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ABSTRACT 
Prior work has demonstrated that gender identity affects team psychological safety, which is critical to 
the development of a shared understanding of the task. Further, we know that a shared understanding 
can increase team cohesion and team performance. Little work has investigated how gender differences 
affect communicative acts within the context of design, and more specifically how gender differences 
may affect the development of a shared understanding of the design concept between designers. As a 
first step towards filling this gap, the current work presents findings from a controlled study conducted 
at The Pennsylvania State University with 22 design dyads (44 designers). The findings from this study 
indicate that gender identity within design dyads does not affect participants’ shared understanding of a 
design concept.  
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1 INTRODUCTION 

Engineering design is characterized by complex challenges, ill-formed problems (Schrage, 2010; 

Simon, 1973, 1996), and uncertainty (Johnson, 2013). Teams are necessary in order to leverage 

diverse knowledge and skills (Hoegl and Parboteeah, 2007), more broadly explore solution spaces 

(Gyory et al., 2019), and provide support systems for overworked or under skilled team members 

(Salas et al., 2005). Many industries view diversity as a competitive advantage; a diversity of skills, 

backgrounds, knowledge, and perspectives can help design teams remain agile and responsive to the 

ambiguous and complex nature of design. Minority views “can stimulate consideration of non-obvious 

alternatives in task groups” (Cox and Blake, 1991), but only if the minority voices are acknowledged 

and synthesized into a team mental model. A number of factors including workplace culture, team 

environment, and individual traits, can negate, or worse, reverse the potential benefits of diversity. 

 

Diversity is generally split between surface-level diversity, defined by individual traits that are readily 

observable (e.g., race), and deep-level diversity, defined by traits that are not readily observable (e.g., 

cognitive style). In the current work we focus on surface-level diversity, specifically gender diversity, 

as gender parity remains a pervasive problem within engineering fields. Though greater representation 

of women in STEM fields has been called for, educational and industry environments in STEM can be 

unfriendly or even hostile for women (Carnes et al., 2015; Moss-Racusin et al., 2012; Reuben et al., 

2014; Settles et al., 2016) especially on sex-dissimilar teams, where feelings of isolation, 

dissatisfaction, and lack of organizational attachment are reported (Konrad, 1992; Pelled, 1996; Pelled 

et al., 1999; Price et al., 2006).  

 

Implicit gender bias and stereotyping can emerge as early as three years old (Page, 2005). Due to 

confirmation bias (Oswald and Grosjean, 2004), humans tend to interpret and process information in 

ways that conform to deeply held beliefs, such as gender or racial stereotypes. Multiple studies 

demonstrate that both men and women implicitly associate science and engineering more with men 

than they do with women, an effect that propagates into educational (Beddoes and Panther, 2018; 

Cejka and Eagly, 1999) and professional settings (Braun et al., 2017; Régner et al., 2019). On 

engineering design teams, such biases are guaranteed to emerge and could manifest in a multitude of 

ways, such as women having fewer opportunities to lead workgroups (Berdahl, 1996), being 

unconsciously spoken over by men (Babaria et al., 2012), or perceiving ideas produced by women 

team members as lower quality than those produced by men (Toh et al., 2016).  

 

Research conducted in undergraduate design settings indicates important findings regarding the 

interaction between gender and design processes. Toh et al. (Toh et al., 2016) found that male students 

were more likely to show ownership bias during concept selection activities, while women students 

were prone to the opposite, selecting more of their teammates’ ideas over their own. Hirshfield et al. 

(Hirshfield and Koretsky, 2017) found that while there were no differences in the amount of time men 

and women spoke in project-based engineering courses, women more frequently discussed less 

technical topics and were more likely to assume stereotypically “feminine” roles on design teams, 

such as note-taker, communicator, or planners. These behaviours significantly detract from the 

inherent benefits of diverse engineering design teams.  

 

A critical study recently published by (Cole et al., 2022) demonstrated a fundamental link between 

perceptions of psychological safety and gender in engineering design. Their work found that females 

typically perceived higher levels of psychological safety with other female team members, and 

perceived lower levels of psychological safety with male team members. Interestingly, male team 

members tended to overestimate their psychological safety with female counterparts. Willingness to 

share knowledge or ideas, openly communicate, and a belief that team members are working towards a 

common goal depend on the formation and maintenance of trust and psychological safety within 

teams. Psychological safety, or the shared belief that the team is safe for interpersonal risk taking 

(Edmondson, 1999; Miller et al., 2019), facilitates the sharing of ideas and solutions to some common 

goal or objective. Psychological safety is critical to the formation of a shared understanding amongst 

team members and higher levels of team cohesion. Building from this previous work we hypothesize 
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that mixed-gender design dyads may have lower levels of shared understanding during communicative 

acts within design processes. It is critical that we understand how gender identity differences might 

affect the development of a shared understanding within design teams. 

2 RESEARCH APPROACH AND OBJECTIVES 

The aim of this study is to investigate the relationship between gender identity and shared 

understanding of design concepts of a design task within dyads. The following research question was 

proposed to explore this relationship: 

 

RQ:  How does gender identity within design dyads affect the understanding of design concepts? 

 

To answer our research question, we conducted a controlled study at Penn State University. 44 

participants were recruited and paired in dyads. This work was part of a broader study to investigate 

differences in design communication using sketches and low-fidelity prototypes.  A condition, either a 

sketch or prototype, was assigned to each participant to complete a design task. The participants were 

then instructed to verbally explain their design problem, solution, and the solution’s functions to the 

other participant in their dyad. We asked participants to provide a written account of their own design 

solution and the solution presented to them through surveys. This was used as the basis for calculating 

shared understanding. A more detailed description of the experimental procedure is reviewed below.  

2.1 Participants 

44 participants (22 men and 22 women) completed this study, all of whom were enrolled in the 

College of Engineering. Participants were recruited through purposeful sampling methods, such as 

reaching out to students enrolled in undergraduate design classes through mass emails and flyers, and 

snowball sampling methods, where each participant was asked to inform their peers about the study. 

14 participants were graduate students, and 30 participants were junior- or senior-level undergraduate 

students.  28 participants identified as White, 10 identified as Asian, 2 identified as Hispanic, Latino, 

or of Spanish origin, 1 identified as Black or African American, 1 identified as White and Asian, 1 

identified as Middle Eastern or North African, and 1 identified as White and Hispanic, Latino, or of 

Spanish origin.  

2.2 Procedure 

Participants were randomly distributed into pairs. This distribution resulted in twenty-eight 

participants assigned to a homogeneous pairing and sixteen participants were assigned to a 

heterogeneous pair to complete the experiment. Figure 1 depicts the experiment groups and procedure. 

Each pair was randomly assigned to one of two groups: prototyping and sketching; this pairing was 

done in pursuit of a larger research endeavour and results will not be broken out by condition 

(prototyping or sketching) in the current work. In previous work we found no statistically significant 

differences in shared understanding across conditions, and for the remainder of this work we focus on 

differences in shared understanding developed between heterogeneous and homogeneous gender pairs 

during communicative acts. At the beginning of the study participants in accordance with Institutional 

Review Board Guidelines, a summary of the study was provided to participants and all participants 

were informed that their participation was voluntary and that they may quit at any time. Participants 

then took a short pre-survey; at the start of the pre-survey all participants generated a unique ID to 

maintain anonymity. 
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Figure 1. Experimental procedure of the study 

Following the pre-survey, participants were asked to complete a design challenge. As physical model 

is known to be more time consuming than sketching (Viswanathan & Linsey, 2010), participants in the 

prototyping condition were provided with 45 minutes to accomplish the design task. Participants in the 

sketching condition were provided with 20 minutes to accomplish the design task. The participants 

received the following prompt corresponding to their assigned condition: 

  

“You will now be given a design task to complete. You can use as many materials as possible that are 

given to you and you have forty-five minutes to complete the task. You can feel free to sketch out as 

many ideas as you want, but you will only be allowed to bring your final prototype with you when 

explaining your design solution. Your final design can be a single idea, or a combination of your ideas 

generated.” (Prototyping condition) 

  

“You will now be given a design task to complete. You have twenty minutes to complete the task. You 

can feel free to sketch out as many ideas as you want, but you will only be allowed to bring your final 

sketch with you when explaining your design solution. Your final design can be a single idea, or a 

combination of your ideas generated.” (Sketching condition) 

  

After being provided with the design prompt, participants were led to separate rooms to ensure the 

participants would not see each other’s design solution prior to the explanation phase of the study. To 

ensure distinct solutions, each participant was provided with a design prompt different from their partner. 

The two prompts were selected from prior work that validated their similarity in terms of their structure, 

complexity, and solvability (Patel et al., 2019). The design prompts given to participants were: 

  

“Design an automatic clothes-ironing machine for use in hotels. The purpose of the device is to press 

wrinkled clothes as obtained from clothes dryers and fold them suitably for the garment type. You are 

free to choose the degree of automation. At this stage of the project, there is no restriction on the types 

and quantity of resources consumed or emitted. However, an estimated 5 minutes per garment is 

desirable.” 

  

“Design an automatic recycling machine for household use. The device should sort plastic bottles, 

glass containers, aluminium cans, and tin cans. The sorted materials should be compressed and stored 

in separate containers. The amount of resources consumed by the device and the amount of space 

occupied are not limited. However, an estimated 15 seconds of recycling time per item is desirable.” 

  

Participants in the sketching condition were provided with pencils, papers, and a ruler. Participants in 

the prototyping condition were provided with foam-core, cardboard, popsicle sticks, rubber bands, 

wire, thread, utility knife, scissors, tape, cotton balls, tube cleaners, and hot glue. 
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Once participants completed the design task, they were asked to provide a written description of their 

design problem, the solution and how it works. The participants then reconvened with their partner 

once both completed the written description.  They were instructed to bring the final sketch(es) and 

prototype with them. All subsequent interactions between the participants were audio and video 

recorded. The participants were instructed to present their design solution to each other with the 

following prompt: 

 

 “You will both now present your design solution to each other, and you can use your design 

representation to do so. Please remember to go over your design problem, solution, how it works, and 

how you arrived at it, and keep the explanation of your solution consistent with your written 

explanation in the survey you just completed.” 

  

Before the interaction began, one participant was assigned as the communicator and the other as the 

listener. The communicator was given 5 minutes to explain their design problem and solution to the 

listener. The listener then had 3 minutes to ask the communicator any clarifying questions. Once the 

communicative act was complete, the listener was asked to describe the design concept that was 

presented to them: “In as much detail as possible, please recall the solution that was presented to you, 

and describe what the solution is, the problem it solves, and how it works in your own words.”. 

Following this, the participants switched roles, i.e., the participant who was previously the listener 

became the communicator and followed the same protocol. All sketches and prototypes were 

photographed and stored, and written descriptions were again collected from the listener, following the 

procedure outlined above. 

3 ANALYSIS 

3.1 Metrics 

3.1.1 Shared understanding 

Shared understanding in design is the similarity between different individuals’ conceptualizations of a 

design concept (Kleinsmann et al., 2007) . Fu et al. in their work compared the written explanations of 

designers’ conceptualizations of design concepts and used this as the basis for calculating shared 

understanding (Fu et al., 2010). We use a similar approach in this work. 

 

Specifically, the explanations of an idea from each participant in a dyad was used to create a 

functional structure of the idea, using the functional structure taxonomy by Stone & Wood (Stone and 

Wood, 1999). These functional structures were then validated by the research team. Next, this 

functional structure was converted to a weighted network, and a network-based similarity measure was 

used to calculate shared understanding. Specifically, both participants in a dyad had to provide written 

explanations of a particular design concept – the communicator provided this after generating the idea, 

and the listener provided their explanation after the communicator presented their idea. These 

explanations were then converted to functional structures, and then to networks to be able to quantify 

similarity. This is similar to the approach followed by Nandy et al. (2021) in their work. In each 

network, each function, flow, and component are represented as a node, with the connections between 

each being represented as edges. A network approach was chosen since specific components could 

also be accounted for. Edges were weighted in each network to account for repeated functions, flows, 

and components.  

 

To calculate similarity between two weighted networks, we used a weighted Jaccard Similarity 

approach. This approach starts with the creation of a union vector that contains all of the connections 

in the two networks being compared. Next, the weighted Jaccard Similarity is calculated per equation 

(1), procured from work by Ioffe (2010) For two networks G and H, in equation (1), Gk and Hk is the 

associated weight of the element in the network. If one of the networks does not have an element, the 

weight is 0. Next, the minimum and maximum of corresponding weights for each element is 

identified, and the sums of the minima and maxima are then divided to quantify the similarity. In this 

work, the networks represent the mental models of a communicator and listener in the dyad, and the 

weighted Jaccard similarity is representative of the shared understanding. 
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𝐽(𝐺, 𝐻) =
Σ𝑘min⁡(𝐺𝑘,𝐻𝑘)

Σ𝑘𝑚𝑎𝑥(𝐺𝑘,𝐻𝑘)
 (1) 

 

3.1.2 Idea complexity 

It is possible that the complexity of the idea being communicated may also affect shared 

understanding – a more complex idea would mean a person would have to remember more 

information, leading to more chances for errors in their mental model. Hence, idea complexity, or the 

amount of information being communicated, was controlled for. After validating the composed 

functional structures, the size complexity of each functional structure was calculated using the method 

described by Ameri et al. (2008). The number of functions and flows in a given functional structure 

were used to calculate size complexity through equation (2).  

𝐶𝑥𝑠𝑖𝑧𝑒_𝑓𝑢𝑛𝑐 = (𝐷𝑣 + 𝐷𝑟) × ln(𝑟 + 𝑛) (2) 

where, 

𝐷𝑣⁡= Number of instances of functions blocks and I/O types 

𝐷𝑟 = Number of instances of primitive relations 

𝑟 = The number of primitive modules (operands) available within the representation (35, as there are 

35 possible functions in the taxonomy) 

𝑛 = The number of primitive relationships (operators) available between all available modules (3, as 

there are 3 I/O types, namely material, energy, and information) 

4 RESULTS 

In pursuit of our research question, how does gender identity within design dyads affect the 

understanding of design concepts, an ANCOVA was performed with gender pairing as the 

independent variable, shared understanding as the dependent variable, and idea complexity as the 

covariate. All statistical analyses were performed on R version 4.1.1. One dyad was removed from the 

dataset due to a participant not interpreting the design prompt correctly. An ANCOVA was performed 

to determine the difference between FF and MM homogeneous pairs. A statistically significant 

difference was not found; thus, FF and MM pairs were included as a larger homogeneous group. As 

previously stated, prior work demonstrated that condition had no significant effect on shared 

understanding, thus the sketching and prototyping conditions were not included in analysis. Prior work 

did identify that idea complexity had a significant negative correlation with shared understanding (ρ = 

-0.428, p < 0.005), implying that more complex ideas were associated with lower shared 

understanding. As a result, the complexity was included as a confounding variable in the analysis. The 

result of the ANCOVA analysis was not significant; gender pairing did not significantly affect shared 

understanding (F(1,40) = 0.505, p = 0.48), and a negligible effect size was noted (Partial ω2 = 0.008). 

In other words, our findings suggest that gender differences in engineering dyads did not affect the 

formation of shared understanding during communicative acts. Figure 2 visualizes these results. 
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Figure 2. Distribution of shared understanding by gender pairing 

5 DISCUSSION 

The study investigates shared understanding in terms of sketches and prototyping for design teams.  A 

controlled study paired 44 engineering students from The Pennsylvania State University into dyads. 

Our goal is to evaluate the relationship between gender pairs to determine if there is a difference in 

understanding between homogeneous and heterogeneous dyads.  We know from prior work that 

psychological safety is inextricably linked to shared understanding and team performance 

(Edmondson, 1999). Recent findings from (Cole et al., 2022) suggest that female designers perceive 

lower levels of psychological safety with male teammates as compared to female teammates. Further, 

their findings suggest that male teammates overestimated their perceived psychological safety with 

female teammates. This past work suggests that a discrepancy between psychological safety may exist 

in heterogeneous gender pairs. Based on these prior studies we hypothesized that shared understanding 

may be lower in heterogeneous gender pairs. However, our findings do not confirm this hypothesis.  

Our findings reveal there is not a significant difference in shared understanding between same gender 

pairs and mixed gender pairs using sketches and prototypes. 

6 CONCLUSION AND LIMITATIONS 

The main goal of the study is to determine how gender identity affects shared understanding of design 

concepts using sketches and prototypes. Our findings suggest that these communicative acts do not 

affect shared understanding between genders in dyads. We highlight that in the current work we did 

not measure perceptions of psychological safety, and, thus, it is not known if the psychological safety 

of the heterogenous gender pairs was lower than the psychological safety of the homogenous gender 

pairs. We underscore that this work focused specifically on communicative acts, and thus the dyads 

did not operate as teams during the design process, so the measurement of psychological safety was 

not appropriate given the experimental context. Additionally, we highlight that the current work 

studies shared understanding in pairs. Shared understanding in multi-person teams was not explored 

and should be considered in future studies to account for the effect of team dynamics. Future work 

should explore the intersection between perceptions of psychological safety and shared understanding 

on mixed gender dyads, working collaboratively. 
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