management perform
nearly as well as individuals, suggesting that, perhaps under
the proper direction, teams can become as efficient as individual problem-solvers (i.e., nominal teams).
After demonstrating the beneficial effect of managing
resources applied to engineering design teams, a preliminary analysis into this process management is done. This
analysis involves tracking the evolution and motivation of
these interventions throughout the experiment. The general
pattern emerging is an exploratory-to-convergent managerial strategy. Overall, managers seem to promote a breadth
of search within the design space early on in the ideation
process, resulting in more novelty and uniqueness in the
solutions. Near the end ideation, management is used to
help teams think about the engineering specifications and
requirements of the design problem, and to refine search,
as closure is brought to the process. Furthermore, managers
also help their teams maintain cohesion in their thought, as
measured by the semantic similarity of the teams’ discourse.
There could be a number of different explanations of why
the unmanaged teams did not perform better than individuals, and taken alone, these results are not sufficient to provide any complete explanation. However, one of the main
differences between team collaboration and independent
problem-solving is the role of verbalization. Thus, in an
attempt to begin answering this question of the possibility that verbalization acts as a cognitive barrier to problemsolving, an appendage to the current study is run, where
participants individually solve the same conceptual design
problem, but this time, while simultaneously verbalizing
their ideas out loud. Results show that verbalization does not
act as a direct deterrent to problem-solving, as those individuals who think aloud generate solutions of nearly equal
quality compared to those individuals who problem-solve
silently. Future work can identify other potential obstacles
to team problem-solving, as, at least in conceptual design,
verbalization does not seem to be a factor.
The title of this paper raises the question of whether engineers are better off working alone. This work supports the
claim that they are, at least, in the domain of conceptual
design. The empirical results from this work expand growing
evidence that individuals are more effective than teams in
a variety of problem-solving situations, including conceptual design (Gyory et al. 2018b). Ultimately, the hope is to
understand why teams are not always maximally proficient,
in what types of circumstances they significantly underperform, and what methods are most effective in assisting them.
This study is a step towards uncovering approaches and
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methods that can build more focused and efficient engineering design teams, which have major implications for how
design teams work together and solve problems in practice.
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