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Abstract

Collaboration builds the collective development of new ideas, perspectives, and ways of working. By engaging
in shared collaborative tasks, teams can strengthen professional relationships and improve creative outcomes.
Since the COVID-19 pandemic, the adoption of digital tools for remote collaboration has grown rapidly, with
desktop-based applications now widely used to manage teams, conduct workshops, and support ideation. In
parallel, advances in Virtual Reality (VR) technology and the availability of affordable commercial headsets
have enabled immersive tools for collaborative work. While prior research has shown that VR can effectively
support team-based activities such as training and simulation, its comparative value for creative collaboration

relative to traditional desktop platforms remains under explored

This study addresses this gap by evaluating collaborative brainstorming across Desktop (DT) and VR plat-
forms, investigating the extent to which VR enables collaboration comparable to that in traditional desktop en-
vironments. Using a triangulated methodology combining task performance, sentiment analysis, and thematic
evaluation, we examine how teams collaborate across these modalities. Participants (1 = 56) worked in pairs

(M pairs = 28) to collectively generate ideas. Results show no significant performance differences between DT and
VR, with both conditions producing comparable levels of idea generation and communication. However, team
workload was higher in VR, suggesting increased perceived task effort. Overall, findings indicate that VR can
support collaborative brainstorming comparable to DT while offering an immersive alternative. The study con-
tributes a mixed-method framework for assessing collaboration across immersive and non-immersive systems,

providing empirical insight into methodological triangulation in VR research.
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Introduction

Collaboration is a fundamental component of knowledge development and innovation (To & Ko, 2016). It sup-
ports collective decision making (Brownell & Chung, 2001) the exchange of diverse perspectives (Stahl & Maznevski,

2021), and can evoke positive emotions such as enjoyment and pride among team members (Chen & Li, 2021).

Recent advances in consumer-ready Virtual Reality (VR) have introduced opportunities for more immersive
and interactive collaborative experiences. VR now enables teams to meet, share ideas, learn (van der Meer,

van der Werf, Brinkman, & Specht, 2023), and train (Naranjo et al., 2020) within shared virtual environments.
Prior studies suggest that VR collaboration can enhance users’ sense of communication and engagement com-
pared to desktop (DT) based video calls (Sanaei, Machacek, Gilbert, Wu, & Oliver, 2023), offering levels of im-
mersion and social presence approaching “face to face” interaction (Doroudian, 2023; Joo, Han, Park, & Chung,
2024). Nevertheless, VR still poses challenges such as increased cognitive load, cybersickness (Hove & Watson,
2022), and difficulties interpreting non-verbal cues (Karl, Peluchette, & Aghakhani, 2022; Tomprou, Kim, Chik-

ersal, Woolley, & Dabbish, 2021).

Given the continued shift toward digital collaboration, including the growing use of VR (Kaiser, Walters, Sheehy,
Murray, & Spencer, 2024), and the limited understanding of its advantages and limitations (Hamad & Jia, 2022),
there is a timely requirement to examine how VR compares to established DT platforms in supporting creative
teamwork. Furthermore, as “face to face” collaboration is known to evoke strong feelings of partnership work-
ing and shared accomplishment (Chen & Li, 2021; Leng & Guo, 2018), it is important to determine whether VR

can elicit these, or comparable experiences.

This study therefore investigates the question: To what extent does VR enable collaboration comparable to that in tra-
ditional DT environments during brainstorming tasks? We contribute a triangulated methodological framework
that integrates performance analysis, computational sentiment assessment, and qualitative thematic evaluation
to examine collaborative behavior. The study offers an empirical comparison of collaboration quality between

VR and DT systems and identifies design and workload implications for immersive collaborative tools.



The paper is structured as follows: Initially we present the current literature in collaborative systems illustrat-
ing lack of work directly comparing immersive VR and DT collaboration for creative brainstorming tasks. We
then present the methodology for the study, illustrating the task, protocol, environment and metrics. We then
report on the results where we triangulate the quantitive performance of the brainstorming task, the sentiment
analysis of the user conversations and qualitative analysis of the conversations. A formal discussion and con-

clusion is then given where the the findings explore the commonalties found in the DT and VR conditions.

Related Work

Digital collaboration

Effective collaboration supports creative idea generation and innovation (Morgan & Castle, 2023). To achieve
this, teams must engage in interaction, information sharing, and establish clear roles and responsibilities (Thomp-
son et al., 2021). Such dynamics are well supported in traditional face to face settings but are increasingly now
facilitated through digital collaboration platforms. The growing accessibility of consumer-grade Virtual Real-

ity (VR) systems, such as the Meta Quest 3, now extends these opportunities further, with VR platforms now

enabling teams to collaborate, share virtual spaces, and even simulate office-like working environments.

Collaboration in VR

Studies have shown that collaboration in virtual environments can strengthen working relationships and pro-
mote positive interdependence among team members (Laal, 2013). In particular, users who may not typically
assume leadership roles have demonstrated greater willingness to take initiative when collaborating through
head-mounted displays (HMDs) (Slater, Sadagic, Usoh, & Schroeder, 2000). Additionally, VR is well known
for its ability to help users visualize complex, abstract, or otherwise inaccessible concepts and support learn-
ing experiences that would be difficult or too costly to replicate in reality (Doroudian, 2023; Dunmoye, May, &
Hunsu, 2022). Consequently, VR has been widely adopted within science, technology, engineering, and math-

ematics (STEM) disciplines to facilitate group projects and collaborative problem-solving (Thompson et al.,



2021; Xu, Zhang, Wang, Liu, & Zhu, 2023). Beyond education, VR is increasingly used to simulate professional
workspaces, notably virtual offices and simulated meeting environments, therefore allowing teams to brain-
storm, present, and collaborate remotely in shared immersive settings (Brendel & Williams, 2013; He, Du, &

Perlin, 2020; Sharma, Shroff, & Dewan, 2011; Tate, 2011).

Despite these benefits, VR presents several challenges for effective collaboration. Firstly the technical profi-
ciency of VR users can vary between, therefore limiting participation (Doroudian, 2023). Secondly, system la-
tency may cause delays or missed cues during conversation (Roberts, Duckworth, Moore, Wolff, & O'Hare,
2009) and the absence of clear environmentally spatialized audio or body language can make it difficult to iden-
tify speakers or interpret non-verbal signals (Dickson, Lee-Partridge, Limayem, & Desanctis, 1996). Thirdly,
prolonged VR use can cause cybersickness (Caserman, Garcia-Agundez, Gdmez Zerban, & Gobel, 2021; Kim,
Won, Jang, & Ko, 2022; Oh & Son, 2022) and complex task demands or interface interactions, can increase user

cognitive load (Dickson et al., 1996, Makransky, Terkildsen, & Mayer, 2019; Parmar et al., 2016).

Therefore, while VR offers a clear potential for enhancing collaboration through immersion and shared spatial
environments, it also introduces usability and accessibility barriers. Prior research examining the relationship
between system richness and collaboration outcomes has produced mixed results (Cummings & Bailenson,
2016; Steed, Pan, Zisch, & Steptoe, 2016). Building on this the present study empirically evaluates whether dif-
ferences between VR and desktop (DT) platforms translate into measurable variations in teamwork experience

and creative output quality.

Collaborative brainstorming on digital platforms

With growing technological advancement and market competition, there is increasing pressure on organiza-
tions to generate a large number of high-quality ideas (Amabile, 1997; Seeber, de Vreede, Maier, & Weber, 2017).
Brainstorming remains one of the most established methods for creative ideation, however for brainstorming
to be effective, ideas should be generated freely either individually or collectively as part of a team (Galddmez,

Sanz, & Armando De Giusti, 2012). Generating a high quantity of ideas increases the likelihood of producing



valuable solutions (Osborn, 1963), while idea quality tends to improve when sessions are goal oriented rather

than informal discussions (Nunamaker, Dennis, Valacich, Vogel, & George, 1991).

Digital platforms have increasingly been used to support brainstorming, often replicating traditional tools such
as whiteboards and sticky notes (Moulin, Sugawara, Kaeri, Fujita, & Abel, 2014). These tools are widely adopted
in educational and professional contexts for collecting and organizing ideas (Siegle, 2020). They are consid-

ered advantageous for promoting a focus on idea generation rather than evaluation (Kettler, Lamb, & Mul-

let, 2019), and some studies suggest that technology supported collaboration can enhance originality and nov-
elty in outcomes (Dennis & Wixom, 2002; Fjermestad & Hiltz, 1998). However, despite these benefits, limited
technical support and usability challenges continue to restrict the widespread adoption of digital collaboration

tools (Kowalkiewicz, 2012).

Building on this foundation, recent work by Khattri, Chantratita, Frutos-Pascual, and Williams (2025) exam-
ined the use of Virtual Reality (VR) as a platform for collaborative brainstorming, exploring sentiment based
measures as indicators of team performance. Their study involved small collaborative pairs (Nrs = 7) work-
ing in VR and investigated the correlation between spoken sentiment polarity and perceived team workload,
measured via the Team Workload Questionnaire (TWLQ) (Sellers, Helton, Naswall, Funke, & Knott, 2014). A
positive correlation between sentiment and workload indicated the potential value of integrating language and

performance based metrics to assess collaboration quality.

While prior research has explored the usability of collaborative tools, there remains a clear gap in understand-
ing user experience and collaborative performance during brainstorming across VR and DT platforms. The
present study addresses this gap by applying a triangulated evaluation of performance, sentiment, and the-

matic factors to compare collaboration in both environments.

Evaluating digital collaboration

A criticism in VR research is the over reliance on post study evaluations to measure user experience (Paulsen,
Dau, & Davidsen, 2024). Specifically, that when user data are collected solely through questionnaires or sur-

veys after immersion, results may fail to accurately represent the user when “in experience” (Joo et al., 2024).



Moreover, participants may struggle to recall or report emotions once removed from the immersive environ-
ment (Kozachek, Yaqin, Prasad, & Wang, 2023). To address these limitations, researchers have begun employing
alternative methods such as speech transcription, facial-expression tracking, and physiological sensing to cap-
ture real-time user responses (Dzedzickis, Kaklauskas, & Bucinskas, 2020; Soleymani, Asghari-Esfeden, Fu, &

Pantic, 2016).

Slater et al. (2022) recently emphasised this issue, arguing that post task questionnaires, while convenient, do
not fully encapsulate the complexity of VR experience. They issued a “call to action” which requested the trian-
gulation of multiple evaluation approaches that integrate quantitative and qualitative data, including sentiment-
based measures (Slater et al., 2023) be used in immersive technology (VR) research. Responding to this, Khat-

tri et al. (2025) demonstrated a positive correlation between spoken sentiment polarity and team workload, as
measured by the Team Workload Questionnaire (TWLQ) (Sellers et al., 2014), reinforcing the potential of senti-

ment analysis as a complementary assessment method in VR studies.

Sentiment analysis involves evaluating the polarity of language to determine whether statements are positive,
negative, or neutral (Taboada, 2016). In user experience research, this often involves preprocessing conversa-
tional data and using computational models to identify frequently occurring terms. Although this technique
effectively captures general attitudes (van Atteveldt, van der Velden, & Boukes, 2021), its accuracy can depend
on the contextual fit of the sentiment dictionaries used (Bordoloi & Biswas, 2023) with often domain-specific

lexicons enhancing precision.

Beyond sentiment polarity, several studies combine sentiment analysis with thematic or emotion analysis to
provide richer insights into user experience (Joo et al., 2024; Makki, Alhalabi, & Adham, 2019). Thematic anal-
ysis enables the categorisation of opinions by human factor considerations, while emotion analysis identifies
feelings such as happiness, frustration, or empathy, which influence group dynamics and cooperation (Eisen-
berg & Miller, 1987; Shen, Zhang, Ou, Zhao, & Zhou, 2021; Stephan & Finlay, 1999). However, accurately clas-
sifying emotion remains difficult, and some participants may hesitate to express genuine feelings in unfamiliar

social settings (Jing et al., 2023).



Existing research demonstrates the promise of sentiment and emotion analysis for evaluating VR experiences,
yet little is known about how user sentiment during collaboration in VR compares to that in traditional DT en-
vironments. Addressing this gap is essential, given the increasing shift from “face to face” to virtual team based
collaboration. The present study therefore examines how the platform (VR or DT) influences the usability and
experience of collaborative brainstorming, and proposes design recommendations for optimising immersive

teamwork.

Methodology

This study presents a comprehensive triangulation of objective task performance, sentiment, and spoken con-
versation in collaborative brainstorming across Desktop (DT) and Virtual Reality (VR) platforms. This approach
responds to the recent call to action for immersive technology research to adopt sentiment analysis as a com-
plementary method for evaluating user experience in immersive systems (Slater et al., 2022). The study design
extends the methodology of Khattri et al. (2025), which identified relationships between sentiment and team
workload in VR collaboration, by incorporating a comparable Desktop condition for cross-platform analysis

alongside detailed conversational analysis, task performance and user sentiment.

Apparatus and materials

Within this work we apply collaboration in a coordinated paired activity where users must cooperate to com-
plete a brainstorming task. The applications Miro ! and Noda ? were chosen for the DT and VR conditions.
Both applications offer comparable functionality for brainstorming (see Figure 2). In the DT condition, partic-
ipants used a standard 15-inch windows based computer equipped with a touchpad and keyboard interface. In
the VR condition, participants used Meta Quest 2 head-mounted displays with handheld controllers for object
selection and placement. Both conditions were run on identical network configurations to eliminate hardware

performance bias.

1 https:/ /miro.com/
2 https://noda.io/



Participants in both conditions communicated verbally and voice communication occurred through the phys-
ical room audio rather than spatialized in-world channels. This setup was chosen to maintain consistent voice
transmission between DT and VR participants while ensuring latency and fidelity were the same. Audio and
video recordings of the participants were captured on the device being used (i.e., VR or DT) and were tran-

scribed via Microsoft Copilot 2.

Task

In both the DT and VR conditions, participants were instructed to work together to brainstorm advantages and
disadvantages of a given topic. In the DT condition users completed the brainstorming using the Miro applica-
tion * on MS Windows and in the VR condition used the Noda App ° on the meta Quest. Both Miro and Noda
support real time collaboration and comparable functionality for brainstorming tasks (see Figures 2b and 2c),
thus both participants interacted together in the creation of one shared brainstorm visualization of labeled ob-

jects based on the topic.

Four topics were choses for the brainstorming task, namely the advantages and disadvantages of going to university
and the advantages and disadvantages of public transport in Birmingham, UK, the advantages and disadvantages of mo-
bile phones and the advantages and disadvantages of remote working. Participant pairs had 10 minutes to complete

the task with topics randomized across pairs.

Each brainstorming task involved generating and grouping ideas using circular (advantages) and rectangu-
lar (disadvantages) nodes (see Figure 2a). The visual differentiation aided in identifying idea categories and
relationships during collaborative discussion and later automated content analysis. This structured visual ap-
proach for the task aligns with prior research on guided brainstorming, which suggests that providing facilita-
tion and structure can support idea organization in users and reduce their cognitive load during collaborative

ideation (Osborn, 1963; Seeber et al., 2017). The use of consistent shapes also ensured uniformity across the VR

3 https:/ /www.microsoft.com/en-gb/microsoft-365/ microsoft-stream
4 https:/ /miro.com/
5 https://noda.io/



and DT conditions, facilitating cross-condition comparison. To ensure comparability across the different condi-
tions, no requirement to connect the created shapes was given to ensure used focused on brainstorming and not

mind mapping.

Participants were briefed to use the think aloud protocol to vocalise their process of brainstorming and were
encouraged to interact with their partner to generate ideas and improve the collaboration. Audio and video of
the shared interaction were captured by the device used (i.e., VR or DT). Furthermore, following completion
of the task participants engaged in an open discussion about their experience, this was used alongside the task

recording for task analysis.

Participants

A within subjects design is applied where users (1 = 56) are allocated into pairs (12,,s = 28) (see Figure 1) and
completed one of the primary conditions DT (12, = 14) and VR (114is = 14). To avoid biases or variations
within participant groupings, pairs were allocated who had no prior experience of collaborative working to-

gether.

Fifty-six participants (12,5 28) took part in the study (27 male, 27 female, 1 non-binary and 1 preferred not to
disclose). Participants were postgraduate and final year undergraduate students recruited from the university’s
design and computing programmes through email and in class announcements. All participation was volun-
tary and uncompensated. Inclusion criteria required basic computer literacy and conversational English pro-
ficiency. Aiming to represent a sample which considered different cultural perspectives (Stahl & Maznevski,
2021), participants represented a diverse range of nationalities including British (13), Nigerian (11), Indian (10),
Pakistani (5), Thai (4), Indonesian (2), Taiwanese (2), Kenyan (2), Malaysian (2), Swedish (1), Bulgarian (1), Greek
(1), Iranian (1) and Spanish (1). Regarding VR experience, 37 participants reported to be somewhat familiar

with VR, 4 were very familiar and 15 were not at all familiar. Finally experience in group based working was
considered, with 27 reporting frequent experience, 28 reporting some experience, and 1 participant indicating

they rarely did this.



Protocol

Participants were introduced to the test environment and completed a data consent form and pre test question-
naire which determined their experience in collaborative systems and VR. Binocular visual acuity was assessed
using a Snellen chart (Snellen, 1862) and color blindness evaluated using and Ishihara test (Ishihara, 1917) via
the online tool EnChroma ©. Participants wore any prescribed visual correction devices required for the dura-

tion of the test.

Following the recommendations of Tan, Luyten, Van Den Bergh, and Schéning (2014) and the methodology

of Khattri et al. (2025), to support collaboration and establish familiarization in the the participant pairs, prior
to the test ice breaking exercise was conducted where participants introduced themselves, discussed their back-
ground, study experience and hobbies in a five-minute conversation. This helped build an initial relationship

deemed necessary for collaboration.

Prior to the test, and to normalise across experience levels (He et al., 2020), participants underwent a training
phase on the system (VR or DT) and the application (Noda or Miro). Once participants had successfully com-

pleted the training the test coordinator instructed them on the task.

Environment

All participants were co-located in the same laboratory space and completed the task simultaneously. Each pair
was seated (for DT) or stood (VR) in their own space separated by a lightweight divider to prevent direct vi-
sual cues (see Figure 1). Participants communicated verbally within the space. The VR and DT conditions were
conducted on the same hardware network, ensuring identical latency and communication setup across both

modalities.

6 https:/ /enchroma.co.uk/pages/colour-blind-test
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Figure 1: The environment for the study in both the Desktop (DT) (a) and Virtual Reality (VR) (b) conditions.
To prevent external visual cues between participants and ensure that they completed the collaborative task on
their own devices (DT and VR) pairs were separated by a dividing screen in both the DT (c) and VR (d) condi-
tions.
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Public Transport in Birmingham
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Figure 2: Example brainstorming template shown to participants before the session (a), including visual guid-
ance on structured shapes (circular, rectangular) for idea grouping. Examples of completed outputs produced
collaboratively by participant pairs in the Desktop (b) and VR (c) conditions respectively.
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Metrics

Within this work we triangulate results from a variety of performance metrics, notably, task performants, spo-

ken sentiment, post study questionaries and a thematic analysis of user communication.

Task performance

We assess task performance in both the DT and VR conditions (Figure 1) based on objective measures of task
completion. Since both the DT and VR conditions had a fixed duration of ten-minutes, we assess task comple-
tion based on objective measures of the brainstorming, therefore, the Total Advantages (TA), Total Disadvantages

(TD) and Total Ideas (TT).
Sentiment analysis

Sentiment is a personal feeling or opinion from a user and is based on human emotion (Taboada, 2016). Com-
plementary to the task performance we also assess the utterances within the pairs of users. For this we use the
methodology of Khattri et al. (2025) who built on the work of Slater et al. (2023). The work of Khattri et al. (2025)
however presented a limited evaluation of sentiment analysis which mapped sentiment scores to TWLQ only
and there was no evaluation of the sentiment of users presented or comparison of VR against DT. We therefore
greatly expand this by providing not only the quantitative measures of task performance but also qualitative

thematic analysis on the user dialogue within the DT and VR conditions.

We provide objective measures of the conversation as the Total Words (TW) and the sentiment within the con-
versation. To analyse sentiment in the conversation we apply VADER (Valence Aware Dictionary and sEnti-
ment Reasoner) (Gilbert, 2014) and determine emotional tone (positivity, negativity) and subjectivity in partic-
ipant pairs conversations. As VADER was originally developed for social media text, its ability to operate ef-
fectively on short, informal statements means it application within paired conversations is suitable and aligns
to the work of Khattri et al. (2025). While more advanced sentiment processes are possible, notably BERT (De-

vlin, Change, Lee, & Toutanova, 2019) or RoBERTa (Liu et al., 2019)) which provide increased interpretation of

13



sentiment they typically require fine-tuning on large, domain-specific datasets and are therefore unfeasible ap-

plication in this study.

— |NW PW NW
ps_ IPWIZINW] 55 = (WL W)

A. 2
([PW| 1 [NW]) * @

We measure the total number of positive and negative words expressed as the Polarity Score (PS) and the Sub-
jectivity Score (SS). PS and SS are defined in Equation 2 and Equation 1, where |PW]| is the total positive words,
[NW]| is the total negative words, |[TW| is the total overall words and A is a constant set to 0.000001. PS occupies
a scale range between —1 to +1, where a —1 indicates complete negativity, a +1 indicates absolute positivity

and 0 indicates neutrality. SS occupies a range from 0 to 1 indicating subjectivity level.

When calculating sentiment (PS and SS) word dictionaries are used that contain a corpus of both positive words
(i.e., wonderful, glad, happy, impressive), negative words (i.e., wrong, sick, impede, broken) and stop words,
which represent neutral or pauses (i.e., am, an, I, like, yes) 7. While these dictionaries are commonly designed
for general applications of sentiment, they also contain words common to user performance of systems (i.e.,

buggy, lag, judder, enjoy, viewable, seamless).

The classical process to apply sentiment analysis is to firstly extract the stop words from the passage of text us-
ing the stop word dictionaries. This is completed before the calculation of PS and SS meaning that any words
within the stop word dictionaries will not be considered in the sentiment calculation. As stop word dictionaries
can contain words which may be valuable in assessing sentiment of digital systems (i.e., DT and VR) we also

present PS and SS without stop word removal and with stop word removal.
Post-study questionnaires

Upon completing the experiment, two post-study questionnaires were given to participants to assess user ex-
perience. Owing to the different hardware and software platforms under study, we report the system usabil-
ity scale (SUS) (Brooke, 1996) as a measure of comparable usability between the DT and VR conditions. SUS is

therefore not presented as a formal assessment of a complete system functionality but as a measure of consis-

7 https:/ /www.kaggle.com/datasets /vivek603/text-analysis?resource=download
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tency and to illustrate no usability biases of each system. To measure the collaboration between the user pairs
we report on the Team Workload Questionnaire TWLQ (Sellers et al., 2014) for both DT and VR conditions.
TWLQ is captured per user as a measure of the user’s experience within the collaborative task (Sellers et al.,

2014).
Thematic Analysis

We conducted a thematic analysis of user dialogue in both DT and VR conditions to explore participants” qual-
itative reflections on system use and collaboration. Themes were derived inductively from the data following
the approach of Braun and Clarke (2006). Initial open coding was performed on all transcribed dialogue and
post-task comments, after which conceptually similar codes were grouped into overarching themes. Through
iterative refinement, five primary themes were identified, notably; Usability, Devices, Environment, Collabora-

tion, and User Suggestions (see Table 1).

Each coded segment was also assigned a sentiment label (positive, negative, or neutral) to capture the evalua-
tive tone of participant comments within each theme. This enabled analysis of both the frequency and polarity

of user reflections across conditions.
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Usability Comments regarding specific tools, features and affordances “I was wondering if you can copy the square, the circles or
within the applications or user satisfaction (positive or nega- | squares.”
tive) with the application

Devices Comments regarding the computers and VR headsets, i.e., “I keep like, I keep adjusting the headsets, you know, like, because,
negative or positives comments participants have with the because like, I don’t know, it’s blurry sometimes, you know, I think
devices my head is just too big.”

Environment | Comments regarding the space they are in which refer to the | “The space could be more lively and things could be happening,
application as a whole and not to specific tools or features maybe more realistic, maybe like have a pet, have a dog come up to
(i.e., boundaries, presence, cyber sickness, infinite canvas, you.”
whiteboard, general layout)

Collaboration| collaborative conversation between participants interacting P1:“Let me try deleting that one first.”, P2:”Do we just hang
with each other to complete the task assigned. on?”, P1:"Do I just delete this?” ...

User Sug- Suggestions from users on how the system or application “And also, like what could have helped in that bit was like there

gestion can be improved could have been like option for like suggested words that we when

we're typing, but there wasn’t.”

Positive Comments which show a strong sense of positivity, satisfac- “So personally, like I like you, like we've already mentioned, like it
tion, excitement or when the application, device or feature was way more easier to type than I expected.”
exceeds expectations.

Negative Comments which show a strong sense of negativity, frustra- “But then the problem is it’s like we’ve got to move them around
tion or disappointment or when the application, device or and I can’t remember to do that.”
feature falls below expectations.

Neutral Comments which do not show either a strong positive or “There’s delete node in the middle of the keyboard.”

negative sentiment and without personal opinion.

Table 1: Description of thematic analysis labels including sentiment themes (positive, negative and neutral)
applied to the user utterances in both the Desktop (DT) and Virtual Reality (VR) conditions.
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Results

Task performance

We present task performance as a measure of overall similarity in the task. We present task performance in both
DT and VR as measures of the number of ideas generated and the individual total number of advantages and of

disadvantages presented in the task.
Number of ideas generated

Performance data for ideas generated was non-normally distributed using the Shapiro-Wilk test (VR, p = 0.035),
we therefore report the Mann-Whitney U test (¢ < 0.05), with 95% confidence. There was no statical difference
regarding number of ideas generated, U = 72.00, Z = —1.204, p = 0.246, with a small effect size (r = -0.16) de-

spite the DT having a slightly higher number of ideas (M = 12.93, 5D = 4.20) than VR (M = 11.71,5D = 5.17).
Number of advantages created

Performance data for advantages discussed was normally distributed using the Shapiro-Wilk test (DT, p =
0.478; VR, p = 0.113), we therefore report the independent samples T-Test (x < 0.05), with 95% confidence.
There was no statistical difference in the number of advantages generated, £(26) = 0.565, p = 0.577 with the DT
(M = 6.93,5D = 2.65)and VR (M = 6.36,SD = 2.71) showing similar numbers of advantages with a small

effect size (d = 0.21).
Number of disadvantages created:

Performance data for disadvantages generated was non-normally distributed using the Shapiro-Wilk test (VR,
p = 0.015), we therefore report the Mann-Whitney U test (« < 0.05), with 95% confidence. There was no statical
difference between in the number of disadvantages created, U = 71.00,Z = —1.260,p = 0.227 with the DT
(M = 6.00,SD = 2.00) and VR (M = 5.36, SD = 2.82) showing similar numbers of disadvantages with a small

effect size (r = -0.17).
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Sentiment analysis

We present the sentiment analysis of both conditions using classical stop word removal and without classical

stop word removal. We present, the polarity score (PS), subjectivity score (SS) and the total words (TW).
With stop word removal: Polarity Score (PS) TF1:

PS data were normally distributed across each condition using the Shapiro-Wilk test (DT, p = 0.461; VR, p =
0.726), we therefore report the independent samples T-Test (« < 0.05), with 95% confidence. Regarding PS, no
statistical difference was observed ¢(26) = —1.617, p = 0.118, with the DT condition illustrating lower positivity
(M = 0.02,SD = 0.18) than the VR (M = 0.14,SD = 0.23) condition. Although the effect size was moderate
(d = 0.58), the non-significant result indicates insufficient evidence to conclude a reliable difference between

conditions.
With stop word removal: Subjectivity Score (SS) TF1:

SS data were non-normally distributed using the Shapiro-Wilk test (DT, p = 0.043), we therefore report the
Mann-Whitney U test (¢« < 0.05), with 95% confidence. Regarding the SS, no statical difference was found
between DT and VRU = 114.00,Z = —0.735,p = 0.482 with the DT (M = 0.08,SD = 0.03) and VR

(M = 0.08,SD = 0.01) presenting comparable subjectivity with a small effect size (r = —0.10).
With stop word remouval: Total Words (TW) TF1:

TW data were normally distributed across each condition using the Shapiro-Wilk test (DT, p = 0.293; VR,

p = 0.911), we therefore report the independent samples T-Test (« < 0.05), with 95% confidence. There was

no statical difference between total words, £(26) = 0.275, p = 0.785, although the DT (M = 433.00, SD = 187.92)
used slightly more words overall than the VR (M = 414.47, SD = 179.75) condition and the effect size was small

(d = 0.10).
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Without Stop Word Removal: Polarity Score (PS) TFO:

PS data were normally distributed across each condition using the Shapiro-Wilk test (DT, p = 0.101; VR, p =
0.683), we therefore report the independent samples T-Test (¢ < 0.05), with 95% confidence. A statistical differ-
ence was observed on PS, £(26) = —1.58,p = 0.128, with the DT condition having a lower level of positivity
(M = 0.13,SD = 0.19) than the VR condition (M = 0.24,SD = 0.19). The effect size was moderate (d = 0.58),
suggesting a potentially meaningful difference in emotional tone between conditions despite the lack of signifi-

cance.
Without Stop Word Remouval: Subjectivity Score (SS) TF0:

SS data were non-normally distributed using the Shapiro-Wilk test (DT, p = 0.015), we therefore report the
Mann-Whitney U test (¢ < 0.05), with 95% confidence. Regarding the SS, no statical difference was found be-
tween DT and VR, U = 128.00, Z = 1.378, p = 0.178 with DT (M = 0.03,SD = 0.008) and VR (M = 0.03,5D =

0.005) again presenting comparable subjectivity with a small effect size (r = 0.18).
Without Stop Word Remouval: Total Words (TW) TFO:

TW data were normally distributed across each condition using the Shapiro-Wilk test (DT, p = 0.388; VR,
p = 0.931), we therefore report the independent samples T-Test (« < 0.05), with 95% confidence. No statical
difference in the TW was observed, £(26) = 0.433, p = 0.668, despite the DT (M = 1619.50, SD = 707.79) using

more words ideas on average than VR (M = 1504.79, SD = 692.57) with a small effect size (d = 0.16).
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Figure 3: Box plots of (a) Task outcomes and (b) Team workload alongside Sentiment (c) without stop word re-
moval and (d) with stop word removal, for each condition Desktop (DT) and Virtual Reality (VR). Significance
is indicated with p < .001***,p = .001**, p = .05**
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Conditio] Measure | Median (IQR) | Mean (SD) | 95%CI (LL,UL) | Skewness Kurtosis
Task Performance
DT Ideas 12 (6) 12.93 (4.20) 10.51, 15.35 0.58 -0.14
VR Ideas 11 (7) 11.71 (5.17) 8.73,14.70 1.19 0.71
DT Advantages 6.00 (4) 6.93 (2.65) 5.40, 8.46 0.82 0.73
VR Advantages 5.50 (5) 6.36 (2.71) 4.79,7.92 0.89 -0.18
DT Disadvantages 6.00 (2) 6.00 (2.00) 4.85,7.15 1.01 197
VR Disadvantages 5.00 (3) 5.36 (2.82) 3.73,6.98 1.66 3.55
Sentiment - Without Stop Word Removal
DT Polarity 0.08 (0.33) 0.13 (0.19) 0.02, 0.24 0.98 0.20
VR Polarity 0.20 (0.27) 0.24 (0.19) 0.14,0.35 0.24 -0.71
DT Subjectivity 0.02 (0.01) 0.03 (0.01) 0.02, 0.03 1.42 1.31
VR Subjectivity 0.03 (0.01) 0.03 (0.01) 0.02, 0.02 0.37 -0.50
DT Total Words 1555.00 (796) 1619.50 (707.79) 1210.83, 2028.17 0.79 -0.62
VR Total Words 1468.00 (913) 1504.79 (692.57) 1104.91, 1904.67 0.352 0.55
Sentiment - With Stop Word Removal
DT Polarity -0.03 (0.30) 0.02 (0.18) -0.09, 0.12 0.76 0.26
VR Polarity 0.10 (0.37) 0.14 (0.23) 0.01, 0.27 0.18 -0.86
DT Subjectivity 0.07 (0.02) 0.08 (0.03) 0.06, 0.09 1.27 1.30
VR Subjectivity 0.08 (0.02) 0.08 (0.01) 0.07, 0.09 -0.04 -0.75
DT Total Words 397.50 (198) 433.79 (187.92) 325.28, 542.29 0.91 1.06
VR Total Words 390.00 (258) 414.64 (179.75) 310.86,518.43 0.56 0.79
Team Workload

DT TWLQ 38.43 (11.56) 38.46 (10.69) 34.31, 43.60 041 1.72
VR TWLQ 43.75 (9.69) 45.50 (9.79) 41.71,49.30 1.41 1.97

Table 2: Descriptive data of performance and sentiment for each of the conditions Desktop (DT) and Virtual
Reality (VR)

Post study questionaries

We present the post study questionnaire results using the TWLQ. We also present SUS as a measure of overall

comparable usability of each system.

TWLQ data were non normally distributed using the Shapiro-Wilk test (VR, p = 0.003), we therefore report the
Mann-Whitney U test (¢ < 0.05). with 95% confidence. Regarding TWLQ, a statistical difference was observed
in TWLQ responses, U = 561.00,Z = 2.77,p = 0.006*, with the TWLQ having lower team workload in the DT
(M = 38.46, 5D = 10.69) than the VR (M = 45.51, SD = 9.79) condition. The effect size was moderate (»+ = 0.37),

suggesting that collaborative work in VR may impose a higher subjective workload than on desktop. SUS was
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Condition | Label | Total | Positive | Negative | Neutral
DT | Usability | 94 | 22 | 44 | 28
VR | Usability | 105 | 53 | 30 | 22
DT | Devices | 87 | 19 | 53 | 15
VR | Devices | 40 |9 | 28 | 3
DT | Environment | 102 | 55 | 28 | 19
VR | Environment | 111 | 55 | 40 | 16
DT | Collaboration | 154 | 13 | 26 | 115
VR | Collaboration | 241 | 15 | 26 | 200
DT | User Suggestion | 9 | 4 | 2 | 3
VR | User Suggestion | 25 | 17 | 4 | 4
DT | Total | 446 | 113 | 153 | 180
VR | Total | 522 | 149 | 128 | 245

Table 3: Results of the thematic analysis including sentiment (positive, negative and neutral) themes for the
conditions Desktop (DT) and Virtual Reality (VR).

reported to be 82.85 (SD = 10.68) in the DT and 71.58 (SD = 17.63) in the VR condition with both systems in the

excellent category (> 70).

Thematic analysis

Based on the methodology of Braun and Clarke (2006) the initial open coding revealed the five primary themes
of Usability, Devices, Environment, Collaboration, and User Suggestions (see Table 1). As discussed prior we
also applied a thematic sentiment categorisation to each comment using three categories of positive, negative,
or neutral. Therefore a user comment relating to device could be further labeled as either positive, negative or
neutral. The distribution of coded comments across conditions is presented in Table 3 and Figure 4. Overall,
there were 76 more user comments related to elements of the system and application in the VR condition, de-
spite participants speaking fewer words overall on average (see Table 2), suggesting greater focus on system

interaction in VR than on the brainstorming task itself.
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Thematic analysis: Usability

There were 94 comments in the usability category for DT and 105 comments for VR. In DT, the majority of the
comments (44) were negative. Users reported that they were unable to identify their pair: “I see the circle, but I
don’t see you...but I can’t see the cursor” (Pair 3, DT). In addition, some users found it difficult to create, select and
manipulate shapes. For example, “there’s no option to align stuff” (Pair 5 DT) and “(I keep) not dropping the shape in
the right place” (Pair 6, DT). The positive comments in DT (22) show that users appreciate that you can use Miro
to work collaboratively: “we can see each other working at the same time” (Pair 7, DT). A few pairs also note that
they find Miro easy to use because they are familiar with other similar design software. For example, “I think
it'’s quite easy to use because I'm more familiar with the UI” (Pair 11, DT) and “I think if you're also familiar with these

(kinds of) software, there’s a lot of shortcuts...” (Pair 13, DT).

For VR, the majority of comments (53) in this category were positive. Participants say that learning to use Noda
was “interactive and intuitive” (Pair 3, VR) and most of them “picked up (creating shapes and typing) easily” (Pair 13,
VR). The negative comments regarding VR in this category (30) were mostly complaints regarding the typing
experience. For instance, “I guess the backspace key is very weird. It’s like a backwards play button rather than the stan-
dard one” (Pair 7, VR) and “So I would get annoyed maybe because you have to point to each and every letter” (Pair 12,

VR). Pair 6, (VR) also described feeling disorientated as “all the dots are everywhere, like the squares and the circles”.

Thematic analysis: Devices

There were 87 comments in the devices category for DT and 40 for VR. Most of the comments for DT in this cat-
egory were negative (53). Participants generally disliked having to use a computer trackpad and said that they
would have preferred a mouse: “I don't like using trackpads at all” (Pair 2, DT) and “I like a mouse, not a mouse pad”
(Pair 5, DT). Others had complaints about the keyboards the layout was different to what they were used to on
their personal devices : “It's all mapped wrong...some of the letters aren’t matching properly” (Pair 9, DT) and “al-
though I did get used to the keyboard in the end, I still never could understand how to copy and paste, which is what I was

looking for...” (Pair 14, DT). In contrast, the positive comments in this category (19) referred to the fact that par-

ticipants found the laptops easy to use because they are familiar with these devices. For example, “I've been us-
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ing laptops so it’s easy to use” (Pair 3, DT) and “I'm more used to using a mouse, but I can use a trackpad. It wasn’t as

bad as I thought it would be” (Pair 13, DT).

Most of the comments in the devices category are also negative for VR (28). Some participants criticised the
weight of the headset: “the headset is very tiring” (Pair 4, VR) and “Like for small projects it’s okay to work with this,
but if you have a longer time period you have to work with then it would be uncomfortable” (Pair 8, VR). Similarly to
DT, users also expressed negative sentiment towards the typing experience in VR. For instance, “I wasn't the
biggest fan of the typing though” (Pair 9, VR) and “I can't find any symbols on the keyboard...and the option to go to the
next paragraph... those two things I could not find” (Pair 9, VR). In contrast, there are only 9 positive comments for
VR devices. There was only one positive comment regarding the headset: “I like the headset, pretty comfortable”
(Pair 7, VR). Additionally, the same participant pair found that “it was pretty self-explanatory, pretty easy controls
like the little handheld thing”. There were four comments which stated that typing in the VR headset was easier
than they expected. Some examples of this include, “...I expected the typing to be worse actually” (Pair 7, VR) and
“Ialso think the typing was surprisingly easy because I thought that this would be, I mean, I honestly thought that this

would take me longer to type over here as opposed to my laptop or my phone” (Pair 9, VR).
Thematic analysis: Environment

There were 102 comments in the environment category for DT and 111 for VR. The majority of comments in DT
were positive (55). Participants mentioned that Miro was really straightforward (Pair 1 DT) and that there was no
learning curve (Pair 11 DT). This is because they were “used to applications like Figma and other design applications”
(Pair 3, DT). There were 28 negative comments in this category for DT. While users acknowledge that Miro was
useful for simple tasks, they explained that the software does not have the adequate functionality needed to do
more complex design tasks. For example, “Like for the like the quick and dirty design where it's not, it's not intended
to be like design perfect, like the fact that it's not easy to align stuff” (Pair 5, DT) and “I've used the FigJam app before, I
would say it’s more convenient or more easy to use” (Pair 9, DT). Some participants also commented on the fact that
they would have preferred to see their pair visually represented throughout the collaboration process. For in-

stance, “you don’t really have a good view of what other people are doing” (Pair 2, DT) and “for me to work it out, I need
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to see someone’s face so that if they ve closed their mouth and has stopped talking for a few seconds, I know I can speak”

(Pair 13, DT).

Most of the comments for the VR environment were also positive (55). Participants generally enjoyed the infi-
nite space and the fact that they had creative freedom to do whatever they liked: “I can like drag and drop things
and I feel like it’s my own space” (Pair 12, VR) and “Okay, so basically it's very good kind of thing like where we can do
meeting and we can go creative and plus we have like lot of things we can do over here” (Pair 14, VR). There were 40
negative comments for the VR environment. Some participants thought that the “virtual space could be a bit live-
lier” (Pair 5, VR) rather than being in a “big blank warehouse looking area” (Pair 2, VR). A few others also stated
that the space became more cluttered throughout the task. For example, “Because everything is in the space, it's not
well arranged...the advantages look like everything is just going through each other” (Pair 1, VR) and “I'm spending more

time getting distracted by all the shapes” (Pair 7, VR).
Thematic analysis: Collaboration

There were 154 comments in the collaboration category for DT and 241 for VR representing the highest number
of comments in any category. For both conditions, this was the category with the most comments and the ma-
jority were neutral (DT = 115 and VR = 200). For DT, participants typically discussed how they wanted to carry
out the task and how to use Miro’s functionalities and the keyboard. “Duplicate it and then change it. Change the
shape that it is” (P1, Pair 2, DT), “Oh, wait. So, like highlight it and then” (P2, Pair 2, DT), “Highlighted and control D,

I think” (P1, Pair 2, DT).

There was a similar trend in the VR condition. The comments are generally of participants conversing with
each other to assist their pair in using Noda's features. “do you know how to delete this note?” (P1, Pair 8, VR),

“Can you do it?” (P2, Pair 8, VR), “Oh yeah, I got it now” (P1, Pair 8, VR).
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Figure 4: A Sanky diagram of the themes extracted via the thematic analysis for the conditions Desktop (DT)
and Virtual Reality (VR).

Thematic analysis: User suggestions

There were 9 comments for user suggestion for DT and 25 comments for VR. This category contained the least
number of comments overall. The positive user suggestions for DT (4) address improvements that could be
made to the laptops” functionalities. For example, they suggested that having a “touch screen...could also work
quite well” (Pair 5, DT). The negative comments (2) arise after users experiencing problems with aligning the

shapes in Miro: “It’d be much better if it had snapping to grid” (Pair 5, DT).

There were more positive user suggestions for VR (17) than DT. Participants tended to express their excitement
for using Noda and suggested features that could improve their user experience. They suggested that it “will
be fun...(if) you can customise the environment” (Pair 3, VR) and that having “voice recognition would make it faster
to enter the text” (Pair 7, VR). One pair also suggested other use cases for Noda, such as “information modeling”

(Pair 7, VR) and “visualizing how a house would look” (Pair 7, VR).
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Discussion

The aim of the paper was to evaluate collaborative brainstorming in desktop (DT) and Virtual Reality (VR) en-
vironments and via triangulation of multiple experience metrics investigate the research question: To what ex-

tent does VR enable collaboration comparable to that in traditional DT environments during brainstorming tasks?

Desktop and Virtual Reality present comparable performance

While the input modalities and software differed between the DT and VR conditions, the interface and interac-
tion design of the task was suitably matched for functionally. No significant statistical differences were found
in task performance, with both the DT and VR conditions resulting in comparable numbers of ideas generated

within the time given.

Additionally, no significant differences were found in the sentiment of user conversation, notably in the num-
ber of words uttered between pairs and the polarity or subjectivity of their discussion. This illustrates that DT
and VR can offer comparable performance regarding personal spoken sentiment and task completion for collab-
orative brainstorming tasks. Additionally while the team workload (TWLQ) illustrated a statistical difference
with VR resulting in a higher team workload, the overall thematic analysis presented comparable data trends
for both the DT and VR conditions. This mean that while users may perceive their individual workload to be
higher in VR condition, their vocalisation, verbalisation and task success illustrated comparability in the use of

DT and VR systems.

Analysis of the conversations between user pairs also highlighted how participants were more interested in the
VR condition and while this may be a result of the novelty effect with VR, it may also be a result of increased
social presence in this condition. Even though both systems simulated a remote collaboration and users were
visually separated in space from their user, the VR condition incorporated virtual avatars. As studies have shown
that increased social presence, or the use of avatars, is associated with a variety of positive communication out-
comes (Fogg & Tseng, 1999) (Fox et al., 2015), this could be attributable to the increased communication and in-

terest displayed by users for the VR condition.
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No significant difference was observed in the number of ideas created, however, DT was on average slightly
higher than VR (M = 1293, M = 11.71). The number of disadvantages and advantages created by user
pairs in the task were also comparable, with DT resultingin M = 6.93, M = 6.00, and VR resultingin M =
6.36, M = 5.36. Although both conditions compared similarly regarding the number of ideas, there was an
observed tendency for some user pairs to attempt to link up the ideas (via interconnecting lines) and differen-
tiate between the advantages and disadvantages (using colors) in the VR condition. This variation in the task
approach may illustrate an increased engagement in the VR condition, which aligns to prior work highlighted
how individuals using VR commonly exhibit higher levels of engagement in tasks than they do in a 2D (or DT)
condition (Pizzolante, Bartolotta, Sarcinella, Chirico, & Gaggioli, 2024). This finding may also be related to a po-
tential increased spatial awareness in the VR condition and the presentation of a 3D representation of the task
alongside a 3D Ul may increase their engagement (Pizzolante et al., 2024). However users did vocalise more
technical challenges in the VR condition (i.e., difficulties in typing, virtual avatar management, and headset
weight), although the reported comparability in sentiment scores of polarity and subjectivity implies that both

systems may be appropriate for collaborative brainstorming.

Despite the VR condition providing greater environmental richness and potentially increased user (and co-
worker) presence, the results demonstration only small descriptive differences in collaborative performance
between the conditions. This suggests that for collaborative tasks such as brainstorming which rely on a for-
mal structure and mutual communication, the added immersion in reality may not provide measurable perfor-

mance gains.

This aligns to work by Slater (2009) who argues that presence alone is not a proxy for effectiveness and that task
design and correct use of technology is essential.

Similarity in spoken sentiment is observed between Desktop and Virtual Reality

Recent work by Slater et al. (2022) reports on the “Problem of Measurement” highlighting that questionnaires are
simple to use but do not encapsulate the whole user experience. Slater et al. (2022) states that “ideal measure-

ments should involve this type of triangulation between several completely different approaches, such as a combination of
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configuration transitions and qualitative approaches, including sentiment analysis”. Therefore following the method-
ology of Khattri et al. (2025) and building on the recommendations of Slater et al. (2023), sentiment analysis was
applied within the task to support triangulation results for the DT and VR conditions against the task perfor-

mance and the post task questionaries.

The results illustrate no significant difference in the sentiment polarity (PS), subjectivity (SS) or total number of
words uttered in DT and VR. However, less words were uttered in the VR condition and this partially supports
the idea that VR has the capacity to fully immerse users (Joo et al., 2024). Participants may communicate less
with their pairs in VR because they are more focused on exploring the virtual world that they have been placed
in (Balcerak Jackson & Balcerak Jackson, 2024) or extracting information on how their physical body relates and
interacts with their identity in the new environment. While higher immersion often leads to higher levels of
motivation, curiosity and reflective thinking (Guerra-Tamez, 2023), these results could also highlight certain
disadvantages of using VR technology in collaboration. Specifically, that participants may be speaking to each
other slightly less because their attention is directed to identifying their pair in the VRCS (Roberts et al., 2009)
and solving technical issues with their device and avatar (Dickson et al., 1996). While this is evident in some
user comments regarding the VR devices, for example, “Oh, no, I can’t see you, but I can see you doing it”, or “I'm
spending more time getting distracted by all the shapes.” the VR condition performed comparably to the DT condi-
tion in the PS, SS and total words scores. The observed comparisons in team sentiment may have been influ-
enced by the use of open room audio for partner communication rather than spatialized device centric sound.
Therefore, future research should explore the impact of device centric spatial audio cues on team sentiment,

communication and co presence.

Commonalties in paired user conversations

Aligned to the comparable performance and the sentiment similarity between the DT and VR conditions, com-
monalities were also uncovered within the conversation detail between user pairs. Firstly, there was a higher

number of common negative words than positive words in both conditions. This finding does not necessarily
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mean that both conditions contained more negative than positive words overall and could simply imply that

more participants shared similar opinions on the negative aspects of both the VR and DT conditions.

For both conditions, it is likely that the words advantage and disadvantage and their plural forms had the high-
est frequency, this owing to these words being central in the brainstorming task. Additionally, it is important
to consider that some of the other words may also describe the task elements rather than the system of appli-
cation (i.e., positive or negative utterances within the specific task). For this reason, within specific team based
tasks like brainstorming, these common words should be examined in the context of how they appear in the

user comments regarding the system and PS and SS not be used in complete isolation.

Apart from “advantages”, the positive words that both conditions had in common included“easy” and “good”. In
the DT condition, participants commented that the platform was a “good platform” and a “good tool for what we
are trying to do”, which was “good for collaboration” especially in large groups. In the VR condition, individuals
said that the application was “good” for brainstorming and whiteboarding in meeting settings. One pair said,

“I thought it was actually better than I expected” followed with “yeah, I thought it was pretty good”. This shows that
some people may have had negative preconceptions of VR prior to this study and may have assumed collab-
oration and creative exploration would be limited in VR. In addition, they may have previously thought that
the VR condition was difficult to use especially if they do not have the required technical experience (Baniasadi,
Ayyoubzadeh, & Mohammadzadeh, 2020). These opinions were in some way demystified as participants com-
mented that the VR system was “pretty self-explanatory” with “pretty easy controls”. In some cases, the words
“easy” and “good” appeared in negative contexts. For example, “it’s not easy to align stuff” (DT) or “you don’t re-
ally have a good view of what other people are doing” (DT). This could suggest that the positive sentiment (PS = 0.2)
may be skewed by this form of comment and more comprehensive sentiment analysis using valence shifting

could be considered in future work (Slater et al., 2023).

Variations of the word “work” or “worked” also appeared frequently in both the DT and VR conditions. Com-
monly this was used in a general context to describe the way the systems work or that it could be used in work

”

tasks. In VR, however, the use of “work” is seen more commonly as a confirmation of success in the task. For
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example, “Does it work now?”. This could imply that in VR, more discussion between the pairs is needed to con-

firm that the system is working for the collaborative task.

Lastly, words which appeared only in VR included “fun” and “interesting”. Participants may have conveyed a
higher level of excitement for VR due to the novelty of VR environments (Taufik, Kunz, & Onwezen, 2021). The
fact that the word “cool” appeared more in VR than DT supports this, and may illustrate that most participants

did not experience the same level of novelty with the desktop condition.

In terms of common negative words, the words with the highest frequency in both conditions were “hard” and
“difficult”. In VR, participants used these words to comment on the usability of the VR system as well as typing
or moving objects with controllers (Foy, Dudley, Gupta, Benko, & Kristensson, 2021). In contrast, “hard” and
“difficult” were used more in DT within a context which conveys simplicity of the system. For example, “it’s
not too difficult for me to get used to it”. However, there are some exceptions to this. Examples include, “it is really

quite difficult to manoeuvre” and “changing the size of the font is hard”.

The word “Problem” occurred in DT and VR conditions. In both conditions, it is generally used to convey limi-
tations of the systems or reasons why they have expressed negativity. For example, “that’s a problem” (DT) and
“...only problem is probably can’t wear this for a long period of time” (VR). Furthermore, variations of the word “limi-
tation” appeared in DT and VR. Common limitations of mentioned in both conditions focused on hardware (i.e.,

battery life, cost, input) rather than the environment or application.

Overall, the analysis of the most common positive words showed that the users felt both applications were
appropriate to use for collaborative brainstorming task. In terms of the most common negative words, partic-

ipants focused on hardware considerations in both conditions.

Higher team workload was found in Virtual Reality

Post-study questionnaire results revealed a significant difference in team workload (TWLQ) between the DT
and VR conditions, with VR participants reporting higher perceived workload on average. This suggests that

participants considered the DT condition easier and experienced fewer challenges in collaboration than those
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working in VR. For example “I've been using laptops so it’s easy to use.” and “it’s not difficult, but it’s like it's not ex-
actly as it’s as smooth”. Although sentiment scores and overall task performance were comparable across both
conditions, the increased workload reported in VR indicates potential usability and coordination challenges

unique to immersive collaboration.

Participants in the VR condition often commented on issues related to navigation, input mechanics, and sys-
tem usability, which may have contributed to their increased workload perception. For example, “oh my God, it's
hard to type in” and “when you're trying to, like (read the ideas that we put down), it’s quite hard”. While this does not
render VR unsuitable for collaborative tasks compared with DT platforms, it highlights that users may benefit
from additional familiarization tasks or further training before engaging in complex teamwork scenarios (He et

al., 2020).

It is also important to note that the brainstorming task employed in this study used structured visual elements,
prioritising analytic consistency over open-ended creativity. Consequently, greater variability in workload per-
ceptions might emerge in less structured, more creative tasks where interaction demands and cognitive load

differ more substantially between DT and VR environments.

Communication themes reveal subtle differences between Desktop and Virtual Reality

The thematic analysis of paired user conversations revealed that more comments were found in the usability

category for the VR condition. Most of these comments were positive for VR while most were negative for DT.

Neutral usability comments commonly consisted of participants describing what they were going to do or have
done. In some cases, they also sought confirmation from their pair that what they have done is visible. Exam-
ples of this include, “Can you see my mouse? Can you see my point(er) already?” (DT) and “I was wondering if you
can copy the square, the circles” (VR). Additionally, given that users vocalised difficulties in typing in the VR con-
dition and using the controllers, could imply that the VR system is less usable than the desktop in this aspect.
This finding aligns to the conferable body of work exploring alternatives to typing in VR (Wang, Yan, Zhang,
Liu, & Wang, 2023) and alternative input paradigms (Wan et al., 2024). Therefore, it is recognised that further

research is needed to improve the usability text entry in VR.
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The negative comments regarding devices in VR also confirmed many of the disadvantages of VR. Participants
sometimes struggled to identify their pair due to avatar and device management issues (Dickson et al., 1996).
The thematic analysis also revealed more specific issues regarding the weight of the headset, typing and blur-
riness which in reality could increase cognitive load (Parmar et al., 2016) (Makransky et al., 2019). The majority
of comments relating to collaboration were neutral, commonly focusing on task leadership or supportive com-
ments task (Laal, 2013) (Thompson et al., 2021) and did not highlight specific challenges to collaborating. This
finding was also evidenced with the limited comments relating to improvements and suggestions for both con-
ditions. In the VR condition participants stated that they were impressed with the features and suggested ways

of improving them further, notably relating to typing and avatar visibility.

Triangulation of multiple measures is recommended for collaborative performance as-

sessment

A recent critique of VR research concerns the over reliance on post-experiment questionnaires rather than meth-
ods that capture participants’ actual experiences (Paulsen et al., 2024). In this study, post-study questionnaires
were used to assess user impressions and perceived workload but were complemented by sentiment analysis of
participants’ dialogue during the collaborative task, extending the approach proposed by Khattri et al. (2025).
This triangulated methodology of combining objective performance metrics, sentiment analysis, and thematic
evaluation, is novel to this work and provides a richer understanding of collaborative brainstorming in VR and

DT conditions.

While performance results alone suggested similar outcomes across conditions, post-study workload ratings
indicated that collaboration in VR was perceived as more demanding. Moreover, sentiment analysis revealed
comparable positivity (PS) and subjectivity (SS) between conditions, yet differences emerged in the total words
spoken and in the frequency of negative comments identified through thematic coding. These findings reinforce
the value of incorporating sentiment and user dialogue based measures alongside conventional task metrics

and questionnaires to capture richer aspects of user experience.
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Although more advanced sentiment analysis models could yield finer grained insights, specifically those that
include valence shifting (Slater et al., 2023) the present study demonstrates the feasibility and potential of inte-
grating sentiment analysis within evaluation frameworks of user experience. However, depending on the task,
research should consider how task related dialogue can overlap with experiential dialogue, i.e., when partici-
pants alternated between discussing the task and commenting on the system. In this case sentiment scores may
partially reflect both task content and user attitude and therefore highlights an important avenue for refinement

in future research.

Limitations

While we consider this study to be a success and believe the results offer valuable insights to illustrate the com-
parability of VR and DT for collaborative brainstorming tasks, we acknowledge some limitations and future

avenues for research.

Firstly, in this paper, we use the term collaboration to describe coordinated group activity toward a shared goal.
However, given the structure of the brainstorming task, participant interaction primarily reflected cooperative
behavior, characterised by parallel idea generation with intermittent coordination rather than deeply interde-
pendent collaboration. While the study examined teamwork and communication, the task itself focused on idea
generation rather than joint problem-solving or decision-making. As such, the depth of collaboration observed
may have been limited to cooperative interaction rather than fully interdependent teamwork (Salas, Cooke, &
Rosen, 2008). Additionally, the open ended nature of the brainstorming task used may have introduced greater
variability for task success, therefore leading to less pronounced differences between conditions, more heteroge-
nous responses from participants, and wider confidence intervals (Table 2). Future research should therefore
employ more structured design or decision based tasks that require a cooperation in strategy and negotiation,
which may reveal deeper insights into the potential differences DT and VR offer to collaborative processes. Ad-
ditionally, as participants were co-located in the same space but physically separated with a screen rather than

geographically remote, communication dynamics may have been influenced by shared physical context and

34



this may not represent remote working or remote device use. Future work should explore remote VR collabora-

tion to explore distributed team scenarios.

This study also demonstrated the feasibility of incorporating sentiment analysis into evaluations of VR, thus
building on work of Slater et al. (2023) and Khattri et al. (2025). However, as the VADER (Gilbert, 2014) method
implemented in this study does not consider valance shifting, meaning that statements like “this is not very good”
or “this is not bad” will return incorrect polarity, more sophisticated methods, such as BERT (Devlin et al., 2019)
or RoBERTa (Liu et al., 2019), could be employed in future. Additionally, future work could move beyond in-
dividual utterance sentiment to analyze team based interpersonal dynamics such as, roles, leadership, turn-
taking, distribution of conversation or shared emotional similarity. Additionally visualization methods for pre-
senting real-time sentiment feedback in collaborative systems could also enhance team awareness and poten-
tially improve emotional communication within teams of mixed abilities or backgrounds. Additionally, terms of
participant recruitment, we aimed to recruit a large population sample (N = 56, Npairs = 28) with considerable
diversity in background, however we acknowledge the sample comprised primarily of students. Therefore fu-
ture work should include professional and multidisciplinary teams to assess generalisability. Finally, we would
welcome replication of this study across different task types which offer unique challenges not found in brain-
storming (i.e., assembly tasks or creative design). This wider exploration would help create a more generalised

set of findings to inform the design of immersive collaborative systems.

Conclusions

The aim of this study was to examine user experience when performing collaborative brainstorming tasks in a
traditional computer-based environment (DT) and Virtual Reality environment (VR). User pairs (Npairs = 28)
were tasked to collaboratively brainstorm ideas for a chosen topic for ten-minutes. To overcome the reported
problems with user experience assessment, notably the over reliance on post task questionnaires for VR, we
presented an in depth triangulation of quantitative and qualitative performance, sentiment analysis and team
workload. Task completion accuracy was measured using the number of ideas generated within the brainstorm-

ing captured. Additionally, participant conversations were recorded during the collaboration and sentiment
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analysis via the VADER method was applied to determine the degree of positivity and negativity in the experi-
ence. We illustrate the level of commonality in both the task performance and the user sentiment between con-
ditions. Lastly, to identify the general trend of user opinion in both conditions, a thematic analysis was carried

out structured against the labels: usability, devices, environment, collaboration and user suggestion and user

team workload assessed using the Team Workload Questionnaire (TWLQ).

The results of both the sentiment analysis and task performance illustrated no significant difference between
collaborative experience and task performance when completing brainstorming in a VR or DT environment.
This illustrates comparability in paired working across both platforms and therefore offers insights to the po-
tential use of VR for collaborative team-working. Additionally, the thematic analysis revealed that participants
in the VR condition were more inclined to experiment with tools presented to them in the virtual environment.
However, participants did report on more technical considerations for VR technology, notably relating to typ-
ing, avatar management and headset weight. This suggests that whilst both systems VR and DT systems are
suitable for collaborative brainstorming, there may be more technical considerations which still require further
research for VR. Results of the Team Workload Questionnaire (TWLQ) confirmed this outcome with a statistical

difference being observed between the VR and DT conditions and a higher workload reported for VR.

This work demonstrates that collaborative brainstorming in VR can achieve outcomes comparable to desktop
(DT) settings across multiple measures of performance, communication sentiment, and perceived workload.
The triangulated approach highlights the value of combining behavioral, linguistic, and experiential data in
evaluating collaborative systems. While VR introduced higher team workload, the overall collaboration pat-
terns remained consistent, suggesting its viability for creative teamwork rather than superiority over desktop

tools.

By presenting a triangulation between multiple measures of collaborative task completion our results illustrate
that quantitative data cannot be analyzed in isolation and the nuances in user sentiment and opinion should be
considered for a more in depth insight of their experiences. We further recommend that future studies should
consider this triangulation of objective measures alongside in experience sentiment and post tasks analysis to

evaluate VR and collaborative computing systems in future.
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