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Good teamwork is essential to successfully complete team-based design projects. As such, engineering students are
expected to learn how to work collaboratively. While team-project-based design courses have been implemented in almost
all engineering and engineering technology disciplines, achieving full contribution by all team members has been a
persistent challenge. In this paper, we review instruments for measuring design-team factors (i.e., inputs, processes, and
outputs) that may be used for collecting data for forming effective and collaborative design teams. To guide the literature
review, we first review existing team-effectiveness models. Next, we propose a new model for student design teams and
illustrate possible associations between design-team factors. We then review instruments for measuring these factors using

the new model as a literature-review framework.
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1. Introduction

In new product development, teams are responsible
for designing and developing innovative products.
Collaboration and good teamwork are essential to
successfully complete design projects[1, 2]. As such,
engineering students are expected to learn how to
design and work effectively in teams [3]. Team-
project-based design courses have been implemen-
ted in almost all engineering disciplines [4-8]. How-
ever, achieving full contribution by all members has
been a persistent challenge in design [9] and other
engineering disciplines [10, 11]. Students often have
trouble working as part of a team [12] due to issues
such as social loafing [13] or free riding [14]. In one
survey across multiple disciplines, including engi-
neering, approximately one-third (32%) of the stu-
dents surveyed experienced poor or very poor group
work, and 27% of these students were unsatisfied
with their teams and the division of tasks among
their team members [12]. Significant numbers of
engineering students will have poor experiences in
team projects considering that more than 100,000
engineering and engineering technology bachelor’s
degrees are awarded in U.S. institutions each year
[15].

While various individual and team characteristics
are considered important in forming effective teams
[16], guidelines on how to form effective and
collaborative design teams have not yet reached a
consensus. Team-forming approaches have been
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classified into three categories [17, 18]: instructors
randomly assign teams, students form their own
teams, and instructors assign teams based on some
criteria. Most team-forming approaches have
focused on grouping students based on some cri-
teria. These criteria have been used to either diver-
sify, homogenize, or both diversify and homogenize
characteristics of students within a team. Criteria to
diversify student characteristics include GPAs,
grades or knowledge in disciplines [19-23], skills
(including computer-aided design software) [20-
25], gender [26-28], personality types [22, 29, 30],
disciplines [27, 28], cultural heritage [28], students’
potential roles in the group [31], left- vs. right-brain
thinking [21], and comfort zones [21]. Criteria to
homogenize student characteristics include group-
ing students with the same degree program, gender,
or conversational style[32]. Criteria to mix students’
characteristics include diversifying GPAs [33] or
skills [34] and homogenizing disciplines [33] or
student characteristics [34]. In addition to these
criteria, the effectiveness of a team may also
depend on team or team member characteristics,
such as a high need for cognition, task difficulty,
group size, team cohesiveness, performance, and
clarity of individual contribution [16]. Kolb’s learn-
ing styles [35, 36] have also been studied. However,
guidelines to use learning styles have not yet been
proposed, as the sample sizes of the associated
studies were relatively small [20] or since most
students were biased toward a converging learning

* Accepted 26 June 2019.



Team Effectiveness Models and Possible Instruments for Measuring Design-Team Inputs, Processes, and Outputs 1685

style [27]. If students in a course know one another
well, algorithms to match students’ preferences
about team members may be used [18].

Team effectiveness theory has been recently inves-
tigated to improve teamwork in engineering student
projects [37-39]. However, this theory has not been
fully incorporated into forming design teams.
Furthermore, while peer evaluation has been
widely used as a feedback mechanism to improve
teamwork [40—-44], it cannot be used as a mechanism
to form teams before a project starts. In this paper,
we review instruments for measuring design-team
factors (i.e., inputs, processes, and outputs) that
may be used for forming effective and collaborative
teams. To guide the literature review, we first review
team-effectiveness models and propose a new model
that illustrates possible associations among design-
team factors (i.e., inputs, processes, and outputs).
We then review instruments for measuring the
factors of the new model. The remainder of this
paper is organized as follows. Section 2 reviews
team-effectiveness models. Section 3 proposes a
new model that outlines possible associations
between design-team factors (inputs, processes,
and outputs). Section 4 reviews instruments for
measuring those factors. Section 5 concludes this
paper with a brief discussion for future research.

2. Team effectiveness models

McGrath [45] proposed a framework to study
groups, asillustrated in Fig. 1, which showed logical
relationships between three inputs, a group process,
and three outputs. The three inputs were group
composition, group structure, and ‘task and envir-
onment.” Group composition was described by
levels, homogeneity/similarity, or compatibility of
members’ characteristics such as abilities, attitudes,
backgrounds, and personalities. Group structure
included members’ positions, roles, powers, com-
munications, and friendships or affect patterns.
‘Task and environment’ consisted of task types,
reward conditions, and environmental stresses.
Group composition influenced group structure
and group structure and ‘task and environment’
both impacted group process, which described
interactions among members.

The three outputs were task performance, group
development, and effects on members. Task perfor-
mance represented quality and quantity of perfor-
mance as well as the changes of the group’s relation
to the environment. Group development was com-
prised of the development of norms and changes in
role patterns. Effects on group members consisted
of changes in skills and attitudes in addition to the
effects on individual adjustment. The input-process-
output cycle repeated as shown by the outputs
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Fig. 1. McGrath’s input-process-output framework (adapted
from [45]).

influencing the corresponding inputs in the next
cycle.

Hackman [46] summarized McGrath’s frame-
work with three inputs and two outputs, as illu-
strated in Fig. 2(a). The three inputs were
individual-level factors such as members’ skills,
attitudes, and personalities; group-level factors
such as structures, levels of cohesiveness, and
group size; and environment-level factors such as
task characteristics, reward structures, and envir-
onmental stresses. The two outputs were perfor-
mance outcomes, such as performance quality,
speed of solution, and the number of errors; and
other outcomes, such as members’ satisfaction,
group cohesiveness, attitude changes, and socio-
metric structures. Hackman [46] then proposed a
normative group-effectiveness model (see Fig. 2(b))
that illustrated the three factors that foster group
effectiveness. These three factors were organiza-
tional context, such as reward systems, education
systems, and information systems; group design,
such as task structures, group compositions, and
group norms; and group synergy that described
supports to reduce process losses and create process
gains. The process effectiveness was evaluated based
on the level of effort spent on the task, the amount of
knowledge and skills used for the task, and the
appropriateness of strategies used by the group.
This model also highlighted the importance of
material resources for successfully performing the
task. Even if members were willing to invest sig-
nificant effort, the team could not perform well if
raw materials, tools, equipment, space, funds, and
human resources were not provided. Group effec-
tiveness was evaluated by task outputs, members’
capabilities to work together in the future, and the
degree that members’ needs were satisfied.

Tannenbaum, et al. [47] proposed a team-effec-
tiveness model, as illustrated in Fig. 3, which dis-
tinguished inputs into task characteristics, work
structure, team member individual characteristics,
and team characteristics. Task characteristics
involved task organizations, task types, and task
complexity. Work structure included work assign-
ments, team norms, and communication structures.
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Fig. 2. Hackman’s normative group-effectiveness model (adapted from [46]). (a) Input-process-output framework (b) Normative

group-effectiveness model.
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Fig. 3. Tannenbaum, et al.’s team-effectiveness model (adapted from [47]).

Individual characteristics consisted of knowledge,
skills, and abilities related to the task, general
abilities, motivations, attitudes, personalities, and
mental models. Team characteristics included
power distributions, homogeneity of members,
team resources, team climates, and team cohesive-
ness. Furthermore, Tannenbaum, et al. [47] illu-
strated that team interventions such as training
and team building impacted team processes and
eventually team performance. A feedback loop
was included to illustrate that team outputs have
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Fig. 4. Tucker, et al.’s framework of effectiveness in student
design teams (adapted from [38]).

long-term effects on processes and performance
manifested in future team tasks.

More recently, based on Tannenbaum, et al.’s
model [47], Tucker, et al. [38] suggested a framework
and 22 factors, as shown in Fig. 4, which described
the effectiveness of design teams in the context of
teaching teamwork in design education. Task design
variables included task structure, task description,
team size, and task assessment criteria. Individual-
level and team-level factors were similar to those in
Tannenbaum, et al. [47]. Individual-level factors
included knowledge, skills, learning styles, person-
alities, attitudes, and motivations. Team-level
factors included leadership, roles, team contracts,
team climates, team compositions, and team cohe-
sion. Team processes consisted of coordination,
communication, idea evaluation, decision-making,
and conflict management skills. However, instru-
ments for measuring these factors and associations
among them have not yet been investigated [38].

3. A design team effectiveness model

Building on the model proposed by Tannenbaum, et
al. [47], we propose the design-team-effectiveness
model in Fig. 5 and use it as a framework to review
instruments for measuring design-team inputs, pro-
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cesses, and outputs. The proposed model illustrates
possible associations between inputs, processes, and
outputs. In particular, design-team processes are
modeled as a composition of team member colla-
boration and design process. In brief, the model
shows that given characteristics of an individual and
a design problem that defines task characteristics,
forming design teams will impact work structure
and team characteristics. In turn, the work structure
and team characteristics will impact team member
collaboration and design process. Finally, team
member collaboration and design process will
impact team performance. Note that there may be
both direct and indirect effects of work structure
and team characteristics on team performance.
Associations between inputs, processes, and out-
puts are shown by nine arrows (0)— () in Fig. 5.

Work structure and team member collaboration,
arrow (): Work structures, such as communication
or assigning fixed roles to members, influence how
work is performed [47]. Forming a team with
members who have similar preferences on the
work structure is expected to improve team
member collaboration.

Team characteristics and team member collabora-
tion, arrow (2): Team characteristics are composed
from individual characteristics. Team members
must be similar enough to work collaboratively.
Thus, teams with homogenized or improved indivi-
dual characteristics are expected to improve team
member collaboration.

Team characteristics and design process, arrow (3):
Design outcomes depend on ideation of design
solutions [48, 49], prototyping of design ideas [50,
51], and the semantic coherence of members’ design
documents [52]. One of the goals of the ideation
process is to generate as many ideas as possible
without evaluating their quality [53]. The number
of concept sketches has been shown to have a
positive association with design outcomes [54, 55].
Empirically, it is argued that the more prototypes
the design team generates, the more successful the

final products are [50, 51]. While similar team
members are expected to work collaboratively and
improve the design process, a team also must have
diverse characteristics to improve design outcomes.
For example, Wilde [30] proposed that assembling
design teams with members who have different
strengths in their cognitive modes improves the
creativity of the team and leads to better design
outcomes. Similarly, members need diverse exper-
tise in order to complete the required tasks [46].
Thus, a team may require an optimum balance
between homogeneous and heterogeneous team
characteristics; i.e., design process outputs may
improve if a set of individual characteristics is
homogenized or improved within a team and if
another set is diversified within a team.

Intermediate evaluation and team member colla-
boration, arrow (@ : Team intervention improves
member collaboration and reduces process loss,
e.g., social loafing [46, 47]. Providing intermediate
evaluations, e.g., mid-project grades and peer eva-
luations, is expected to improve team member
collaboration.

Team member collaboration and design process,
arrow (5): Collaboration among members and good
teamwork are essential to successfully complete
design projects [1, 2]. Thus, improving member
collaboration will most likely improve the design
process.

The remaining arrows (©)—©) in Fig. 5 indicate
associations between design-team inputs and out-
puts or between processes and outputs.

Team member collaboration, arrow (6), design
process, arrow (7), or work structure, arrow (8), and
team performance: Improved team member colla-
boration, improved design process, or assembling a
team with members who have similar preferences on
work structure is expected to improve team perfor-
mance (outputs).

Team characteristics and team performance,
arrow (9): Each team may need to have an optimum
balance of homogeneity and diversity [46]. Thus, for
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Fig. 5. Design-team-effectiveness model.
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achieving higher performance, there may be a set of
individual characteristics that need to be homoge-
nized or improved within a team and another set
that need to be diversified.

4. Instruments for measuring design-team
inputs, processes, and outputs

The following subsection reviews instruments and
methodologies that may be used when we measure
the design-team factors in Fig. 5.

4.1 Task characteristics

Task characteristics include type and complexity of
design tasks.

Type: The type of design task may be described by
the innovativeness of design projects. While there
are no physical products at the beginning, the level
of innovativeness may be assessed from the project
description by using 15 items of the Creativity
Product Semantic Scale (CPSS) for novelty evalua-
tion [56] or the 10-item Technology Instrument [57].
Each CPSS item consists of a 7-point scale. The first
set of five items are used to calculate the Original
subscale; the second five items are used to calculate
the Surprising subscale, and the last five items are
used to calculate the Germinal subscale of the CPSS
Novelty dimension [56]. The Technology Instrument
consists of two subscales. Five items of the Excep-
tions subscale are used for evaluating uniqueness of
a task and five items of the Analyzability subscale
are used for evaluating a lack of routine procedure
for analyzing the task [57].

Complexity: The complexity of a design task may
be assessed by (1) the complexity of the design
requirements using the five items in the Complexity
subscale of the CPSS Elaboration and Synthesis
dimension [56] or (2) the number of disciplines, such
as mechanical, electrical, and software engineering,
required in the design project.

4.2 Individual characteristics

Individual members may have a different preference
for work structure that includes task assignments,
behavioral norms, and communication structure
[47]. As examples, for task assignment, some mem-
bers may prefer to divide work, assign each part to
one member, and then compile it together; whereas
others may prefer that everyone work each part
together. For norms, some members may prefer
assigning roles such as leader or scribe, and then
keep the same roles throughout the project; whereas
others may prefer rotating the roles. For commu-
nication, some members may prefer face-to-face
meetings; whereas others may prefer email commu-
nication. In addition to the preference for work
structure, individual characteristics include knowl-

edge, skills, abilities, motivation, attitudes, person-
alities, and mental models of the members [47]. Any
activities outside the design project may limit the
time that each member spends on the project and
impact team member collaboration and perfor-
mance [58].

Knowledge, skills, and abilities: Teams with higher
knowledge, skills, and abilities are expected to per-
form better [47]. Knowledge may be measured by
the number of design-relevant courses taken and
course grades. Skills may be measured by self-
reported proficiency in discipline-related skills,
such as fabrication machines, tools, computer-
aided design software, and programming codes.
Abilities may be measured using the Wonderlic
Personnel Test [59], Multiple Intelligence Profiling
Questionnaire III (MIPQ III) [60], or Sternberg
Triarchic Abilities Test (STAT) [61].

Motivation: Motivation in a design project may
be measured by adapting the Academic Motivation
Scale [62], Achievement Motivation Inventory (AMI)
[63], or Work Engagement Profile [64] to the context
of design courses.

Attitude: Team members’ attitudes towards
group work impact collaboration and eventually
team performance. Attitudes towards group work
may be measured by seven items relevant to pre-
ference for group work as stated in Shaw et al. [65].

Personality: Personalities of members’ impact
both outputs [66, 67] and creativity [30, 68-71].
The big five personality traits (extraversion, emo-
tional stability, agreeableness, conscientiousness,
and openness to experience) have been shown to
relate to team outputs [66, 67]. Increasing the variety
of strong cognitive modes among members has been
claimed to improve the creativity of the design team
[30, 68-71]. Personality traits may be measured
using the International Personality Item Pool [72],
Mpyers-Briggs Type Indicator (MBTI) [73], or Jack-
son Personality Inventory-Revised (JPI-R) [74].
Cognitive modes are calculated by using the
survey proposed by Wilde [30].

In addition to personality traits and cognitive
modes, Table 1 lists other personalities that may
impact design-team outputs [75, 76] and instru-
ments for measuring these personalities [30, 36,
72-74, 77-107]. For example, teams that consist of
members who have high empathy to others tend to
perform better [108]. Other interpersonal skills such
as emotional intelligence, interpersonal value, and
propensity to connect with others may also impact
collaboration and design outcomes. Empathy may
be measured by the Reading the Mind in the Eyes test
[77]. Emotional intelligence is about understanding
one’s own feelings and those of others [78] and may
be measured using the Work Profile Questionnaire-
Emotional Intelligence (WPQei) [78]. Interpersonal
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value describes one’s relationships with others [79].
It may be measured using the Survey of Interperso-
nal Value [79]. Propensity to connect with others
may be measured using the Propensity to Connect
with Others (PCO) scale [80].

Team member collaboration and performance
may also depend on members’ risk of and reaction
to social loafing. A member may « priori decide not
to contribute to the team project and cause social
loafing [13] or free riding [14]. Then, if one member
does not contribute to the team project, others who
initially contribute may posteriori decide to stop
contributing to the project which is called the
sucker effect [109, 110] or decide to continue con-
tributing to the project which is termed social
compensation [111]. The tendency to cause social-
loafing may be measured by items proposed by
Schippers [81] adapted from George [112]. The
sucker effect may be measured by an instrumental
factor, ethical factor, and equity factor as discussed
in Abele and Diehl [82]; these three factors are
constructed using items in the Protestant Work
Ethic Scale [113] and the Australian Work Ethic
Scale [114]. Social compensation may be measured
by conscientiousness and agreeableness [81] using
the International Personality Item Pool [72], or the
Interpersonal Trust Scale [83].

Teams with high levels of creativity, entrepre-
neurship, and innovativeness may create innovative
design projects. Creativity may be measured using
various approaches which include word-based
instruments such as the Remote Associates Test
(RAT) [84] and Thinking Creatively with Words
(Verbal TTCT) [85] or drawing-based instruments
such as the Creative Engineering Design Assessment
(CEDA) [86], the Test for Creative Thinking—
Drawing Production (TCT-DP) [87], or Thinking
Creatively with Pictures (Figural TTCT) [85]. Entre-
preneurship may be measured with the Entrepre-
neurial Behavior Inventory [88], Entrepreneurial
Self-efficacy (ESE) [89], Individual Entrepreneurial
Orientation (IEO) [90], General Enterprising Ten-
dency [91], or Entrepreneurial Orientation (EO)[92].
Innovativeness is typically measured using the
Kirton Adaption-Innovation Inventory (KAI) [93].

Leadership and proactiveness of members may
lead to a higher chance of project success. These
characteristics may be measured using the Multi-
factor Leadership Questionnaire (MLQ) [94] and
Proactive Personality Scales [95].

Critical thinking and the need for cognition may
relate to a team member’s ability to comprehend
tasks. This may increase the chance of delivering
successful design projects. Critical thinking may be
measured using the California Critical Thinking
Disposition Inventory (CCTDI) [96] or the Califor-
nia Measure of Mental Motivation (CM3) [97]. The

need for cognition is the tendency to engage in
cognitive effort, which may represent the ability to
perform difficult tasks [115]. The need for cognition
may be measured using the Need for Cognition Scale
[98].

Design is an open-ended process that lacks guar-
anteed steps to achieve goals and involves a large
degree of uncertainty about outcomes. Thus, a team
member’s need for clarity, tolerance for ambiguity,
and tolerance for uncertainty may impact design
outcomes. The need for clarity is the need for clear
instructions to do a task [99, 116]. It may be
measured using the Need for Clarity Index [99].
The tolerance for ambiguity may be measured
using the Scale of Tolerance-Intolerance of Ambi-
guity [100] and the tolerance for uncertainty may be
measured using the Intolerance of Uncertainty Scale
[101].

Conation and locus of control may relate to how
designers react to their own feelings and surround-
ings. Conation describes how people act on their
thoughts and feelings [102]. Conation may be mea-
sured using the Kolbe Conative Index [102]. Locus of
control describes how people perceive outcomes of
events as either something over which they have
control (internal control) or something due to
external forces in which they do not have control
(external control) [103]. The locus of control may be
measured using the Internal-External Scale (I-E
scale) [103].

Curiosity and high self-esteem may improve
involvement of members in projects. Curiosity
may be measured using the German Work-Related
Curiosity Scale [104] and self-esteem may be mea-
sured using the Self-Esteem Scale [105].

Teams that consist of members with diverse
thinking and learning styles may perform better.
Thinking styles describe preferred ways of using
one’s abilities and may be measured using the
Thinking Style Inventory [106]. Learning styles
describe preferred means for processing informa-
tion [35]. Learning styles may be evaluated using the
Kolb Learning Style Inventory [36] or Index of
Learning Styles [107].

Mental models: Mental model describes how
knowledge is stored and structured in meaningful
patterns [117-120]. Task-based mental models
(equipment and task mental models) and team-
based mental models (team-interaction and team
mental models) have been discussed as factors that
may impact team performance [121-123]. For
example, similarity and accuracy of task mental
models and team mental models have been shown
to have significant positive associations with team
performance [121, 122, 124]. Equipment mental
models describe, for example, the functioning of
equipment. Task mental models describe, for exam-
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Table 1. Personalities and instruments

Personality

Instruments

Personality traits

Cognitive modes
Empathy

Emotional intelligence
Interpersonal value

Propensity to connect with others

Social-loafing tendency
Sucker effect
Social compensation

Creativity

Entrepreneurship

Innovativeness
Leadership
Proactiveness
Critical thinking

Need for cognition

Need for clarity
Tolerance for ambiguity
Tolerance for uncertainty
Conation

Locus of control
Curiosity

Self esteem

Thinking style

Learning style

International Personality Item Pool [72]
Myers-Briggs Type Indicator (MBTI) [73]
Jackson Personality Inventory-Revised (JPI-R) [74]

Wilde’s survey [30]

Reading the Mind in the Eyes test [77]

Work Profile Questionnaire-Emotional Intelligence (WPQei) [78]
Survey of Interpersonal Value [79]

Propensity to Connect with Others (PCO) [80]

Schippers [81]

Abele and Diehl [82]

International Personality Item Pool [72]

Interpersonal Trust Scale [83]

Remote Associates Test (RAT) [84]

Thinking Creatively with Words (Verbal TTCT) [85]

Creative Engineering Design Assessment (CEDA) [86]

Test for Creative Thinking - Drawing Production (TCT-DP) [87]
Thinking Creatively with Pictures (Figural TTCT) [85]

Entrepreneurial Behavior Inventory [88]
Entrepreneurial Self-efficacy (ESE) [89]
Individual Entrepreneurial Orientation (IEO) [90]
General Enterprising Tendency [91]
Entrepreneurial Orientation (EO) [92]

Kirton Adaption-Innovation Inventory (KAI) [93]
Multifactor Leadership Questionnaire (MLQ) [94]
Proactive Personality Scales [95]

California Critical Thinking Disposition Inventory (CCTDI) [96]
California Measure of Mental Motivation (CM3) [97]

Need for Cognition Scale [98]

Need for Clarity Index [99]

Scale of Tolerance-Intolerance of Ambiguity [100]
Intolerance of Uncertainty Scale [101]

Kolbe Conative Index [102]

Internal-External Scale (I-E scale) [103]

German Work-Related Curiosity Scale [104]
Self-Esteem Scale [105]

Thinking Style Inventory [106]

Kolb Learning Style Inventory [36]
Index of Learning Styles [107]

ple, task procedures. Team-interaction mental
models describe, for example, member roles,
responsibilities, and communication modes. Team
mental models describe, for example, members’
knowledge, skills, abilities, and preferences [123].
Team-based mental models may be used for
improving team formation because they may be
measured before the design projects start. In con-
trast, task-based mental models may only be mea-
sured once a project starts; thus, they may not be
used for team formation. Team-based mental
models may be constructed by asking each
member to rate relationships between attributes of
team-based mental models (leadership, assertive-
ness, decision making, adaptability, situation
awareness, and communication) [121], dimensions

of teamwork (amount of information, quality of
information, coordination of action, roles, liking,
team spirit, and cooperation) [122], or 14 statements
describing team interaction processes and member
characteristics [124]. The ratings will range between
—4 (negatively related) to +4 (positively related)
[121, 122] or between 1 (unrelated) to 7 (highly
related) [124]. The pairwise rating of attributes is
summarized in a matrix. The column and row of the
matrix is a list of attributes, dimensions, or state-
ments. Each cell of the matrix is a rating about the
relationship of each pair of attributes, dimensions,
or statements in the corresponding row and column.
This matrix represents each student’s team-based
mental model if rating is performed by students.
Resource: Resource or time constraints on a
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project may deter members from fully contributing
to the team project. Members may decide not to
fully contribute to the team project when they have
individual projects (or individual-based courses
such as physics) in addition to the team project (in
a team-based course such as design) [58, 125, 126].
Surveys may be used to identify resources and time
constraints; for example, the number and types of
courses a student is enrolled in, whether the student
is part-time or full-time, and the time the student can
spend on the design course.

4.3 Work structure

A homogeneous work structure enabled by assem-
bling team members who have similar preferences
on work structure is expected to improve collabora-
tion among members. Homogeneous work struc-
ture may be measured using surveys. For example,
an individual member’s preferences on work struc-
ture can be gathered using a survey with a five-point
scale (1: notimportant, 5: very important). Based on
the individual’s preferences, the homogeneity of the
work structure among the members may be quanti-
fied by the total dissimilarity or the variance of the
dissimilarity between their preferences. Dissimilar-
ity between two members may be quantified by the
pairwise Euclidean distance of their preferences.
Suppose that the preference of two members on
task assignments, norms, and communication
structures are (5, 4, 3) and (1, 2, 5). Then the
Euclidean distance between the two individuals is:

d=\/(5-17+(4-2"+(3-57 =49.

Smaller distances indicate that two individuals have
similar preferences. If there are four team members,
there are six possible pairs and corresponding dis-
tances. Then, the similarity or homogeneity can be
measured by a smaller total distance or a smaller
variance of these six distances. A smaller sum or
variance indicates that all team members have
similar preferences.

4.4 Team characteristics

Team characteristics may be quantified by an aggre-
gation of individual characteristics. To work effec-
tively, a team needs to have a good composition of
team characteristics (a good balance of homogene-
ity and heterogeneity), cohesion, and a relatively
small team size. A more homogeneous team may
work well together but may lack enough diversity
such that members overlap one another in many
areas. In contrast, a more heterogeneous team may
have enough knowledge and skills to achieve the
project goals but may be too diverse and cannot
acknowledge each other’s varied perspectives,

which may hinder their ability to achieve their
collective outcome [46]. Risk of social loafing
reduces as a team is more cohesive and the team
size is relatively small [16]. Team cohesion may be
measured by shared mental models.

Composition of team characteristics: Two
approaches may be used to quantify team charac-
teristics: (1) average, maximum, minimum, and
variance of members’ individual characteristics
[66] and (2) the number of cognitive_modes [30].
The mean is most suitable for additive tasks that
require the effort of all members to be successful as a
team. The maximum is most suitable for disjunctive
tasks that require only one member to perform well.
The minimum is most suitable for conjunctive tasks
that require all the members to perform beyond the
lowest acceptable level. And the variance is most
suitable for compensatory tasks that require diverse
inputs from members [66]. In Wilde’s method [30],
eight cognitive modes are described as the combina-
tions of two orientations of cognitive energy (extro-
version and introversion) and two information
collection functions (sensing and intuition), or two
orientations of cognitive energy and two decision-
making functions (thinking and feeling) [30].
Responses to 20 personality questions are used to
calculate cognitive-mode scores which range
between —20 and +20. Then, for each cognitive
mode, members with large cognitive-mode scores
are identified (i.e., strong cognitive modes). The
number of strong cognitive modes among members
may be used as a team characteristic [30].

Team cohesion: Team cohesion may be measured
by (1) similarity of members’ team-based mental
models or (2) a survey asking the level of enjoyment
working as a team. In the first approach, a matrix is
generated for each member which represents his/her
team-based mental model (as discussed in Section
4.2). Then, the matrices are compared between
members using a network analysis program for
sharedness (similarity) [121, 122]. Examples of net-
work analysis software are Pathfinder [127] and
UCINET [128]. Each node in the network is an
attribute, a dimension, or a statement that describes
a team-based mental model. The links between
nodes illustrate relatedness between each pair of
attributes, dimensions, or statements. Similarity
scores are calculated as the proportion of common
links between two networks in Pathfinder (after
retaining only the minimum length paths between
nodes), or as the correlations of relatedness ratings
in two matrices in UCINET [124]. If members are
more cohesive, they have similar team-based mental
models and the similarity scores approach 1. While
both software programs calculate different similar-
ity scores, there is a large correlation between
Pathfinder similarity scores and UCINET similarity
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scores [124]. In the second approach, the level of
enjoyment working as a team may be measured by a
seven-point scale (1: low to 7: high) [9, 129].

Team size: Too small of a team may not have
enough capacity to achieve project goals, whereas
too large of a team may cause some members to
contribute less to the team [46]. Optimum team sizes
may exist for design projects.

4.5 Intermediate evaluation

Intermediate evaluation may be measured by
whether or not intermediate evaluation is provided
(0-1 variable). If intermediate evaluation is pro-
vided, it may be measured by how teams are
evaluated in the middle of the projects. Intermediate
evaluation may include mid-project course grades
and peer evaluations [40-44].

4.6 Team member collaboration

Team members are expected to collaborate well if
social loafing does not occur, if members equally
contribute in the team projects [108], and if mem-
bers feel safe in taking interpersonal risks [130]. The
magnitude of social loafing may be measured using
a peer evaluation survey [44]. Equal contributions
by the members may be measured with the equal
distribution of conversational turn-taking [108].
The team environment for taking interpersonal
risk may be measured using the survey scale of
Team Psychological Safety [130].

4.7 Design process

Team performance depends on design-team pro-
cesses such as ideation of design solutions [48, 49],
prototyping of design ideas [50, 51], and the coher-
ence of the description of design concepts in design
documentation [52]. The design process may be
quantified by using the following measurements.
Ideation: As discussed in Section 3, a goal of the
ideation process is to generate as many ideas as
possible without regard to their quality [53]. If there
are many ideas, there is a greater chance of a good
idea. The number of concept sketches have been
shown to have a positive correlation to design out-
comes [54, 55]. Thus, the ideation process may be
measured by the number of and creativity of con-
cept sketches generated by the design team. Crea-
tivity may be measured by using a novelty metric
developed for evaluating the unusualness or unex-
pectedness of a design idea [131, 132]. The novelty
score is calculated by first identifying key product
functions for achieving design goals. Then, a score is
assigned for each function based on how the pro-
duct satisfies each key function in terms of novelty.
Finally, the novelty score is calculated as a weighted
sum of these scores and the weights of correspond-
ing functions. Another approach is to use the 55-

item CPSS [56, 133-135] to evaluate three dimen-
sions of creative products (Novelty, Resolution, and
Elaboration and Synthesis).

Prototyping: Much like the ideation process, it is
argued that the more prototypes there are, the more
successful the final products [50, 51]. Thus, proto-
typing process may be measured by the number of
and the creativity of prototypes generated by the
design team. The creativity of prototypes may be
measured using CPSS [56, 133-135].

Design task cohesion: One measurement of cohe-
sion among the team members is the similarity of
members’ design-task mental models [136, 137].
Latent semantic analysis (LSA) is a text analysis
method that has been used to show significant
correlations between the semantic coherence of
members’ design documents and design outcomes
[52]. LSA has recently been used for measuring
sharedness (similarity) of mental models [138, 139]
and to analyze the coherence of design activities
among designers [140]. In LSA, the frequency of
design-relevant keywords in each communication
or design document is counted for each designer and
stored as a vector. Then, these vectors are compiled
in a matrix, and an orthonormal basis is found by
singular value decomposition (SVD). The premise is
that this orthonormal basis is a mathematical con-
struct for the team mental model [138]. After retain-
ing only a subset of the orthonormal basis that
corresponds to large singular values of the SVD,
each designer’s original vector of design keyword
frequencies is projected onto the selected subset of
the orthonormal basis. The designer’s mental model
is calculated as the row average of the projected
vector. The team’s mental model is calculated as the
row average of all members’ projected vectors. The
similarity of members’ and team’s mental models is
measured by the cosine of angle between the corre-
sponding vectors. If two mental models (vectors) are
more similar, two vectors are aligned and the cosine
of the angle between two vectors approaches a value
of one [138].

4.8 Team outcomes

Team performance consists of product perfor-
mance, product creativity, and members’ satisfac-
tion working as a team (team satisfaction). Product
performance and creativity may be evaluated by
external evaluators and the design course instruc-
tors.

Product performance: Product performance may
be evaluated using a seven-point scale (1: poor, 7:
excellent). Another method is numerical evaluation
with respect to product requirements. Indeed, the
most common assessment method for product per-
formance for capstone courses was found to be
subjective assessment [141]. DeBartolo [141]
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attempted to quantify the fraction of engineering
requirements that were satisfied as assessed by
student teams and sponsors. However, these were
based on self-reported numbers and the methodol-
ogies and the response rates for both populations
were different. One approach may be to use Suh’s
Information Axiom in Equation (1) [142]. This
axiom states that the design with lowest information
content is the more optimal design. The probability
of satisfying a Functional Requirement (FR) can be
estimated by integrating testing results that estimate
mean performance and variance of the FR and
coupling that information with the tolerance range
of the FR. Monte Carlo simulation is another
approach that can be leveraged to generate prob-
ability estimates that would be capable of not only
integrating the variance information generated
from testing, but also uncertainty and ambiguity
information (e.g., from imprecise tolerance range
information).

n n 1
Zl,;zZlogg— (1)
pa -1 P
pi = Prob(Satisfy FR;|Design Parameter;)

Product creativity: Product creativity may be
measured by using the novelty metric developed to
evaluate unusualness or unexpectedness of an idea
[131, 132] or by using the 55-item CPSS [56, 133—
135], which is used for evaluating three dimensions
of creative products (Novelty, Resolution, and
Elaboration and Synthesis).

Team satisfaction: Team satisfaction may be
measured by 5-point-scale questions on work satis-
faction (three items) and learning (five items) [143].

5. Conclusions and future work

In this paper, we reviewed instruments for measur-
ing design-team factors (i.e., inputs, processes, and
outputs) that may be used for collecting data for
forming effective and collaborative design teams.
To guide the literature review, we first reviewed
existing team-effectiveness models. Next, we pro-
posed a new model for student design teams and
illustrated possible associations between design-
team factors. We then reviewed instruments for
measuring design-team factors using the new
model as a literature-review framework.

We reviewed papers in various fields including
design, engineering education, and psychology. The
review indicated that there are a wide variety of
instruments that have been used for measuring
individual characteristics, team characteristics,
and design processes. The review further indicated
that a design-team effectiveness model has recently

been proposed in the context of teaching teamwork
in design education. However, associations among
inputs, processes, and outputs specific to design
teams have not yet been studied. We believe that
research is needed to investigate which instruments
are most appropriate for measuring various factors
of the design-team effectiveness model and to estab-
lish a theoretical foundation that helps guide for-
mation of design teams. Future work includes (1)
measurement of inputs, processes, and outputs
using surveys and instruments reviewed in this
paper, (2) analysis of the associations among
design-team inputs, processes, and outputs, and
(3) development of guidelines to form design
teams using instruments that correlate with team
outputs.

References

1. B. Prasad, Concurrent Engineering Fundamentals: Inte-
grated Product and Process Organization, Prentice Hall,
Upper Saddle River, NJ, 1996.

2. D.N.Ford and J. D. Sterman, The Liar’s Club: Concealing
Rework in Concurrent Development, Concurrent Engineer-
ing: Research and Applications, 11(3), pp. 211-219, 2003.

3. Accreditation Board for Engineering and Technology
(ABET), http://www.abet.org/accreditation/accreditation-
criteria/criteria-for-accrediting-engineering-programs-2016-
2017/, Accessed, May 12 2016.

4. N. Cross and A. C. Cross, Observations of Teamwork and
Social Processes in Design, Design Studies, 16(2), pp. 143—
170, 1995.

5. C. L. Dym, A. M. Agogino, O. Eris, D. D. Frey and L. J.
Leifer, Engineering Design Thinking, Teaching and Learn-
ing, Journal of Engineering Education, 94(1), pp. 103-120,
2005.

6. C. L. Dym, Teaching Design to Freshmen: Style and
Content, Journal of Engineering Education, 83(4), pp. 303—
310, 1994.

7. R. L. Miller and B. M. Olds, A Model Curriculum for a
Capstone Course in Multidisciplinary Engineering Design,
Journal of Engineering Education, 83(4), pp. 311-316, 1994.

8. R. G. Quinn, The Fundamentals of Engineering: The Art of
Engineering, Journal of Engineering Education, 83(2), pp.
120-123, 1994.

9. M. C. Yang and Y. Jin, An Examination of Team Effec-
tiveness in Distributed and Co-Located Engineering Teams,
International Journal of Engineering Education, 24(2), pp.
400-408, 2008.

10. V. Pieterse and L. Thompson, Academic Alignment to
Reduce the Presence of ‘Social Loafers’ and ‘Diligent
Isolates’ in Student Teams, Teaching in Higher Education,
15(4), pp. 355-367, 2010.

11. C.-Y. Chen and P. Chong, Software Engineering Educa-
tion: A Study on Conducting Collaborative Senior Project
Development, Journal of Systems & Software, 84(3), pp.
479-491, 2011.

12. D. Hall and S. Buzwell, The Problem of Free-Riding in
Group Projects: Looking Beyond Social Loafing as Reason
for Non-Contribution, Active Learning in Higher Educa-
tion, 14(1), pp. 37-49, 2012.

13. B. Latané, K. Williams and S. Harkins, Many Hands Make
Light the Work: The Causes and Consequences of Social
Loafing, Journal of Personality and Social Psychology,
37(6), pp. 822-832, 1979.

14. N. L. Kerr and S. E. Bruun, Dispensability of Member
Effort and Group Motivation Losses: Free-Rider Effects,
Journal of Personality and Social Psychology, 44(1), pp. 78—
94, 1983.

15. B. L. Yoder, Engineering by the Numbers, 2015 ASEE



1694

Shun Takai and Marcos Esterman

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Profiles of Engineering & Engineering Technology Colleges,
American Society for Engineering Education, Washington,
DC, 2015.

. J. D. Rich, Jr., D. Owens, S. Johnson and D. Mines, Some

Strategies for Reducing Social Loafing in Group Projects,
Global Journal of Human-Social Science-A: Arts & Huma-
nities—Psychology, 14(5), 2014.

. D. E. Gunderson and J. D. Moore, Group Learning

Pedagogy and Group Selection, International Journal of
Construction Education and Research, 4(1), pp. 34-45,2008.

. Y. G. Sahin, A Team Building Model for Software Engi-

neering Courses Term Projects, Computers & Education,
56(3), pp: 916-922, 2011.

. J. G. Kunkel and W. E. Shafer, Effects of Team Learning in

Undergraduate Auditing Courses, Journal of Education for
Business, 72(4), pp. 197-200, 1997.

D. Hunkelerand J. E. Sharp, Assigning Functional Groups:
The Influence of Group Size, Academic Record, Practical
Experience, and Learning Style, Journal of Engineering
Education, 86(4), pp. 321-332, 1997.

W. Brewer and M. 1. Mendelson, Methodology and Metrics
for Assessing Team Effectiveness, International Journal of
Engineering Education, 19(6), pp. 777-787, 2003.

V. Drnevich and J. Norris, Assigning Civil Engineering
Students to Capstone Course Teams, Proceedings of the
ASEE, ASEE 2007 Annual Conference & Exposition, Hon-
olulu, HI, June 24-27, pp. 12.294.1-12.294.16, 2007.

G. L. Fiegel and J. S. Denatale, Civil Engineering Capstone
Design: Team Formation, Preparation, and Performance,
International Journal of Engineering Education, 27(6), pp.
1295-1307, 2011.

D. Metheny and W. Metheny, Enriching Technical Courses
with Learning Teams, College Teaching, 45(1), pp. 32-35,
1997.

P. Blowers, Using Student Skill Self-assessment to Get
Balanced Groups for Group Projects, College Teaching,
50(3), pp. 106-110, 2003.

L. A. J. Stefani and V. N. Tariq, Running Group Practical
Projects for First-Year Undergraduate Students, Journal of
Biological Education, 30(1), pp. 33-44, 1996.

K. Lau, S. L. Beckman and A. M. Agogino, Diversity in
Design Teams: An Investigation of Learning Styles and
their Impact on Team Performance and Innovation, Inter-
national Journal of Engineering Education, 28(2), pp. 293—
301, 2012.

J. W. Wesner, C. H. Amon, M. W. Bigrigg, E. Subrahma-
nian, A. W. Westerberg and K. Filipski, Student Team
Formation and Assignment in a Multi-Disciplinary Engi-
neering Design Projects Course: A Pair of Suggested Best
Practices, International Journal of Engineering Education,
23(3), pp. 517-526, 2007.

D. Jensen, J. Feland, M. Bowe and B. Self, A 6-Hats Based
Team Formation Strategy: Development and Comparison
with an MBTI Based Approach, Proceedings of the ASEE
2000 Annual Conference, St Louis, MO, June 18-21, 2000.

D.J. Wilde, Teamology: The Construction and Organization
of Effective Teams, Springer, London, 2009.

J. Borges, T. G. Dias and J. F. E. Cunha, A New Group-
Formation Method for Student Projects, European Journal
of Engineering Education, 34(6), pp. 573-585, 2009.

D. Tannen, Teachers’ Classroom Strategies Should Recog-
nize that Men and Women Use Language Differently, The
Chronicle of Higher Education, XXXVII(40), 3 pages, 1991.
J. L. Brickell, D. B. Porter, M. F. Reynolds and R. D.
Cosgrove, Assigning Students to Groups for Engineering
Design Projects: A Comparison of Five Methods, Journal of
Engineering Education, 83(3), pp. 259-262, 1994.

H. Jack, A Methodology for Assigning Project Teams,
Proceedings of the ASEE, ASEE 2007 Annual Conference
& Exposition, Honolulu, HI, June 24-27, pp. 12.62.1-
12.62.10, 2007.

D. A. Kolb, Experiential Learning: Experience as the Source
of Learning and Development, Prentice Hall, Englewood
Cliffs, NJ, 1984.

A. Y. Kolb and D. A. Kolb, The Kolb Learning Style
Inventory—Version 4: A Comprehensive Guide to the

37.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Theory, Psychometrics, Research on Validity and Educa-
tional Applications. Experience Based Learning Systems,
Inc., Cleveland, OH, 2015.

M. Borrego, J. Karlin, L. D. McNair and K. Beddoes, Team
Effectiveness Theory from Industrial and Organizational
Psychology Applied to Engineering Student Project Teams:
A Research Review, Journal of Engineering Education,
102(4), pp. 472-512, 2013.

. R. Tucker, N. Abbasi, G. Thorpe, M. Ostwald, A. Williams,
L. Wallis and S. Kashuk, Enhancing and Assessing Group
and Team Learning in Architecture and Related Design
Contexts, Office of Learning and Teaching, Department
of Education, Australian Government, Sydney, Australia,
2014.

R. Tucker, Collaboration and Student Engagement in Design
Education, 1GI Global, Hershey, PA, 2017.

L. E. Gueldenzoph and G. L. May, Collaborative Peer
Evaluation: Best Practices for Group Member Assessments,
Business Communication Quarterly, 65(1), pp. 9-20, 2002.
C. M. Brooks and J. L. Ammons, Free Riding in Group
Projects and the Effects of Timing, Frequency, and Speci-
ficity of Criteria in Peer Assessments, Journal of Education
for Business, 78(5), pp. 268-272, 2003.

D. F. Baker, Peer Assessment in Small Groups: A Compar-
ison of Methods, Journal of Management Education, 32(2),
pp- 183-209, 2008.

M. W. Ohland, M. L. Loughry, D. Woehr, L. G. Bullard,
R. M. Felder, C. J. Finelli, R. A. Layton, H. R. Pomeranz
and D. G. Schmucker, The Comprehensive Assessment of
Team Member Effectiveness: Development of a Behavio-
rally Anchored Rating Scale for Self- and Peer Evaluation,
Academy of Management Learning & Education, 11(4), pp.
609-630, 2012.

M. L. Loughry, M. W. Ohland and D. D. Moore, Devel-
opment of a Theory-Based Assessment of Team Member
Effectiveness, Educational and Psychological Measurement,
67(3), pp- 505-524, 2007.

J. E. McGrath, Social Psychology: A Brief Introduction,
Holt, Rinehart and Winston, New York, NY, 1964.

J.R. Hackman, The Design of Work Teams, in J. W. Lorsch
(ed), Handbook of Organizational Behavior, Prentice-Hall,
Englewood Cliffs, NJ, 1987.

S. 1. Tannenbaum, R. L. Beard and E. Salas, Chapter 5
Team Building and its Influence on Team Effectiveness: An
Examination of Conceptual and Empirical Developments,
Advances in Psychology, 82, pp. 117-153, 1992.

M. Schiitze, P. Sachse and A. Rémer, Support Value of
Sketching in the Design Process, Research in Engineering
Design, 14(2), pp. 89-97, 2003.

J. A. Ruder and D. K. Sobek, II, Experiment on a System-
Level Design Tool, Journal of Engineering Design, 18(4), pp.
327-342, 2007.

G. Fredman, The IDEO Difference, Hemispheres, Pace
Communications, Greensboro, NC, pp. 52-57, 2002.

C. D. Zuber, V. Alterescu and M. P. Chow, Fail Often to
Succeed Sooner: Adventures in Innovation, Permanente
Journal, 9(4), pp. 44-49, 2005.

A. Dong, A. W. Hill and A. M. Agogino, A Document
Analysis Method for Characterizing Design Team Perfor-
mance, Journal of Mechanical Design, 126(3), pp. 378-385,
2004.

A. F. Osborn, Applied Imagination: Principles and Proce-
dures of Creative Problem-Solving, Scribner, NY, 1963.

S. Song and A. M. Agogino, Insights on Designers’ Sketch-
ing Activities in New Product Design Teams, Proceedings of
ASME 2004 International Design Engineering Technical
Conferences and Computers and Information in Engineering
Conference, Salt Lake City, UT, September 28-October 2,
pp. 351-360, 2004.

M. C. Yang, Observations on Concept Generation and
Sketching in Engineering Design, Research in Engineering
Design, 20(1), pp. 1-11, 2009.

K.O’QuinandS. P. Besemer, The Development, Reliability,
and Validity of the Revised Creative Product Semantic
Scale, Creativity Research Journal, 2(4), pp. 267-278, 1989.
. M. Withey, R. L. Daft and W. H. Cooper, Measures of



Team Effectiveness Models and Possible Instruments for Measuring Design-Team Inputs, Processes, and Outputs

1695

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Perrow’s Work Unit Technology: An Empirical Assessment
and a New Scale, Academy of Management Journal, 26(1),
pp. 45-63, 1983.

S. Takai, A Game-Theoretic Model of Collaboration in
Engineering Design, Journal of Mechanical Design, 132(5),
051005 (10 pages), 2010.

Wonderlic and Associates, Wonderlic Personnel Test
Manual, Wonderlic and Associates, Northfield, IL, 1983.
K. Tirri and P. Nokelainen, Identification of Multiple
Intelligences with the Multiple Intelligence Profiling Ques-
tionnaire 111, Psychology Science Quarterly, 50(2), pp. 206—
221, 2008.

L. C. Koke and P. A. Vernon, The Sternberg Triarchic
Abilities Test (STAT) as a measure of academic achieve-
ment and general intelligence, Personality and Individual
Differences, 35(8), pp. 1803-1807, 2003.

R. J. Vallerand, L. G. Pelletier, M. R. Blais, N. M. Briere,
C. Senecal and E. F. Vallieres, The Academic Motivation
Scale: A Measure of Intrinsic, Extrinsic, and Amotivation in
Education, Educational and Psychological Measurement,
52(4), pp. 1003-1017, 1992.

H. Schuler, G. C. Thornton 111, A. Frintrup and R. Mueller-
Hanson, Achievement Motivation Inventory, Hogrefe, Got-
tingen, Germany, 2004.

K. W. Thomas, Intrinsic Motivation at Work: What Really
Drives Employee Engagement, Berrett-Koehler Publishers,
Oakland, CA, 2009.

J. D. Shaw, M. K. Duffy and E. M. Stark, Interdependence
and Preference for Group Work: Main and Congruence
Effects on the Satisfaction and Performance of Group
Members, Journal of Management, 26(2), pp. 259-279, 2000.
M. R. Barrick, G. L. Stewart, M. J. Neubert and M. K.
Mount, Relating Member Ability and Personality to Work-
Team Processes and Team Effectiveness, Journal of Applied
Psychology, 83(3), pp. 377-391, 1998.

G. A. Neuman and J. Wright, Team Effectiveness: Beyond
Skills and Cognitive Ability, Journal of Applied Psychology,
84(3), pp. 376-389, 1999.

D. J. Wilde, Changes Among ASEE Creativity Workshop
Participants, Journal of Engineering Education, 82(3), pp.
167-170, 1993.

D. J. Wilde, Jung’s Personality Theory Quantified, Springer,
New York, NY, 2011.

D. J. Wilde, Psychological Teamology, Emotional Engi-
neering, and the Myers-Briggs Type Indicator (MBTI), in
S. Fukuda (ed), Emotional Engineering, pp. 365-375, 2011.
G. L. Kress and M. Schar, Teamology—The Art and
Science of Design Team Formation, Understanding Innova-
tion, pp. 189-209, 2011.

L. R. Goldberg, A Broad-Bandwidth, Public Domain,
Personality Inventory Measuring the Lower-Level Facets
of Several Five-Factor Models, In I. Mervielde, 1. Deary, F.
D. Fruyt and F. Ostendorf (eds), Personality Psychology In
Europe, Tilburg University Press, Tilburg, The Nether-
lands, pp. 7-28, 1999.

1. B. Myers and M. H. McCaulley, M BTImanual: A guide to
the development and use of the Myers-Briggs Type Indicator,
Consulting Psychologists Press, Palo Alto, CA, 1998.

D. N. Jackson, Jackson Personality Inventory— Revised:
Technical Manual, Goshen, MI: SIGMA Assessment Sys-
tems, Inc., 1994.

J. Menold, K. W. Jablokow, D. M. Ferguson, S. Purzer and
M. W. Ohland, The Characteristics of Engineering Innova-
tiveness: A Cognitive Mapping and Review of Instruments,
International Journal of Engineering Education, 32(1(A)),
pp. 64-83, 2016.

K. W. Jablokow, J. F. DeFranco, S. S. Richmond, M. J.
Piovoso, and S. G. Bilen, Cognitive Style and Concept
Mapping Performance, Journal of Engineering Education,
104(3), pp. 303-325, 2015.

S. Baron-Cohen, S. Wheelwright, J. Hill, Y. Raste and 1.
Plumb, The “Reading the Mind in the Eyes” Test Revised
Version: A Study with Normal Adults, and Adults with
Asperger Syndrome or High-Functioning Autism, Journal
of Child Psychology and Psychiatry, 42(2), pp. 241-251,
2001.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

C. Apaydin and A. Anafarta, Factorial Validation of the
Seven-component Model of the Work Profile Question-
naire-Emotional Intelligence (WPQei) in a Turkish Educa-
tional Setting, Journal of Instructional Psychology, 39(3/4),
pp. 159-170, 2012.

A. Kikuchi and L. V. Gordon, Evaluation and Cross-
Cultural Application of a Japanese Form of the Survey of
Interpersonal Values, The Journal of Social Psychology,
69(2), pp. 185-195, 1966.

P. Totterdell, D. Holman and A. Hukin, Social Networkers:
Measuring and Examining Individual Differences in Pro-
pensity to Connect with Others, Social Networks, 30(4), pp.
283-296, 2008.

M. C. Schippers, Social Loafing Tendencies and Team
Performance: The Compensating Effect of Agreeableness
and Conscientiousness, Academy of Management Learning
& Education, 13(1), pp. 62-81, 2014.

S. Abele and M. Diehl, Finding Teammates Who Are Not
Prone to Sucker and Free-Rider Effects: The Protestant
Work Ethic as a Moderator of Motivation Losses in Group
Performance, Group Processes & Intergroup Relations,
11(1), pp. 39-54, 2008.

K.-T.ChunandJ. B. Campbell, 1974, Dimensionality of the
Rotter Interpersonal Trust Scale, Psychological Reports,
35(3), pp. 1059-1070, 1974.

S. A. Mednick and M. T. Mednick, The Associative Basis of
the Creative Process, University of Michigan, Ann Arbor,
MI, 1965.

E. P. Torrance, Predictive Validity of the Torrance Tests of
Creative Thinking, Journal of Creative Behavior, 6(4), pp.
236-262, 1972.

C. Charyton, R. J. Jagacinski and J. A. Merrill, CEDA: A
Research Instrument for Creative Engineering Design
Assessment, Psychology of Aesthetics, Creativity, and the
Arts, 2(3), pp. 147-154, 2008.

K. K. Urban, Assessing creativity: The Test for Creative
Thinking-Drawing Production (TCT-DP), International
Education Journal, 6(2), pp. 272-280, 2005.

T.L.Lau, M. A. Shaffer, K. F. Chanand T. W. Y. Man, The
Entrepreneurial Behaviour Inventory: A Simulated Inci-
dent Method to Assess Corporate Entrepreneurship, Inter-
national Journal of Entrepreneurial Behavior & Research,
18(6), pp. 673-696, 2012.

C.C.Chen, P. G. Greene and A. Crick, Does Entrepreneur-
ial Self-Efficacy Distinguish Entrepreneurs from Man-
agers?, Journal of Business Venturing, 13(4), pp. 295-316,
1998.

D. L. Bolton and M. D. Lane, Individual Entrepreneurial
Orientation: Development of a Measurement Instrument,
Education and Training, 54(2/3), pp. 219-233, 2012.

S. Cromie and I. Callaghan, Assessing Enterprising Attri-
butes—The Usefulness of Caird’s General Enterprising
Tendency (GET) Test, Journal of Small Business and
Enterprise Development, 4(2), pp. 65-71, 1997.

V. Taatila and S. Down, Measuring Entrepreneurial Orien-
tation of University Students, Education and Training, S4(8/
9), pp. 744-760, 2012.

M. Kirton, Adaptors and Innovators: A Description and
Measure, Journal of Applied Psychology, 61(5), pp. 622-629,
1976.

B. J. Avolio, B. M. Bass and D. I. Jung, Re-examining the
Components of Transformational and Transactional Lea-
dership Using the Multifactor Leadership Questionnaire,
Journal of Occupational and Organizational Psychology,
72(4), pp. 441-462, 1999.

T.S. Bateman and J. M. Crant, The Proactive Component of
Organizational Behavior: A Measure and Correlates, Jour-
nal of Organizational Behavior, 14(2), pp. 103-118, 1993.

P. A. Facione and N. C. Facione, The California Critical
Thinking Disposition Inventory (CCTDI). Test Administra-
tion Manual, California Academic Press, Millbrae, CA, 1992.
C. A. Giancarlo, S. W. Blohm and T. Urdan, Assessing
Secondary Students’ Disposition Toward Critical Think-
ing: Development of the California Measure of Mental
Motivation, Educational and Psychological Measurement,
64(2), pp. 347-364, 2004.



1696 Shun Takai and Marcos Esterman

98. J. T. Cacioppo, R. E. Petty and C. F., Kao, The Efficient 123. J. A. Cannon-Bowers, E. Salas and S. A. Converse, Shared

Assessment of Need for Cognition, Journal of Personality Mental Models in Expert Team Decision Making, in N. J.

Assessment, 48(3), pp. 306-307, 1984. Castellan, Jr. (ed), Individual and Group Decision Making:

99. J. M. Ivancevich and J. H. Donnelly, A Study of Role Current Issues, Lawrence Erlbaum Associates, Inc. Hills-
Clarity and Need for Clarity for Three Occupational dale, NJ, pp. 221-246, 1993.

Groups, Academy of Management Journal, 17(1), pp. 28— 124. B.-C. Lim and K. J. Klein, Team Mental Models and Team

36, 1974. Performance: A Field Study of the Effects of Team Mental

100. S. Budner, Intolerance of Ambiguity as A Personality Model Similarity and Accuracy, Journal of Organizational
Variable, Journal of Personality, 30(1), 1962, pp. 29-50. Behavior, 27(4), pp. 403-418, 2006.

101. M. H. Freeston, J. Rhéaume, H. Letarte, M. J. Dugas and 125. S. Takai, Impacts of Fairness, Engineers’ Evaluations, and
R. Ladouceur, Why Do People Worry? Personality and Penalty of Product Failure in Multi-Equilibria Non-Coop-
Individual Differences, 17(6), pp. 791-802, 1994. erative Design, Concurrent Engineering: Research and

102. K. Kolbe, The Conative Connection, Addison Wesley, Applications, 23(2), pp. 124-134, 2015.

Reading, MA, 1990. 126. S. Takai, A Multidisciplinary Framework to Model Com-

103. J. B. Rotter, Generalized Expectancies for Internal Versus plex Team-based Product Development, Journal of
External Control of Reinforcement, Psychological Mono- Mechanical Design, 138(6), 061402 (12 pages), 2016.
graphs, 80(1), pp. 1-28, 1966. 127. R. W. Schvaneveldt, Pathfinder Associative Network: Stu-

104. P. Mussel, M. Spengler, J. A. Litman and H. Schuler, dies in Knowledge Organization, Ablex Publishing Corp.,
Development and Validation of the German Work-Related Norwood, NJ, 1990.

Curiosity Scale, European Journal of Psychological Assess- 128. S. Borgatti, M. G. Everett and L. C. Freeman, UCINET IV
ment, 28(2), 109-117, 2012. Network Analysis Software, Analytic Technologies, Colum-

105. M. Rosenberg, Society and the Adolescent Self-image, bia, SC, 1992.

Princeton University Press, Princeton, NJ, 1965. 129. M. Alexander, The Team Effectiveness Critique, in L. D.

106. A. C. Black and D. B. McCoach, Validity Study of the Goodstein and J. W. Pfeiffer (eds), The 1985 Annual:
Thinking Styles Inventory, Journal for the Education of the Developing Human Resources, University Associates, San
Gifted, 32(2), pp. 180-210, 2008. Diego, CA., pp. 101-106, 1985.

107. R. M. Felder and B. A. Solomon, Index of Learning Styles, 130. A. Edmondson, Psychological Safety and Learning Beha-
North Carolina State University, 1991. vior in Work Teams, Administrative Science Quarterly,

108. A. W. Woolley, C. F. Chabris, A. Pentland, N. Hashmi and 44(2), pp. 350-383, 1999.

T. W. Malone, Evidence for a Collective Intelligence Factor 131. J. J. Shah, S. V. Kulkarni and N. Vargas-Hernandez,
in the Performance of Human Groups, Science, 330(6004), Evaluation of Idea Generation Methods for Conceptual
pp. 686688, 2010. Design: Effectiveness Metrics and Design of Experi-

109. N. L. Kerr, Motivation Losses in Small Groups: A Social ments, Journal of Mechanical Design, 122(4), pp. 377—
Dilemma Analysis, Journal of Personality and Social Psy- 384, 2000.
chology, 45(4), pp. 819-828, 1983. 132. J.J. Shah, N. Vargas-Hernandez and S. M. Smith, Metrics

110. M. E. Schnake, Equity in Effort: The “Sucker Effect” in Co- for Measuring Ideation Effectiveness, Design Studies, 24(2),
Acting Groups, Journal of Management, 17(1), pp. 41-55, pp. 111-134, 2003.

1991. 133. S. P. Besemer and K. O’Quin, Analyzing Creative Products:

111. K. D. Williams and S. J. Karau, Social Loafing and Social Refinement and Test of a Judging Instrument, The Journal
Compensation: The Effects of Expectations of Co-Worker of Creative Behavior, 20(2), pp. 115-126, 1986.
Performance, Journal of Personality and Social Psychology, 134. S. P. Besemer and K. O’Quin, Creative Product Analysis:
61(4), pp. 570-581, 1991. Testing a Model by Developing a Judging Instrument, in S.

112. J. M. George, Extrinsic and Intrinsic Origins of Perceived G. Isaksen (ed), Frontiers of Creativity Research, Bearly
Social Loafing in Organizations, Academy of Management Limited, Buffalo, NY, pp. 341-357, 1987.

Journal, 35(1), pp. 191-202, 1992. 135. S. Takai, M. Esterman and A. Midha, An Approach to

113. H. Mirels and J. Garrett, The Protestant Ethic as a Person- Study Associations between Design Concepts and Design
ality Variable, Journal of Consulting and Clinical Psychol- Outcomes, Journal of Mechanical Design, 137(4), 041101
ogy, 36(1), pp. 40-44, 1971. (12 pages), 2015.

114. R. Ho and J. Lloyd, Development of an Australian Work 136. P. Badke-Schaub, A. Neumann, K. Lauche and S.
Ethic Scale, Australian Psychology, 19(3), pp. 321-332, Mohammed, Mental Models in Design Teams: A Valid
1984. Approach to Performance in Design Collaboration? CoDe-

115. A. R. Cohen, E. Stotland and D. M. Wolfe, An Experi- sign, 3(1), pp. 5-20, 2007.
mental Investigation of Need for Cognition, The Journal of 137. R. Bierhals, I. Schuster, P. Kohler and P. Badke-Schaub,
Abnormal and Social Psychology, 51(2), pp. 291-294, 1955. Shared Mental Models—Linking Team Cognition and

116. T. F. Lyons, Role Clarity, Need for Clarity, Satisfaction, Performance, CoDesign, 3(1), pp. 75-94, 2007.

Tension, and Withdrawal, Organizational Behavior and 138. A. Dong, M. S. Kleinsmann and F. Deken, Investigating
Human Performance, 6(1), pp. 99-110, 1971. Design Cognition in the Construction and Enactment of

117. P. N. Johnson-Laird, Mental Models, in M. 1. Posner (ed), Team Mental Models, Design Studies, 34(1), pp. 1-33,
Foundations of Cognitive Science, The MIT Press, Cam- 2013.
bridge, MA, 1989. 139. K. Fu, J. Cagan and K. Kotovsky, Design Team Conver-

118. R. Klimoski and S. Mohammed, Team Mental Model: gence: The Influence of Example Solution Quality, Journal
Construct or Metaphor, Journal of Management, 20(2), of Mechanical Design, 132(11), p. 111005, 2010.
pp- 403-437,1994. 140. M. Wood, P. Chen, K. Fu, J. Cagan and K. Kotovsky,

119. P. Johnson-Laird, Mental Models, Harvard University The Role of Design Team Interaction Structure on
Press, Cambridge, MA, 1983. Individual and Shared Mental Models, Design Computing

120. W. B. Rouse and N. M. Morris, On Looking into the Black and Cognition’12, Springer, College Station, TX, pp. 209—
Box: Prospects and Limits in the Search for Mental Models, 226, 2012.

Psychological Bulletin, 100(3), pp. 359-363, 1986. 141. E. A. DeBartolo, Performance vs. Requirements: Team and

121. J. E. Mathieu, T. S. Heffner, G. F. Goodwin, J. A. Cannon- Customer Perspectives, Proceedings of IEEE '16 Capstone
Bowers and E. Salas, Scaling the Quality of Teammates’ Design Conference, Columbus, OH, June 6-8, 2016.
Mental Models: Equifinality and Normative Comparisons, 142. N. P. Suh, Axiomatic Design Theory for Systems, Research
Journal of Organizational Behavior, 26(1), pp. 37-56, 2005. in Engineering Design, 10(4), pp. 189-209, 1998.

122. J. E. Mathieu, T. S. Heffner, G. F. Goodwin, E. Salas and J. 143. M. Hoegl and H. G. Gemuenden, Team Quality and the

A. Cannon-Bowers, The Influence of Shared Mental
Models on Team Process and Performance, Journal of
Applied Psychology, 85(2), pp. 273-283, 2000.

Success of Innovative Projects: A Theoretical Concepts and
Empirical Evidence, Organization Science, 12(4), pp. 435-
449, 2001.



Team Effectiveness Models and Possible Instruments for Measuring Design-Team Inputs, Processes, and Outputs 1697

Shun Takai, PhD is an Associate Professor in the Department of Engineering Technology at Northern Illinois University.
He received his BE in Engineering Science (1988) from Kyoto University, his MS in Manufacturing Systems Engineering
(1998) and Statistics (2004), his MA in Economics (2005), and his PhD in Mechanical Engineering (2005) from Stanford
University. Prior to his current position, he worked as a manufacturing plant engineer and as an assistant manager for
Sumitomo Metal Industries (1988-1999) in Amagasaki, Japan. His current research interests include design theory and
methodologies, lifecycle engineering, as well as integration of design engineering and diverse disciplines and methodol-
ogies, which include decision analysis, game theory, customer need analysis, and uncertainty modeling for product cost,
market share, and competition.

Marcos Esterman, PhD is an Associate Professor in the Department of Industrial and Systems Engineering at Rochester
Institute of Technology (RIT). He received his BS and MS in Mechanical Engineering from the Massachusetts Institute of
Technology, and his PhD in Mechanical Engineering from Stanford University. His teaching interests are in product and
process development, and systems engineering. He teaches students in Multi-Disciplinary Design, Manufacturing and
Management Leadership, and the Masters in Product Development Programs. Dr. Esterman’s research focuses on
structured product development methods, sustainable printing, and printing as a manufacturing process. He has
contributed to the development of Product Category Rules for the environmental assessment of laser printers and is
considered an expert in the assessment of the environmental performance of printers and printing. Prior to joining the RIT
faculty, Dr. Esterman worked for Hewlett-Packard’s Imaging and Printing Division in Boise, Idaho. At HP, he held a
variety of positions in manufacturing and R&D while concurrently conducting his Ph.D. research. His primary product
focus was on Color LaserJet products. He supported the development teams that delivered the Color LaserJet 8500 and
9500 printers. His analysis work at HP enhanced design and product architecture decision-making. He also worked as an
X-ray tube development engineer at General Electric Medical Systems in Milwaukee, Wisconsin and was a graduate of
their Edison Engineering Training Program.



