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ABSTRACT 
 
 
 

USING VIRTUAL REALITY TO PROMOTE OUTDOOR WALKING ON A COLLEGE CAMPUS 
 
 
 

Walking carries many individual and community-level benefits, including physical and 

mental health effects, climate acKon, community building, and equitable transportaKon 

opKons. When designing for walkability, transportaKon planners are underserved by the 

tradiKonal design process and have voiced a need for more rigorous research. Common 

research approaches into built environmental factors of walking struggle to address local 

context and causality. As a research method, virtual reality (VR) has the ability to provide this 

much-needed site-specific experimental data. The purpose of this dissertaKon is to use VR to 

pretest potenKal changes to the built environment on a college campus in order to promote 

safe walking. In two studies, this dissertaKon (1) assesses the feasibility and acceptability of a 

novel VR simulaKon and study protocol examining the effects of street modificaKons to a real-

world university campus and (2) pretests two potenKal intervenKons under consideraKon by 

decisionmakers. 

Study 1 details the development of a VR simulaKon depicKng a 104,000 m2 secKon of 

Colorado State University’s (CSU) campus. CollaboraKon with CSU TransportaKon and the City of 

Fort Collins aided in idenKfying appropriate features to render in VR and in designing a study 

protocol which addresses safety concerns in the area. This protocol and the simulaKon are 

piloted in a feasibility and acceptability study (n = 21) following the guidelines of the CONSORT 

standards’ extension to feasibility studies. The pilot study’s objecKves are to (1) detect issues 
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with the VR simulaKon and protocol and (2) monitor inducKon of cybersickness and presence. 

The pilot data met prespecified criteria for missingness, cybersickness, and presence but failed 

to pass the study duraKon criterion, indicaKng that efficacy study (Study 2) sessions should be 

scheduled for a longer duraKon. Pilot data revealed limited variability in behavioral measures 

and a strong possibility of learning and differenKal carryover effects confounding the 

invesKgated factors. SoluKons to these unexpected issues are discussed in Study 1 and 

implemented in Study 2. Study 1 centers reproducibility by outlining a VR development 

workflow and study design recommendaKons for academic-governmental collaboraKon. Thus, 

Study 1 will support addiKonal universiKes and municipaliKes interested in conducKng similar 

research to efficiently alter their built environments to promote walking for transport. 

Study 2 used this VR simulaKon to quanKfy the effects of two types of separated bike 

lane on pedestrians, a notable gap within acKve transportaKon literature. Specifically, this study 

invesKgates how percepKons of Alfonzo’s four environment-related walking needs (accessibility, 

safety, comfort, & pleasurability), walking routes, and community opinion are affected by the 

City of Fort Collins and CSU TransportaKon’s intervenKon opKons: (1) two new marked 

crosswalks and a separated bike lane created with flexible delineators and (2) two new marked 

crosswalks and a separated bike lane created with concrete barriers. To do so, 75 university 

students and employees who frequently visit the intervenKon area parKcipated in a within-

subjects protocol. Over 12 trials, they were asked to repeatedly cross a virtual campus street 

depicKng the two intervenKons and the as-built condiKons. At the end of each trial, parKcipants 

self-reported their percepKons of walking needs. MulKlevel structural equaKon modeling 

indicated that both intervenKons boosted perceived safety and comfort compared to the as-
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built condiKon when accounKng for control variables; however, the flexible delineator condiKon 

also enhanced percepKons of accessibility and pleasurability. Furthermore, the four assessed 

walking needs created a within-level latent variable, represenKng exposure-based audiovisual 

walkability percepKons, which provides addiKonal support for Alfonzo’s walking needs model. 

Both intervenKons resulted in higher values of the exposure-based audiovisual walkability 

percepKons variable. Based on mulKlevel logisKc regression models, the conKguous concrete 

barrier condiKon resulted in the highest odds of using a marked crosswalk although the flexible 

delineator environment also showed improvement compared to the as-built condiKon. In a 

post-VR survey, parKcipants showed an overwhelming preference for the flexible delineator 

environment, noKng in free response items that it promoted safety while preserving a pleasant, 

open environment and allowing free movement of road users. Discrepancies between data 

collected in-VR and post-VR are discussed with reference to salience and recall bias. Thus, this 

study highlights the value of simulaKon-based research enabling real-Kme data collecKon in a 

controlled sejng. This study progresses walkability research through reinforcing the influence 

of street-scale intervenKons and addressing a gap in the literature regarding a common type of 

safety countermeasure. Lastly, this dissertaKon provides an acKonable recommendaKon to local 

decisionmakers based on site-specific causal evidence for the design of CSU’s campus. 
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STUDY 1: APPLYING VIRTUAL REALITY AND CROSS-SECTOR COLLABORATION TO COLLECT SITE-

SPECIFIC EVIDENCE FOR WALKABILITY INTERVENTIONS: A PILOT STUDY AND GUIDELINES 

 
 
 

Contemporary urban design discourse strives toward walkability for its individual and 

community-level benefits. As a form of physical acKvity, walking reduces an individual’s risk of 

mulKple noncommunicable diseases listed on the top ten leading causes of death in the US 

(Murphy et al., 2024), including cardiovascular disease (#1) (Arne9 et al., 2019; Tian & Meng, 

2019), numerous cancers (#2) (Friedenreich et al., 2021; McKernan et al., 2019; Rezende et al., 

2018), and type 2 diabetes (#8) (Cleven et al., 2020). Walking is also connected to a lower risk 

for (Firth et al., 2020) and fewer symptoms of anxiety and depression (Z. Xu et al., 2024). In the 

absence of pathology, walking behavior correlates with wellbeing (Kelly et al., 2018; Singleton, 

2019), and walking for transport, specifically, is related to posiKve affect (Scrivano et al., 2024; 

Singleton, 2019). At the community level, walking is linked to subcategories of social capital, 

such as community acKon (Stroope, 2021). It also may lead to increased stewardship of a 

neighborhood by prompKng a sense of belonging (Soni & Soni, 2016).  

PromoKng acKve transportaKon is a form of climate acKon. Greater than a quarter of the 

US’s total greenhouse gas emissions originates from transportaKon, half of which is released by 

passenger cars, SUVs, and light-duty trucks (U.S. Environmental ProtecKon Agency Office of 

TransportaKon and Air Quality, 2024). CreaKng neighborhoods that facilitate acKve commuKng 

can a9enuate the transport-related use of fossil fuels and greenhouse gas emissions (Alessio et 

al., 2021; Hinckson et al., 2026). Furthermore, designing communiKes such that residents can 

access needed resources (e.g., groceries) without personal vehicles is a form of equitable design 
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(Arellana et al., 2021; Rojas-Rueda et al., 2024). Specifically, walkable neighborhoods enable a 

form of transportaKon in which equipment and specialized skills are not needed. 

Literature review 

When tasked with invesKng budgeted funds in intervenKons that will promote walkable 

environments, design pracKKoners (e.g., urban planners, transportaKon planners) are 

underserved by the tradiKonal design process, which prioriKzes motor vehicles (Global 

Designing CiKes IniKaKve & NaKonal AssociaKon of City TransportaKon Officials, 2016). 

Furthermore, Marshall (2024) contends that the current process for traffic design is primarily 

based on historic precedents and faulty outdated metrics. Indeed, design professionals have 

voiced a need for more rigorous research into the pedestrian experience (Bozovic et al., 2021). 

Keil and colleagues (2023) states that current urban design pracKces elicit verbal user input 

(e.g., town halls), but pracKKoners should collect and incorporate behavioral data. When 

transportaKon planners search for scienKfic research to inform their pracKce, they find study 

designs that cannot address their core quesKon, which centers around causality (i.e., “Which of 

the available intervenKons will cause addiKonal and/or safer walking in a specific locaKon?”). In 

built environmental research such as that examining the impact of street design, study designs 

that support causal claims have been challenging (Ghanbari et al., 2024; Spitzer & Graham, 

2025). For example, researchers cannot randomly assign parKcipants to live in idenKcal 

neighborhoods save for a manipulated variable. Consequently, walkability researchers have 

se9led for correlaKonal designs and natural experiments, both of which advance understanding 

of where people choose to walk but cannot provide robust causal evidence for how to 

encourage people to walk. 
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Recent correlaKonal research quanKfied associaKons of walking with street-level 

greenness (Cao et al., 2022; Chandrabose et al., 2024; Koo et al., 2022; PonKn et al., 2022; C. 

Yang et al., 2022), availability of public transportaKon (Peng et al., 2024; C. Yang et al., 2022; L. 

Yang et al., 2022), land use (Suminski et al., 2023; C. Yang et al., 2022; L. Yang et al., 2022; Yin et 

al., 2023), density (PonKn et al., 2022; X. Wang et al., 2022; C. Yang et al., 2022), acKve 

transportaKon infrastructure (e.g., mulKuse paths) (PonKn et al., 2022), and this infrastructure’s 

quality (Cao et al., 2022; Peng et al., 2024). Yet, correlaKonal studies can struggle to eliminate 

confounds, such as regular walkers self-selecKng into walkable neighborhoods. On the other 

hand, many natural experiments compare behavior in an environment before an intervenKon 

with that awer the intervenKon has been implemented. In reviewing natural experiments 

concerning mulKuse paths, Fast and others (2025) concluded that regions generally see an 

increase in acKve transportaKon awer the creaKon of new trails. Similarly, boosts in physical 

acKvity are commonly observed awer acKve transportaKon infrastructural improvements and 

park renovaKons (Y. Zhang et al., 2022). Natural experiments are also an important source of 

evidence regarding whether a given intervenKon was effecKve, such as whether a new park 

boosted walking (Anderson et al., 2024). SKll, they are limited by the subopKmal selecKon of 

comparison environments (Sun et al., 2023).  

In addiKon to challenges with causal inferences, correlaKonal and natural experimental 

research can be difficult to apply to a specific locaKon. Both social ecological models of behavior 

(Sallis et al., 2008) and transportaKon planning principles (U.S. Department of TransportaKon 

Federal Highway AdministraKon, 2007) emphasize that local factors, including culture, policies, 

and exisKng infrastructure, can modify the effecKveness of new intervenKons. The context 
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within which a transportaKon planner is working may not match with the specific characterisKcs 

of exisKng literature. Some researchers adjust for this locaKon effect within their own results by 

collecKng data across regions and controlling for factors of local context within analyses (i.e., 

locaKon, neighborhood socioeconomic status) (Brakenridge et al., 2025; Cerin et al., 2022; 

Chandrabose et al., 2024; Suminski et al., 2023). SKll, the root query of transportaKon planners 

involves predicKng how potenKal intervenKons will perform within a specific local context, not 

how intervenKons perform controlling for context. Thus, to progress the effort to design 

healthy, connected, and sustainable ciKes, it is vital to develop new approaches to proacKvely 

idenKfy which built environmental intervenKons are most effecKve at promoKng safe walking 

when applied to a given context. 

 Virtual reality (VR), an assortment of immersive technologies that surround users with a 

simulated world, has the ability to provide this much-needed site-specific scienKfic data 

(Newman et al., 2022; C. Wang et al., 2024). Through exposing individuals into potenKal futures 

via VR, research teams can predict the effects of intervenKons in a specific locaKon and 

community. Confounding variables, such as weather and traffic variability, can be standardized 

so that the direct causal effect of the potenKal intervenKons can be more clearly observed. 

Furthermore, VR can be employed to collect data regarding unsafe pedestrian behaviors such as 

crossing a street without a marked crossing (Mukoya et al., 2024). 

Limited research has used VR to invesKgate how the built environment alters walking 

(Ghanbari et al., 2024; Spitzer & Graham, 2025). Some studies have harnessed VR to examine 

conceptual models and advance walkability theories (Facchini et al., 2025; Silvennoinen et al., 

2022). More commonly, VR has also been employed in applied research, comparing street 
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design opKons. The influence of sidewalk width (Facchini et al., 2025; Hori et al., 2024; Park & 

Kwon, 2023) and added greenery (BaKstatou et al., 2022; Birenboim et al., 2021; Facchini et al., 

2025; Ghanbari et al., 2024; Park & Kwon, 2023) on pedestrians are frequently tested in VR. 

Several researchers have examined pedestrian responses to unconvenKonal street designs (Sim 

& Cho, 2025; Vo & Kim, 2024), such as shared streets (H. Lee & Kim, 2021; L. Xu et al., 2022).  In 

fact, several studies have measured pedestrian crossing behavior in the context of shared 

streets (Argota Sánchez-Vaquerizo et al., 2024; Kwon et al., 2022). VR research into crossing 

decisions has frequently invesKgated visibility obstrucKons (Kwon et al., 2022; Llinares et al., 

2020; Luu et al., 2022), and crosswalk design (Argota Sánchez-Vaquerizo et al., 2024; C. Lee et 

al., 2025; Luu et al., 2022). Lastly, VR offers a controlled paradigm to study environmental 

influences on pedestrian wayfinding, the act of planning and execuKng a route to a specified 

locaKon (Chen et al., 2023). 

Of course, this research must be contextualized within the absolute and relaKve 

similarity among responses to environments rendered through VR, those depicted through 

other 2D media, and those experienced in the real world. ExisKng research indicates that many 

psychological, physiological, and behavioral responses can be simulated relaKvely well in VR 

although they are not idenKcal to behavior in the real world. For example, VR can elicit realisKc 

physiological and psychological fear responses (Baldini et al., 2022; Leichtweiß & Yigitbas, 2024). 

Relatedly, pedestrians esKmate the risk of crossing a virtual street comparably to the same 

street in real life (Bhagavathula et al., 2020). Despite this, literature indicates that individuals 

alter aspects of their gait in VR (Renaux et al., 2022), such as cadence and duraKon of the 

walking phase on two feet, reflecKng apprehension (Mason et al., 2023). The size of these gait 
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modificaKons has been linked to experience in VR (Nasiri et al., 2022) and are not observed in 

all studies (Palmisano et al., 2022). Furthermore, individuals display more cauKous street-

crossing behavior in VR than in real life, such as observing traffic longer before a9empKng to 

cross; however, research is unclear whether individuals select similarly-sized gaps in traffic as in 

the real world when they choose to cross (Angulo et al., 2023; Schneider et al., 2022). 

Like much research into the similarity of real-world responses and those simulated in VR, 

research is mixed regarding walking decisions and walking intensity. Walking intensity based on 

heart rate has been shown to both be similar and lower in VR depending on the selected metric 

(Spitzer et al., 2025). Accelerometry data indicates that individuals choose to walk at a lower 

intensity in VR than in the real world (Spitzer et al., 2025), which aligns with the observed 

cauKous alteraKons to gait (Mason et al., 2023). Research comparing self-selected walking 

duraKon in real-world and VR environments observes that these can match under parKcular 

circumstances but also reports discrepancies based on the order in which the environments are 

experienced (Spitzer et al., 2025, 2026). These results may be influenced by extraneous factors 

such as parKcipant faKgue and the previously menKoned differences in walking mechanics 

(Mason et al., 2023). Generally, wayfinding behavior is similar in VR and the real world (Dong et 

al., 2022). 

Regarding percepKons, virtual environments are judged to be similarly relaxed (Spitzer et 

al., 2025), pleasant (Spitzer et al., 2025), and beauKful (Shi et al., 2020) compared to their real-

life counterparts. SKll, percepKons of spaciousness (Nishio & Ito, 2020; Spitzer et al., 2025) and 

broadness (Nishio & Ito, 2020) differ, which is in accordance with research indicaKng distance is 

underesKmated in VR (Creem-Regehr et al., 2023). Despite these differences, individuals rate 
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their moKvaKon to walk as equivalent in real spaces and virtual replicas (Spitzer et al., 2025). 

Most importantly, environmental percepKons and affecKve responses based on VR exposures 

are more realisKc than those elicited from 2D representaKons (Higuera-Trujillo et al., 2017; 

Newman et al., 2022). 

The high heterogeneity of results regarding the degree to which responses in VR match 

those of the real world may be explained by the wide diversity of technologies encompassed by 

VR. VR approaches vary in many key features, such as hardware (e.g., head-mounted display 

(HMD) vs. CAVE system), traveling techniques (e.g., overground/real walking, omnidirecKonal 

treadmills, joysKcks), rendering speed (i.e., frames per second), latency (i.e., delay between user 

input and simulaKon response), and visual realism (e.g., stylized vs. photorealisKc). Namely, 

each of the previously menKoned VR features can influence the experience of presence 

(Bu9ussi & Chi9aro, 2018; Mayor et al., 2021; Newman et al., 2022), defined as the sense of 

“being there” (Heeter, 1992, p. 262), and cybersickness (Ang & Quarles, 2023; Caserman et al., 

2021; Mayor et al., 2021), which describes the moKon sickness-like symptoms that can 

accompany VR exposure (Jerald, 2015). Immersive technologies’ ability to induce presence is 

one of their primary benefits as research methods (Felton & Jackson, 2022). Rather than 

imagining being in a street sejng based on a 2D image, which can lead to biased predicKons of 

traffic safety (Fitch & Handy, 2018), parKcipants immersed in VR can judge while feeling as 

though they are really in the depicted environment. Unfortunately, the current generaKon of 

immersive technology carries varying risk of cybersickness. The mechanism by which these 

symptoms occur is debated with theories spanning from the conflict between propriocepKve 

and visual sKmuli to the disparity between the simulated distance from the eye to a virtual 
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object and the actual distance to the pixels rendering that object (Caserman et al., 2021). 

Regardless of origin, cybersickness risk should be minimized both due to ethical reasons and 

because cybersickness is negaKvely correlated with performance on study tasks (Weech et al., 

2019). Thus, VR is a viable approach to address the idenKfied gaps present in walkability 

discourse, but researchers and pracKKoners should be aware of its limitaKons. Because of the 

diversity of VR technologies and their induced levels of presence and cybersickness, it is 

valuable to test a parKcular VR use case before it is employed in a large-scale study. 

A pilot study appraises the ability and uKlity of execuKng a study protocol by performing 

a scaled-down version of the proposed study (Eldridge, Lancaster, et al., 2016). Data collecKon 

for environmental exposures in VR can be challenging and fraught with unexpected errors 

(Birenboim et al., 2021). A pilot study can assess the feasibility of a large-scale data collecKon 

effort and idenKfy unexpected problems (Viechtbauer et al., 2015), such as these simulaKon 

errors. Indeed, there are several examples of pilot studies tesKng a VR protocol for idenKficaKon 

of built environmental features affecKng physical acKvity (Birenboim et al., 2021; Guo et al., 

2022; Oselinsky et al., 2023; Ramirez Juarez et al., 2023; Ullmann et al., 2020).  

The current pilot study assesses the feasibility and acceptability of a study protocol using 

a novel VR simulaKon. Aligned with Spitzer and Graham’s (2025) call for researchers to 

collaborate with local decisionmakers to advance applied VR walkability research, the study 

protocol tested in the current invesKgaKon was developed with input from local municipal 

transportaKon planners. Through cross-sector collaboraKon, this research project pretests two 

potenKal intervenKons and provides site-specific data to be used to directly and immediately 

inform the design of a real built environment to promote safe walking. Namely, this work was 
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completed in partnership with the City of Fort Collins and Colorado State University (CSU) 

TransportaKon to examine opKons for an intervenKon along Lake St, a city-owned street 

through CSU’s campus. Following the extension of CONSORT’s guidelines to feasibility trials 

(Eldridge, Chan, et al., 2016), specific objecKves for the current pilot study have been 

formulated:  

Feasibility objecKve: To detect issues with the VR simulaKon and protocol. 

Acceptability objecKve: To monitor inducKon of cybersickness and presence. 

Feasibility and acceptability criteria 

As outlined by the pilot studies extension of CONSORT 2010’s statement (Eldridge, Chan, 

et al., 2016), criteria for feasibility and acceptability were prespecified. This statement clarified 

that failing to meet prespecified criteria does not necessarily signal that a larger trial is 

infeasible, but that changes to the protocol are necessary. The CONSORT extension 

recommended a “stoplight” approach: If observed measures fall between a target threshold 

(i.e., a green light) and a lower threshold indicaKng infeasibility (red light), efficacy studies can 

proceed with proper protocol adjustments (yellow light). 

Following Benne9’s (2001) guideline that ≥ 10% missing data can result in biased 

staKsKcal models, a study compleKon criterion was formulated: > 90% of parKcipants will 

complete all study protocols within 1 hour. For this criterion, there was no lower threshold: If 

the target threshold was not met, sessions for subsequent studies would be lengthened to an 

appropriate duraKon esKmated using the present data. A missingness criterion adhered to the 

same guideline: < 10% of study sessions will result in unusable primary outcome data due to VR 
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simulaKon errors. A lower threshold was set at < 30%. The primary outcomes for the future 

efficacy study are environmental judgements reported at the culminaKon of each trial. 

Specifying acceptability criteria involved idenKfying published thresholds for the 

employed measures of cybersickness and presence. The VR Neuroscience QuesKonnaire (VRNQ, 

Kourtesis et al., 2019) outlines cutoffs for usability, in which higher scores indicate greater 

usability even for the domain measuring cybersickness. Thus, the target threshold for the 

present invesKgaKon was set at the upper cutoff of the VRNQ’s scale (median ≥ 30) and the 

lower threshold set at the minimum cutoff (≥ 25). Concerning presence, Melo et al. (2023) 

created a grading scale for the survey uKlized in this study (igroup Presence QuesKonnaire [IPQ], 

Schubert et al., 2001). An “acceptable” grade was applied at mean scores ≥ 3.86, the current 

study’s target threshold (Melo et al., 2023). “Marginally-acceptable” described scores between 

this upper cutoff and ≥ 3.47, selected as the lower threshold of this study. “Not acceptable” or 

failing grades were applied below this cutoff. 
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STUDY 1 METHOD 
 
 
 
VR simulation 

The simulaKon employed in this study depicts the 104,000 m2 intervenKon area (Figure 

1), complete with buildings, cross streets, sidewalks, signage, street furniture, and greenery to 

match the real environment. The simulaKon was highly immersive with HMD tracking providing 

6 degrees of freedom (6 DoF) (LaViola et al., 2017), meaning the simulaKon was responsive to 

the HMD’s rotaKonal movement around the X, Y, and Z axes (+3 DoF) and its translaKonal 

movement along these axes (+3 DoF). I independently developed this simulaKon following the 

workflow presented in Figure 2. 

Figure 1 

Map of interven7on area 

 

Note. Gold rectangle represents VR simulaKon boundary. Satellite image limits denote boundary 
originally built using Autodesk InfraWorks Model Builder (2024). 
 



 

 
12 

Figure 2 

VR simula7on development workflow 

 

 

Data sourcing 

Ground and building geometries. The Model Builder feature of Autodesk InfraWorks 

(Version 24.1.3.129, 2024) was used to import OpenStreetMaps GIS data (n.d.) containing 

street and building geometries and transform the GIS data into meshes (i.e., 3D models). The 

ground geometries created by Model Builder incorporated topography data at a resoluKon of 10 

m from the NaKonal ElevaKon Dataset (U.S. Geological Survey, 2024). The building geometries 

are modeled using building footprint, roof style (e.g., pitched or flat), and approximate building 

height data from OpenStreetMaps (n.d.). The Model Builder feature also applies default 

textures to building facades. Although the boundary of the navigable simulaKon was set at 

104,000 m2, the area imported via Model Builder was much larger (1,572,000 m2) so that the 
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simulaKon displayed context around the intervenKon area. This protects against VR users 

discovering the edge of the simulated environment. As addiKonal meshes can greatly increase 

the required processing power and reduce simulaKon performance (e.g., stu9ering frames) 

(Singh et al., 2022), I deleted context geometries occluded from vantage points in the navigable 

intervenKon area. 

Building facades. Using a Nikon DSLR camera (Model 5600), I captured high-resoluKon 

photographs of the exisKng building exteriors within the intervenKon area.  

Data cleaning and 3D modeling 

 Ground geometries. Meshes represenKng the ground plane within the 104,000 m2 

intervenKon area were rebuilt to be9er match the real-world dimensions by using photographs 

of the real environment and Google Maps satellite data. Notable features of the virtual street 

that were altered to match the real world include curbs, curb cuts, lane delineaKon, mixed use 

and pedestrian paths, and sidewalks.  

Once rebuilt, the mesh geometries were imported into Blender (Version 4.4.0, 2025), 

where they underwent mesh decimaKon, which reduces the complexity of the meshes, to 

improve simulaKon performance (Singh et al., 2022). I manually 3D-modeled the intersecKon in 

which a railroad crosses Lake St in Blender to match Google Street View because InfraWorks’s 

default soluKons for this intersecKon did not match the real-world condiKons. Any other areas 

that were inaccurate to real life, such as certain street grading regions, were manually 

remodeled. Micro-scale topography, such as bumps and divots in sowscape (e.g., grass) were 

modeled using the “sculpt” tools of Blender. Next, I completed “UV-mapping.” Named awer the 

le9ers used to denote the axes of an image texture, UV-mapping is the process of aligning 3D 
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mesh verKces with locaKons on flat textures, ensuring that materials will be applied in the 

correct locaKons and scales (Flavell, 2010). 

Buildings. Similar to the treatment of ground geometries, InfraWorks buildings were 

imported into Blender, and their meshes were decimated. The approximate heights of buildings 

within the simulaKon boundary were checked and adjusted, if necessary. In Adobe Photoshop 

(Version 25, 2024), I edited the high-resoluKon photographs of building exteriors into 

elevaKons (i.e., flat projecKons of building facades). In Blender, I aligned the resulKng elevaKons 

onto their respecKve buildings via UV-mapping. There were several notable buildings that were 

not within the necessary boundaries to warrant this long process of creaKng custom facades. 

SKll, these buildings were salient; consequently, I UV-mapped them with one of the other 

custom elevaKons which was similar to the notable building’s design. For example, a parking 

garage located outside the boundary, but in clear view of the user was UV-mapped with 

elevaKons of the parking garage located within the boundary. Remaining buildings retained the 

default textures applied by InfraWorks.  

Environment building 

Ground and building materials. The building and ground geometries were imported into 

Unity Game Engine (Version 6000.1, 2025a). Using packages from the Unity Asset Store listed in 

Appendix A, I applied materials represenKng mulKple textures of grass, asphalt, pavement, 

gravel, and dirt to the ground geometries in locaKons matching the real world.  

Street-scale elements. In Unity, street-scale elements including signage, street furniture, 

fences, and parked bikes/vehicles were added in their real-world locaKons based on satellite 

data, real-world photographs, and Google Street View. Basic components for these elements 
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were downloaded via the Unity Asset Store through packages listed in Appendix A. As needed, I 

generated custom components by altering the downloaded components, such as railroad 

crossing barriers developed from generic road barriers. Notably, custom street and building 

signage was created to help parKcipants navigate in the virtual environment (Figure 3). In 

addiKon to the landmarks created by realisKc building facades, signage can help facilitate 

wayfinding through computer-generated interfaces (LaViola et al., 2017). 

Figure 3 

Examples of custom signage aiding in wayfinding 

 

 

Greenery. The “Nature Starter Kit 2” package (Shapes, 2016) was used to create bushes 

and trees each with several small, medium, and large variaKons within Unity Game Engine. The 

geometries of the variaKons were imported into Blender and decimated to create three level-of-

detail (LOD) versions for each greenery element, which were subsequently imported back into 

Unity. LOD sejngs render the highest-definiKon version of an object (called LOD0) when the VR 

user is close to the object. Lower-definiKon versions (called LOD1, LOD2...) are rendered when 

the object is in the distance. Because this pracKce minimizes the total complexity of the 
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rendered meshes, it conserves processing power and improves performance (Singh et al., 2022). 

When the highest resoluKon of a tree was presented (LOD0), it swayed sowly as if a breeze was 

blowing. AddiKonally, the hue and saturaKon of the downloaded greenery was altered to be 

more realisKc and varied. Using satellite Google Maps data, real-world photographs, and Google 

Street View, I placed the updated trees and bushes into the virtual environment in the 

appropriate areas based on size. 

The real-world area also features several prominent pine trees which were added 

separately from the “Foliage Pack Free” package (Sullivan, 2017). The simulaKon featured 

spaKal audio, and bird song played from pine trees. I placed flowers (with two LOD versions) 

and addiKonal bushes (either with four LOD versions or no LOD sejngs) in locaKons matching 

the real world using addiKonal packages named in Appendix A. 

Ambient environment. A 360° photograph of Northern Colorado from Google Street 

View created a “skybox” for the simulaKon, meaning that when the parKcipant looked into the 

distance or to the sky, they saw a real photograph of the region rather than the Unity default 

background. The skybox depicted a sunny day with sca9ered cumulous clouds common for the 

area (Doesken et al., 2003). Greenery was visible near the horizon.  

Traffic. Using the Unity Asset “Urban Traffic System Full Pack” as a base (AGLOBEX, 

2025), I added motor vehicle and cyclist traffic to the simulaKon. The default LOD sejngs in the 

package were retained. I matched the routes and volumes of virtual traffic to real-world data 

from CSU’s Traffic Cordon Study – Fall Semester 2024 (Kimley-Horn and Associates, Inc., 2024). 

The virtual traffic volumes of motor vehicles and cyclists are presented in Figure 4. I developed 

addiKonal code so that these virtual road users would follow all traffic laws, including correct 
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behaviors at 4-way stops, 2-way stops, unprotected lew turns, and traffic signals. I programed 

them to yield to the VR user if the user was at a marked crosswalk landing. See Figure 5. 

AddiKonally, the virtual vehicles and cyclists tracked the virtual space 20 m and 1.5 m ahead of 

them, respecKvely. They slowed and stopped if the VR user entered this space for any reason, 

such as crossing without a marked crosswalk. Virtual motor vehicles emi9ed varying engine 

sounds (e.g., electric, gasoline, diesel engines). A custom recording of moving bicycle spokes 

accompanied cyclists.  
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Figure 4 

Vehicular and cycling traffic routes and volumes 

 

Note. Routes are labeled with the number of motorists/cyclists along the route at any given 
Kme, which is also represented by linewidth. Dashed lines indicate a looped route. 
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Figure 5 

Yielding behavior of virtual road users to VR user 

 

Note. A virtual road user yields if the VR user is within their dashed tracked space or within the 
double-dashed crossing zone. 
 

The intervenKon area contains one signaled intersecKon at the MAX Guideway, where 

public vehicular traffic travels east/west and only city-run buses travel north/south. Pedestrians 

and cyclists traveling north/south use a pedestrian signal. As reported by the City of Fort Collins, 

this signalized intersecKon operates in “free state” (J. Reed, personal communicaKon, August 1, 

2025). In essence, the signal’s default state is a green light for east/west vehicular traffic and red 

pedestrian signals. If the east/west pedestrian signal is triggered while the east/west vehicular 

signal is green, the pedestrian signal turns green. If it is triggered while the vehicular signal is 

red, the east/west pedestrian signal turns green with the vehicular signal at its next change. 

When the north/south pedestrian signal is triggered, the east/west vehicular signal turns to 

yellow for three seconds, then red. Awer four seconds with the vehicular signal on red, the 

north/south pedestrian signal is green for seven seconds. It then blinks red for 20 seconds 

before turning solid red. Awer a three second pause, the east/west vehicular signal turns green 
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again. An oncoming bus (north/south) interrupts this pa9ern approximately every 7-13 minutes 

(City of Fort Collins, n.d.).  

I replicated this signal pa9ern, excluding the bus interrupKon, in VR through custom 

coding. The VR user triggered the pedestrian signal bu9on via poinKng at it with their dominant 

hand controller.  When successfully triggered, the bu9on visually depressed, the dominant hand 

controller vibrated, and a recording of a real-world pedestrian signal bu9on played.  

Interaction implementing 

The XR InteracKon Toolkit (Unity Technologies, Inc., 2025c) formed the foundaKon of VR 

interacKon. The VR user’s dominant hand [adapted from Stylized - Simple Hands package 

(sametsylmz3d, 2022)] and controller were modeled in VR. The hand had a transparent gray 

texture and moved its fingers appropriately when the trigger and/or grip bu9ons were pressed. 

The default Nvidia PhysX engine (n.d.) simulated realisKc physics within the VR environment 

through rigidbodies. Rigidbodies are objects that can be subjected to gravity and other forces. 

Colliders are used to represent boundaries; a common applicaKon is denoKng the edges of an 

object so that it can hit other colliders and rigidbodies. In the current simulaKon, the virtual 

element represenKng the VR user contained a rigidbody. The perspecKve of the user moved in 

response to forces placed onto this rigidbody as well as the user’s physical movement via HMD 

tracking (e.g. VR user leaning forward, crouching down). 

VR travel. Since the virtual space of the simulated environment (104,000 m2) was much 

larger than any physical space available for data collecKon, physical movement of the HMD (i.e., 

real walking) could not be used as the primary VR travel mode (LaViola et al., 2017). Instead, the 

VR user moved their locaKon in the VR environment by stepping-in-place (Wilson et al., 2016). 
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As a parKal gait VR travel technique (LaViola et al., 2017), stepping-in-place requires users to 

physically complete a walking-in-place movement in order to locomote their perspecKve in VR. 

To track the VR user’s leg movement, their nondominant hand controller was placed on their 

thigh using a custom 3D-printed mount. This VR travel method was selected as it allowed data 

collecKon to be completed in a small physical space (3.33 m2, known as the “playspace”). 

Furthermore, stepping-in-place is the third most researched VR locomoKon technique (MarKnez 

et al., 2022) and has been shown induce to more presence than many other VR travel 

techniques completed in similarly sized areas (i.e., flying) (Al Zayer et al., 2020). Also, it leads to 

be9er spaKal orientaKon and more accurate distance esKmaKons compared to arm-swinging, 

another travel technique for small spaces (Wilson et al., 2016). To reduce the likelihood of a 

user’s perspecKve driwing due to incidental leg movement, the stepping-in-place protocol was 

supplemented with a conKnuous input requirement (e.g., holding a bu9on) (LaViola et al., 

2017).  

The user’s travel was executed via hand-directed steering, meaning that the direcKon of 

the dominant hand controller was used as the direcKon of travel. As compared to gaze-directed 

steering, hand-directed steering allows VR users to rotate their head while moving in a single 

direcKon (Al Zayer et al., 2020). This feature is paramount for a study invesKgaKng pedestrian 

behavior in environments with virtual road users as parKcipants must be able to pivot their 

head to check for traffic while not interrupKng their direcKon of travel. Torso-directed steering 

was considered but rejected in early tesKng phases as it did not fully divorce the direcKon of 

travel from head-pivoKng behavior. Moreover, hand-directed steering is recommended for 
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applicaKons in which the user is turning frequently (LaViola et al., 2017) as may occur in a 

pedestrian behavior study. 

 In sum, the VR user held their dominant hand controller forward from their body and 

physically rotated their body to face the direcKon they wished to travel. Then, they stepped-in-

place and held the controller’s grip bu9on. When the simulaKon detected that the user was 

pressing the grip bu9on and stepping-in-place via the hand controller mounted on their leg, a 

force was applied to the VR user’s rigidbody. This force was in the direcKon the dominant hand 

controller pointed and at the magnitude required to move the VR user’s rigidbody at a speed of 

2.5 m/s. This speed balanced the realism of simulaKon interacKon with Kme constraints of the 

study sessions as the user would travel over 2,000 m (1.25 mi) across 12 trials. Since the 

perspecKve of the user was Ked to the posiKon of the rigidbody, the movement of the rigidbody 

resulted in the perspecKve moving forward at an equivalent speed. In addiKon, the user’s 

perspecKve also followed the physical bump and sway of their body as they stepped-in-place 

because the user’s perspecKve was Ked to both virtual movement of forces placed on the 

rigidbody and the physical movement of HMD tracking. 

As menKoned, rigidbodies also have the ability to be stopped by colliders. Thus, placing 

a collider on the virtual ground and implemenKng a gravitaKonal force on the VR user’s 

rigidbody resulted in the user being able to move upon the ground’s terrain (Figure 6). 

Unfortunately, large topographic variaKon results in higher cybersickness (Ang & Quarles, 2022), 

so I created a simplified ground geometry to structure the ground collider. I formed this “physics 

ground” geometry in Blender by projecKng a high-polygon surface onto the original ground 

geometries via the “shrinkwrap” modifier. Micro-variaKons in the resulKng mesh (e.g., bumps 
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on grass) were manually fla9ened. This process resulted in an invisible smooth ground surface 

upon which the parKcipant’s viewpoint stood, which was independent of the rough ground 

geometries that were viewed by the parKcipant (named “visual ground” in Figure 6). The result 

was the VR user’s perspecKve moving forward along the topography of the physics ground 

when a lateral force was applied to the user’s rigidbody in response to them stepping-in-place. 

For instance, when the user moved from the street onto the sidewalk, their perspecKve 

smoothly transiKoned as if they had stepped up onto the sidewalk.  

Figure 6 

Physics of travel in the simula7on 
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Other virtual road users contained rigidbodies and were subject to gravitaKonal forces, 

so they too followed the topography of the “physics ground.” Colliders were added to virtual 

buildings and fences, meaning that VR users could not move through these elements by 

stepping-in-place. When they a9empted to do so, their perspecKve did not move, and their 

dominant hand controller vibrated to noKfy them they had collided with an object. Street-scale 

objects that did not constrain routes through the VR environment (e.g., signs and trees) did not 

contain colliders as geometrically-complex colliders require significant processing power and 

can hurt simulaKon performance (Unity Technologies, Inc., 2026). 

Study task. For each trial of the study, parKcipants were asked to navigate to a specific 

desKnaKon (described in Study Trials secKon). When the VR user liwed their dominant hand’s 

palm like they were looking at a phone in VR, a map of the environment appeared (Figure 7) 

idenKfying their desKnaKon as recommended by LaViola et al. (2017). The handheld map 

interface was modeled awer the Google Maps phone applicaKon. Using Adobe Illustrator 

(Version 24.1, 2020), I designed a simplified map of the virtual environment. The view of this 

map within VR was Klted 30 degrees. The VR user’s current locaKon was illustrated as a dot with 

an angle facing forward, represenKng their perspecKve. When the user turned, the dot stayed 

staKonary, and the background map rotated accordingly. Similarly, when the user moved their 

locaKon in VR, the background map translated, such that the dot was fixed at the bo9om center 

of the map at all Kmes. The desKnaKon to which the VR user was navigaKng was presented as a 

red star (Figure 7 Panel A). When the desKnaKon was not within the boundaries of map, a red 

arrow appeared poinKng to it (Figure 7 Panel B). 
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Figure 7 

Handheld map interac7on in VR 

 

 

In the 3D virtual world, the desKnaKon was marked with a red arch (Figure 8 Panel A). 

When the VR user passed through this arch, a survey dialog box appeared (Panel B), and a 

celebratory melody played akin to the sound that accompanies an achievement in video games 

(Cyberwave Orchestra, 2024). The survey dialog boxes were implemented though the 

QuesKonnaireToolkit package (Zefwih, 2023). VR users interacted with these screens by poinKng 

their dominant hand controller at the bu9ons and pressing the trigger bu9on. When the VR 

user clicked the “Next” or “Finish” bu9ons to progress the dialog page, the dominant hand 

controller vibrated. 
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Figure 8 

Virtual view of des7na7on and survey 

 

 

Game building 

 Study trials. Each study trial was created via a separate Unity Scene (12 scenes). To 

capture percepKons across the enKre 750 m secKon of Lake St, trials spanned four regions of 

the area via “locaKon pairs” (Figure 9). For each trial, parKcipants began at a common locaKon 

and moved to a corresponding desKnaKon, which required them to cross Lake St. ParKcipants 

repeated the locaKon pairs in 3 blocks (Table 1). I worked with CSU TransportaKon to ensure 

these locaKon pairs reflected realisKc pedestrian traffic pa9erns on campus.  
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Figure 9 

Study 1 start and des7na7on loca7on pairs 

 

Note. Gold rectangle represents VR simulaKon boundary. 

 

Table 1  

Order of loca7on pairs and condi7ons 

Block # Trial # LocaMon Pair CondiMon 

Block 1 

1 A As-built 
2 C Flexible delineators 

3 B Concrete barriers 

4 D As-built 

Block 2 

5 A Flexible delineators 

6 C Concrete barriers 

7 B As-built 
8 D Flexible delineators 

Block 3 

9 A Concrete barriers 

10 C As-built 

11 B Flexible delineators 

12 D Concrete barriers 
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 In a fully-crossed design, one of three street designs was added to each Unity Scene: (1) 

as-built condiKon, (2) Two new crosswalks and flexible delineators between motor vehicle traffic 

and vulnerable road users, and (3) Two new crosswalks and conKguous concrete barriers 

between motor traffic and vulnerable road users. The order in which parKcipants experienced 

these scenes was standardized to reduce complexity of the VR simulaKon (Table 1). 

 Respawning. Although virtual road users stopped when the VR user was in front of 

them, this system did not preclude all collisions between the VR user and virtual road users, 

such as if the VR user intenKonally moves into the road user. If the VR user’s rigidbody collided 

with that of a virtual road user, the VR user’s perspecKve faded to black with a message reading 

“You collided with a car, cyclist, or other object. Let’s restart the trial.” Awer three seconds, their 

perspecKve faded back into the simulaKon at the starKng point of the trial. 

 Environment boundaries. To deter VR users from diverKng from the study tasks and 

finding the edge of the simulated environment, an invisible boundary was implemented. The 

limits of this boundary are presented in Figure 1. When a VR user was within 4 m of this 

boundary, a message appeared (Figure 10). If they conKnued to move toward the boundary, the 

VR user’s rigidbody would be blocked by the collider of the boundary, meaning the VR user 

could not move outside of the boundary although they stepped-in-place. 
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Figure 10 

Boundary message 

 

 

Final simulation applications and hardware setup 

I used a Meta Quest 2 HMD (Model KW49CMEW4) wired to a Dell Alienware Aurora 

Ryzen EdiKon R14 (AMD Ryzen 9 5950X 16-Core Processor, 3401 Mhz, 32 Logical Processors, 

32GB RAM) with Nvidia GeForce RTX 3060 Ti (8GB RAM) video card running Windows 11 as 

opposed to a standalone HMD setup as the wired setup allows simulaKon processing to occur 

on the much more powerful Alienware computer. This added processing power means that the 

simulaKon can be more detailed. Accordingly, two PC-based simulaKon apps were built from the 

Unity project, corresponding to lew and right-handedness. Images of the final simulaKon can be 

found in Appendix B. 
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The study occurred in a small office-sized room (2.90 x 4.00 m). Figure 11 depicts the 

equipment setup for this project. The HMD wire was suspended over the VR user’s head by 

retracKng reels a9ached to the ceiling. This enabled the user to turn freely. Lastly, the VR user 

stood on a foam mat measuring 1.69 x 1.97 m, which provided tacKle feedback when they 

strayed from the center of the playspace. 

Figure 11 

VR equipment and room setup 

 

 

Participants 

TradiKonal power analyses are inappropriate to determine sample sizes for feasibility 

trials (Eldridge, Chan, et al., 2016). Instead, Viechtbauer et al. (2015) provides a method of 

selecKng feasibility sample size when the primary goal is “problem detecKon” such as the 

current invesKgaKon. This method uses the lowest likelihood of a problem worth detecKng and 
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calculates the sample size necessary to esKmate that the problem will occur at least once at a 

selected level of confidence (i.e., power). The lowest likelihood of a problem worth detecKng 

was set at 7.5%, such that if a problem occurs less than 7.5% of the Kme in an efficacy study, it 

can be handled as needed. At a problem likelihood of 7.5% and the convenKonal 80% level of 

power, 21 parKcipants are required. This number of parKcipants was recruited from Colorado 

State University, a large university in the US Mountain West via flyers posted in the intervenKon 

area. Inclusion criteria were: (1) is ³ 18 years old, (2) is not prone to moKon sickness, (3) is not 

suscepKble to dizziness, epilepsy, verKgo, or any other problems that would preclude them from 

using VR technology, and (4) is familiar with Lake St area as indicated by responding that they 

visit the area ³ 1x/week. 

Of the 21 parKcipants, only 18 completed the demographics survey as the study session 

duraKon elapsed before all study protocols were performed (discussed in Results Feasibility 

Criteria secKon). Most parKcipants (52%) visited the intervenKon area ³ 5x/week, indicaKng 

strong familiarity. Though parKcipants were primarily students at the university (71%), the mean 

age (25.39, SD = 6.94, Range = 20-48) was slightly above tradiKonal college age (18-22). 

Research into the relaKonship between experience of cybersickness and age is mixed with 

evidence for both posiKve and inverse correlaKons (Chang et al., 2020). Regardless of 

direcKonality, the ages of the current sample are generally representaKve of the study’s 

populaKon. Compared to those assigned male (38%), more parKcipants were assigned female at 

birth (48%), which is also linked to greater cybersickness symptoms (Stanney et al., 2020). 

Regarding VR experience, two-thirds of parKcipants had previously experienced VR, most 
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commonly through gaming (48%). AddiKonal characterisKcs of the study sample are available in 

Table 2. 

Table 2 

Study 1 par7cipant characteris7cs 

Note. Percentages may not sum to 100% as not all parKcipants responded to all quesKons. 
 

CharacterisMc Response Percentage 

AffiliaKon CSU student 71.4% 
 CSU employee 14.3% 
 Prefer not to answer / No response 14.3% 
   
Gender Woman 38.1% 
 Man 38.1% 
 Nonbinary or genderqueer 4.7% 
 Prefer not to answer / No response 19.4% 
   
Sex assigned at 
birth 

Female 47.6% 
Male 38.1% 

 Prefer not to answer / No response 14.3% 
   
VR experience No 14.3% 
 Yes 66.7% 
 1-5 x 47.6% 
 6-20 x 14.3% 
 21-50 x 0.0% 
 >50 x 4.7% 
 Prefer not to answer / No response 19.4% 
   
Area familiarity < 1x/week 4.7% 
 1-2x/week 14.3% 
 3-4x/week 14.3% 
 5-6x/week 33.3% 
 6x/week 19.4% 
 Prefer not to answer / No response 14.3% 
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Although parKcipants were screened for inclusion criteria before scheduling their study 

session, one parKcipant responded that they visited the intervenKon area < 1x/week on the 

demographics survey administered during the study session. Analyses were run with and 

without this parKcipant, and conclusions were robust against the exclusion. Results with all 

parKcipants are presented in the text; results excluding this parKcipant are reported in 

Appendix C. 

Measures 

In accordance with the acceptability criteria laid out above, inducKon of cybersickness 

was assessed with the VRISE domain of the VR Neuroscience QuesKonnaire (VRNQ, Kourtesis et 

al., 2019). This measure was specifically developed for researchers and clinicians to determine 

the usability of a VR simulaKon. The VRISE domain of the VRNQ asks respondents to report their 

experience of five symptoms associated with cybersickness (nausea, disorientaKon, dizziness, 

faKgue, & instability) on a 7-point labelled Likert scale, anchored at “1, Extreme intense feeling” 

and “7, Absent feeling” (Kourtesis et al., 2019). Higher scores are indicaKve of less cybersickness 

and be9er usability. This measure has demonstrated high internal consistency (a = 0.89).   

In order to monitor cybersickness at every trial, parKcipants responded to the Fast 

MoKon Sickness QuesKonnaire (FMS), a quick raKng of sickness on a 1-20 scale (1 = “no sickness 

at all;” 20 = “frank sickness”) (Keshavarz & Hecht, 2011, p. 418). The dialog box at the end of 

each trial instructed parKcipants to “please focus on nausea, general discomfort, and stomach 

problems. Please do not include any effects due to nervousness, boredom, or faKgue in this 

raKng.” This dialog box also prompted parKcipants to respond with their raKng aloud, which was 

recorded by the researcher. Following Keshavarz and Hecht’s acKons in their validaKon study of 
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the FMS (2011), raKngs £ 15 prompted the researcher to confirm if the parKcipant wanted to 

conKnue the study. Both the VRISE domain and FMS have been independently validated against 

a longer measure of simulator sickness (Somrak et al., 2021). 

Presence was measured using the igroup Presence QuesKonnaire (IPQ, Schubert et al., 

2001), which has a 7-point Likert response scale with various labels. This survey measures three 

factors of presence: spaKal presence (a = 0.77), experienced realism (a = 0.70), and 

involvement (degree of a9enKon paid to VR simulaKon compared to the real-world 

environment, a = 0.76) (Schubert et al., n.d.). RaKngs of these factors synthesize into a single 

general score of presence which was assessed in the current study (a = 0.87). Appendix D 

contains copies of all surveys completed in the current study. 

Procedure 

 ParKcipant sessions were completed individually. Upon arrival at the laboratory, the 

parKcipant provided informed consent. Awer consent was obtained, I explained the FMS scale, 

noKng what symptoms should be included and excluded in the raKng, and asked the parKcipant 

to verbally report their current experience of sickness. I measured the parKcipant’s 

interpupillary distance using a ruler and set the HMD to the appropriate interpupillary sejng. If 

the parKcipant was wearing glasses, the Quest 2 glasses spacer was added to the HMD. Awer 

inquiring about the parKcipant’s dominant hand, I placed the controller for their nondominant 

hand into the 3D-printed mount and helped the parKcipant don the leg strap and mount on 

their chosen leg.  

I taught the parKcipant how to use (1) the trigger bu9on to select opKons on VR dialog 

boxes and (2) the grip bu9on and step-in-place procedure, mimicking the required movements. 
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I fit the wire suspension system to the parKcipant’s height and aided them in donning the 

remaining VR equipment. Necessary adjustments were made to ensure comfort and clarity. To 

minimize the parKcipant’s view of the laboratory, I turned off the room lights before launching 

the simulaKon app that corresponded with the parKcipant’s handedness. 

Once in VR, the parKcipant completed a tutorial period (mean duraKon = 6.37 min) in which 

they learned and pracKced VR skills required for the study trials, including how (1) to interact 

with dialog boxes in VR, (2) to trigger crossing signals in VR, (3) to move in VR, (4) to use the 

handheld map, and (5) to report the FMS while in VR. In addiKon, this tutorial covered 

important study informaKon: the study task (to move to a desKnaKon marked with a red arch), 

and a reminder that they could take a break or end the study session at any Kme. 

When the tutorial ended, and the parKcipant indicated they were ready to begin study 

trials, the simulaKon progressed to the first trial. The survey at the culminaKon of each trial 

consisted of five items: four regarding their judgements of the environment (the primary 

outcomes for an efficacy study) and the FMS. Awer verbally providing their cybersickness raKng, 

the parKcipant indicated they were ready to move onto the next trial, and the simulaKon 

progressed to the next Unity Scene. 

The VR segment ended either when the parKcipant wanted to leave VR or when they 

finished the 12 trials. Subsequently, I illuminated the laboratory lights and prompted the 

parKcipant to complete a post-VR survey, including the VRNQ VRISE, IPQ, and demographics 

quesKons using a desktop computer. The last page of the survey debriefed the parKcipant, and 

they received $30 as compensaKon. Colorado State University’s InsKtuKonal Review Board 

approved this study protocol (#7136). 
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STUDY 1 RESULTS 
 
 
 

Following the extension of CONSORT’s recommendaKons to feasibility trials (Eldridge, 

Chan, et al., 2016), no inferenKal staKsKcs were completed. Instead, descripKve staKsKcs were 

compared against prespecified feasibility and acceptability criteria outlined above. All analyses 

were completed in R StaKsKcal Sowware (Version 4.3.3) using RStudio (Version 2023.12.1+402). 

Feasibility criteria 

Only 66.7% of sessions finished in 1 hour far below the prespecified compleKon 

threshold of > 90%. Three parKcipants chose to stay beyond 1 hour to complete the post-VR 

survey. All primary outcome data (i.e., environmental judgements) were usable, surpassing both 

the target (< 10%) and lower (< 30%) thresholds for the missingness criterion. 

Acceptability criteria 

  Aligning with the target threshold for cybersickness, the median VRNQ VRISE score was 

30. The distribuKon of VRISE scores is presented in Figure 12. Regarding the FMS, only one 

parKcipant provided a raKng above 15 and elected to end the VR session early (Figure 13). 

Surpassing all prespecified thresholds (target: ³ 3.86, lower: ³ 3.47), the mean IPQ score was 

3.946 (SD = 0.551, Figure 14). Compared to over 200 studies using the IPQ reviewed by Tran et 

al. (2024), this score is roughly in the 84th percenKle and is within the high presence class. 

Furthermore, the spaKal presence (M = 4.600 [SD = 0.859]) and experienced realism (2.803 

[0.860]) domains met the acceptable and marginally acceptable criteria set by Melo et al. 

(2023), respecKvely. SKll, scores on involvement (3.329 [1.112]) were within the unacceptable 
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range (< 3.38). In the ranking scale presented by Tran et al. (2024), the observed spaKal 

presence falls in the high rank, but experienced realism and involvement score as moderate. 

Figure 12 

Distribu7on of cybersickness VRNQ VRISE scores 

 

 
Figure 13 

Cybersickness FMS scores across 7me in VR 

 

Note. Frequency is reflected in shade, point size, and linewidth. 
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Figure 14 

Distribu7on of presence IPQ score 

 

 

In addiKon to the IPQ and VRNQ VRISE domain, parKcipants answered several quesKons 

about their adjustment to the VR environment and the difficulty of simulaKon interacKon. (Item 

language for the la9er adopted from the VRNQ Game Mechanics domain (Kourtesis et al., 

2019).) A large majority of parKcipants found it easy to interact with objects and screens 

(16/18), to use the handheld map (15/18), and to move via stepping-in-place (14/18). The 

distribuKons of these responses are presented in Figure 15. Of those who completed the post-

VR survey, all parKcipants except two (88.9%) indicated that they adjusted to the VR 

environment as defined by feeling comfortable moving around without any disorientaKon 

(Figure 16); most parKcipants did so within less than five minutes (83.3%), meaning they 

completed their adjustment within the average Tutorial period (6.37 min). 
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Figure 15 

Perceived difficulty of simula7on interac7on 

 

 

Figure 16 

Distribu7on of self-reported VR adjustment dura7on 

 

 

Crossing observations 

ParKcipants’ use of marked crosswalks will be assessed in a subsequent efficacy study as 

a secondary outcome. Results from this current pilot study idenKfied a potenKal issue with 
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measurement of this behavioral outcome. There was li9le variability in parKcipants’ acKons: 

The proporKon of virtual Lake St crossings completed within a marked crosswalk was 86.4%. 

AddiKonally, parKcipants seemed to anKcipate the locaKons of marked crosswalks when they 

repeated a locaKon pair. Figure 17 illustrates this pa9ern: It depicts how parKcipants’ chosen 

routes changed across blocks. In locaKon pair D (Figure 17 Panel D), a common pa9ern 

appeared (45.0% of parKcipants): In the first block, many parKcipants forwent the marked 

crossing at the MAX Guideway and traveled west iniKally on the south side of Lake St, but in the 

second block, they immediately crossed Lake St at the MAX Guideway, the first available marked 

crossing. These parKcipants may have remembered that there was no marked crosswalk at 

Libbie Coy Way during the first block and anKcipated that this would be the case in the second 

block although it was not. For other locaKon pairs, parKcipants tended to repeat the same route 

in subsequent blocks (Figure 17 Panels A-C). 



 

 
41 

Figure 17 

Lake street crossings stra7fied by loca7on pair and block 
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Note. Each yellow line represents a single crossing a9empt. 
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STUDY 1 DISCUSSION 
 
 
 
 The present pilot study assessed the feasibility and acceptability of a study protocol 

immersing parKcipants into a VR replica of a porKon of a college campus. Specifically, it 

compared session duraKon, data missingness, parKcipant cybersickness, and presence to 

prespecified thresholds. Observed data met the upper thresholds for all criteria except study 

duraKon: Only about two-thirds of parKcipants completed all study protocols within the allo9ed 

hour. The predetermined pathway in the case that this criterion was not met was to extend 

parKcipants’ sessions to 1.5 hours in the efficacy study. 

 In addiKon to comparison against prespecified criteria, this study aimed to detect 

unexpected issues with the study simulaKon or protocol. The present invesKgaKon revealed a 

possibility of parKcipants adjusKng their route based on learning. This possibility of differenKal 

carryover effects is a concern because the order of condiKons and locaKon pairs was 

standardized, meaning that the effects of the intervenKons were confounded with those of 

learning. For the subsequent efficacy study, counterbalancing intervenKon order should be 

prioriKzed over coding complexity. 

Another concern was the lack of variability regarding the use of marked crosswalks, 

essenKally indicaKng inappropriate item difficulty. In two of the four locaKon pairs (A and C), the 

starKng point was directly in front of a marked crosswalk. Use of the marked crosswalk was 

convenient: Its locaKon was known, salient, and along the shortest route provided parKcipants 

a9empted to spend the least amount of Kme within the limits of the street. While these starKng 

locaKons align with real-world pedestrian volumes anKcipated by CSU TransportaKon, the lack 
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of variability in crossing decisions poses a challenge to answering the consequenKal quesKon: 

“Do the tested intervenKons result in fewer unmarked crossings?” To be9er address this 

quesKon in an efficacy study, the starKng points of locaKon pairs A and C were shiwed. Based on 

discussions with CSU TransportaKon, locaKon pairs B and D were not altered as the examinaKon 

of pedestrian navigaKon through the high-traffic intersecKon at Centre Ave (B) and from the 

highly-used bus stop on the MAX Guideway (D) were prioriKes. For locaKon pairs A and C, the 

current pilot study prompted the movement of the starKng locaKons such that the most direct 

route to the desKnaKon involved making an unmarked crossing. This adjustment increases the 

difficulty of using a marked crosswalk because parKcipants would need to search for one and 

take a less direct path in order to use it. Figure 18 shows the adjusted locaKon pairs.  

Figure 18 

Adjusted loca7on pairs 

 

Note. Gold rectangle represents VR simulaKon boundary. 
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Limitations 

Like all research methods, the approach using immersive simulaKon to study 

transportaKon behavior has inherent limitaKons. PercepKons of environments judged in VR 

replicas are known to be more similar to judgements made in the real environment than those 

made in response to 2D sKmuli (Higuera-Trujillo et al., 2017). SKll, the absolute validity of these 

percepKons to the real world varies (Nishio & Ito, 2020; Shi et al., 2020; Spitzer et al., 2025). 

Furthermore, some studies have shown more cauKous walking kinemaKcs in VR compared with 

real-world walking (Mason et al., 2023). To minimize the likelihood of experiencing 

cybersickness due to terrain variability (Ang & Quarles, 2022), parKcipants were instructed not 

to move onto large areas of grass. Because of this instrucKon and/or differences between real-

world and VR behavior, parKcipants may have selected an alternaKve route and crossed Lake St 

at a different locaKon than they would have otherwise. 

Relatedly, parKcipants in this study protocol were not walking naturally. Real walking is 

generally regarded as the opKmal VR travel method but is difficult to implement when the 

virtual space is larger than the available physical space (LaViola et al., 2017). As noted by LaViola 

et al. (2017), walking-in-place protocols address this space issue and expend energy; thus, 

choosing a longer route in VR carried both a Kme and energy cost like in the real world. SKll, it is 

possible that parKcipants’ behavior and/or percepKons of the environment were altered by the 

use of this alternaKve VR travel mode. The selecKon of stepping-in-place also limited the 

behaviors that could be measured as outcome variables (e.g., measuring walking speed was not 

appropriate) (Spitzer & Graham, 2025). 
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The results of this pilot study should not be interpreted as evidence of the simulaKon’s 

acceptability among the general public. The sample was selected from a specific university-

based populaKon. Sample characterisKcs are not representaKve of other populaKons; notably, 

parKcipants were relaKvely young. This young sample is appropriate for the current applicaKon 

of the VR simulaKon to study a university-based populaKon. Individual characterisKcs are linked 

to experience of cybersickness (Chang et al., 2020), so another pilot study would be necessary 

for the simulaKon to be used with a different populaKon. 

Guidelines for collaborative walkability research utilizing VR 

An aim of the current project is to promote the wider applicaKon of behavioral science 

to pretest built environmental intervenKons. ExisKng guidelines for the adopKon of VR into 

environmental research programs either do not detail the interdependent relaKonship between 

VR simulaKon development and study design (Birenboim et al., 2021) or do not address acKve 

transportaKon infrastructure (Joseph et al., 2020; Vasser & Aru, 2020). Furthermore, these 

recommendaKons do not idenKfy how to integrate the experKse of local decisionmakers and 

design pracKKoners. Thus, I find it useful to define specific guidelines for the use of VR in 

walkability research conducted in collaboraKon with local transportaKon planners which links 

study design decisions to VR development choices. The presented approach to collaboraKve 

study design for VR environmental research is only one of many and is far from being 

exhausKve. It incorporates lessons learned from the current study and specifies the 

bidirecKonal relaKonship between study objecKves and VR development.  

Match study outcomes with VR travel mode, wayfinding system, and study task with 

consideraMon to available resources. As noted, certain study outcomes call for VR travel 
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techniques with parKcular characterisKcs. This is most evident with behavioral outcomes, such 

as the measurement of cadence requiring a travel mode incorporaKng steps. SKll, VR travel 

modes can be resource-demanding. Some require large amounts of space (LaViola et al., 2017) 

or complex algorithms (Nilsson et al., 2018). Before choosing a VR travel mode, VR research 

teams should index the resources and experKse available to them. Relatedly, the target 

variables of a study may require parKcipants to independently wayfind within the virtual 

environment. The current study would not have been able to address local transportaKon 

planners’ inquiry about where individuals cross Lake St if parKcipants were directed where to 

walk. Thus, a wayfinding system had to be designed. To do so, it may be useful to examine how 

the target populaKon usually wayfinds (e.g., by phone applicaKon) and what landmarks and/or 

signage will assist them in orienKng themselves within the virtual environment. Both the VR 

travel mode and wayfinding system have a bidirecKonal relaKonship with development of the 

study tasks parKcipants will complete. Vassar and Aru (2020) recommend goal-directed 

behavior in virtual environments rather than passive experience. In designing the study tasks, 

VR travel, and wayfinding, consider what realisKc contextual features and real-world behavioral 

characterisKcs should be present in VR in order to address the study goals. 

Be flexible with tested intervenMons. In a VR simulaKon created via 3D modeling as 

described in Figure 2, the implementaKon and alteraKon of individual built environmental 

elements is relaKvely simple compared to the previously-menKoned simulaKon systems (i.e., 

travel, wayfinding, traffic, tasks). Thus, it may be useful to allow a degree of flexibility in the 

selecKon of which intervenKons to test as funding availability and local prioriKes change. The 

ability to align research outcomes with the goals of local decisionmakers is a benefit of 
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collaboraKon between behavioral scienKsts and transportaKon planners in conducKng rigorous 

applied research. Designing simulaKons and studies with a focus on outcomes may lead to 

future opportuniKes to reuse the protocol. For example, reducKon of unmarked mid-block 

crossings on Lake St is a goal of CSU TransportaKon; thus, the current study’s design prioriKzed 

measurement of this consequenKal outcome. In the subsequent efficacy study, the effects of 

newly introduced crosswalks and bike lane treatments on pedestrian percepKons and crossings 

will be tested. However, by developing this protocol and simulaKon around CSU TransportaKon’s 

target behaviors and outcomes, it can be easily tailored for future research invesKgaKng the 

effects of other street design opKons, such as curb extensions or bulb-outs. 

Minimize area of simulated boundaries. This guideline has been specified awer those 

addressing VR travel, wayfinding, study tasks, and simulaKon reuse as I recommend teams 

finalize simulaKon boundaries only awer previously-menKoned guidelines have been discussed. I 

discourage research teams from taking a top-down approach to this decision as completed in 

the current study. A priori selecKon of a rectangular area for virtual replicaKon resulted in the 

unnecessary development of an enKre 25,000 m2 secKon northwest of the virtual area 

parKcipants experienced. Instead, I suggest teams work together to map out the minimum 

areas that must be included in the simulaKon to achieve study goals with respect to study tasks, 

wayfinding system, and future use. If parKcipants will only experience several corridors, 

surrounding areas do not need to be replicated realisKcally in VR. If parKcipants are permi9ed 

to independently wayfind, they may stray from these corridors, and more realisKc context may 

be required. If future use of the simulaKon may immerse parKcipants in areas of the simulaKon 

not experienced by parKcipants in the current study, it may be appropriate to invest in the VR 
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development of a larger area. SelecKng simulaKon boundaries based on these study features 

ensures that resources are not allocated to the development of unnecessary secKons of the 

simulaKon.  

Harness real-world data to enhance ecological validity. Researcher-decisionmaker 

collaboraKons benefit from the sharing of resources, such as real-world data. Although not used 

in the current study, our team created a broad recruitment plan for the efficacy study that 

reaches potenKal parKcipants through uKlizing data from the campus transportaKon system. 

This collaboraKon will enable the efficacy study to recruit from publics who may not regularly 

parKcipate in behavioral science research. In another example of sharing of real-world data, 

traffic volume data provided by municipal transportaKon planners resulted in high-fidelity 

simulaKon of traffic in the VR environment. 

Simplify virtual traffic as much as possible. The implementaKon of realisKc motor 

vehicle and cyclist traffic that was responsive to other road users, traffic laws, and the VR user 

was by far the most challenging porKon of the simulaKon development for the current study. 

Thus, teams of behavioral scienKsts and transportaKon planners should work together to 

determine what degree of realisKc traffic is necessary for the specific goals of the research. 

Test the protocol with enMre team. Once key study decisions have been made and VR 

development has commenced, we suggest working iteraKvely and meeKng with the enKre team 

regularly to receive feedback. TransportaKon planners can provide experKse regarding the 

visualizaKon of the area within the simulaKon and the virtual implementaKon of the 

intervenKons. Behavioral scienKsts can offer skills related to measurement and study design 

validity. Important insight into the clarity of parKcipant instrucKons and simulaKon usability can 
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be gained by having diverse team members experience the protocol. If resources are available, a 

pilot study like the current one can be extremely informaKve. 

Using these guidelines. To aid readers in considering these guidelines for the 

development of VR simulaKons and study designs, Figure 19 provides a compilaKon of quesKons 

that a study team with both behavioral scienKsts and transportaKon planners may find useful to 

discuss. It outlines how these quesKons may inform various simulaKon and study decisions. 

AddiKonally, an acKonable workflow describing VR development for built environmental 

research is presented in Figure 2. Indeed, there are many approaches to VR development for 

research (Joseph et al., 2020; Spitzer & Graham, 2025), and this is simply the one that this study 

has adopted.  

Conclusion and future directions 

Informed by the acceptability and feasibility of the current simulaKon and by the lessons 

learned of this pilot study, an efficacy study can be commenced while conKnuing to work 

collaboraKvely with municipal transportaKon planners. Other universiKes and municipaliKes 

may find the informaKon presented in the current study useful to begin similar research 

programs invesKgaKng how to alter their specific built environments to boost safe acKve 

transportaKon. 
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Figure 19 

Considera7ons for VR simula7on and study design
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STUDY 2: EXAMINING THE EFFECTS OF CAMPUS STREET DESIGN ON PEDESTRIANS THROUGH 

VIRTUAL REALITY WITH APPLICATION TO A REAL-WORLD INTERVENTION 

 
 

The US is facing dual public health and climate crises. Roughly three-quarters of 

Americans are insufficiently acKve (Elgaddal et al., 2022) despite overwhelming evidence that 

physical acKvity reduces incidence of all-cause mortality (Zhao et al., 2020) and cardiovascular 

disease (Arne9 et al., 2019; Tian & Meng, 2019), the top cause of death in the US (Murphy et 

al., 2024). The mechanisms by which physical acKvity reduces risk of cardiovascular disease as 

well as many other chronic diseases (Cleven et al., 2020; Friedenreich et al., 2021; McKernan et 

al., 2019; Rezende et al., 2018) are numerous, including but not limited to lowering lipid levels, 

increasing insulin sensiKvity, improving blood pressure, and decreasing stress (Moyers & Hagger, 

2023; Tian & Meng, 2019). At the same Kme, over six billion metric tons of greenhouse gases 

are emi9ed in the US each year, contribuKng to climate change (U.S. Environmental ProtecKon 

Agency, 2024), a serious health hazard (Rocque et al., 2021). Through a greater frequency of 

extreme weather events, climate change is esKmated to result in 417 million lost years of life 

and nearly 1.6 trillion years of life with a disability globally by 2050 (World Economic Forum, 

2024). Thus, powerful approaches to physical acKvity promoKon and climate acKon are crucial.  

One high-impact approach to addressing these dual crises is boosKng acKve 

transportaKon, especially among young adults. The most frequently used mode of 

transportaKon in the US is decidedly driving a personal vehicle (U.S. Department of 

TransportaKon Bureau of TransportaKon StaKsKcs, 2026, Chapter 2). Indeed, light-duty vehicles 

(e.g., passenger cars, light trucks) make up 16% of the US’s total greenhouse gas emissions (U.S. 
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Environmental ProtecKon Agency Office of TransportaKon and Air Quality, 2024). Furthermore, 

acKve transportaKon can help individuals meet recommended physical acKvity levels, and 

walking for transport is specifically linked to lower cardiovascular disease risk when adjusKng for 

other forms of physical acKvity (i.e., leisure-Kme and work-related) (Celis-Morales et al., 2017). 

Among college students, many of whom also drive as their primary transport mode (Nash & 

Mitra, 2019), adopKon of walking for transport can lead to health impacts across the lifeKme 

because college acKve transportaKon pracKces predict later pa9erns (Bopp et al., 2019). 

Therefore, establishing walking for transport pracKces on college campuses is vital. 

Literature review 

To promote walking for transport with the college community, universiKes can harness 

the influence of the built environment (i.e., the design and organizaKon of the physical 

surroundings inclusive of transportaKon infrastructure, buildings, and land use) (Saelens & 

Handy, 2008; Z. Zhang et al., 2025). There are many models specifying relaKonships between 

the built environment and walking behavior [e.g., Ewing & Handy (2009), 5Ds (Ewing & Cervero, 

2010), Gehl (2010)]. Alfonzo’s walking needs (2005), a prominent model in the field, bridges 

design and behavioral science perspecKves: It was developed as an integraKon of walkability 

research from urban design, psychology, public health, and transportaKon disciplines. As a 

result of this mulKdisciplinary synthesis, the model centers pedestrian percepKons and specifies 

how they relate to variables meaningful to design pracKKoners. Specifically, this model posits 

that the built environment can promote walking by fulfilling four needs: accessibility, safety, 

comfort, and pleasurability. Alfonzo (2005) clarifies that it is the percep7on of an environment 

meeKng these needs that influences an individual’s decision to walk. Much of the walkability 
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research and measurement tools uKlized in the last decade addresses one or more of these 

walking needs (Tabatabaee et al., 2021); see Wang et al. (2022) for a recent review. These needs 

also map onto self-reported influences on the decision to walk (Distefano et al., 2023). 

Importantly, designers consider how these concepts facilitate walking in their pracKce (Bozovic 

et al., 2021). 

For the current study, walking needs definiKons were adapted from Xu et al. (2025) 

because of brevity and lack of jargon as these needs were defined to parKcipants. Accessibility 

refers to the presence of desirable walking desKnaKons and the ease of accessing them. Safety 

concerns the absence of risk for conflict between pedestrians and cyclists/motorized traffic.1 

Comfort is the “level of physical ease and reducKon of distress experienced” during walking (L. 

Xu et al., 2025, p. 4). Lastly, pleasurability captures “aestheKc enjoyment and posiKve 

emoKonal responses elicited during” walking (L. Xu et al., 2025, p. 4).  

Virtual reality walkability research 

Emerging research examining how built environments alter walking does so in 

experimental paradigms via virtual reality (VR) technology (Ghanbari et al., 2024; Spitzer & 

Graham, 2025), which can simulate pedestrian percepKons and behavior comparable though 

not idenKcal to the real world. For example, individuals judge risk equivalently (Bhagavathula et 

al., 2020), but they may show more cauKous behavior (Angulo et al., 2023; Schneider et al., 

2022) when crossing a VR street compared to a real-world one. RaKngs of walking moKvaKon 

 

1 The walking need of safety has been conceptualized as safety from crime (Beenackers et al., 2014; Koo et al., 

2022; Sapawi & Said, 2012; Van Cauwenberg et al., 2014), from traffic (Gill et al., 2022), and from both (Lindelöw et 

al., 2014; Mehta, 2008; Rhodes et al., 2018; Vo & Kim, 2024; Wedyan et al., 2025; L. Xu et al., 2025). Research has 

established a link between the intervenSons invesSgated in the current study on traffic safety (Hu et al., 2024; Van 

Petegem et al., 2021) but not crime. Thus, I define safety in the context of traffic. 
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and environmental pleasantness provided in VR and the real-world are alike (Spitzer et al., 

2025), but those of spaciousness are not (Nishio & Ito, 2020; Spitzer et al., 2025). Perhaps most 

importantly, affecKve, psychological, and physiological responses to VR environments are more 

similar to real-world environments than responses to photographed and video-graphed 

environments (Higuera-Trujillo et al., 2017; Newman et al., 2022).  

Some walkability researchers have employed VR technology as an immersive 

representaKon technique in which parKcipants passively experience a 360-degree photograph 

or video and report judgements awer viewing street designs (Fang et al., 2024; Huang et al., 

2023; H. Lee & Kim, 2021; Nakamura, 2021; Park & Kwon, 2023; Vo & Kim, 2024). This approach 

is also increasingly common to solicit community feedback in transportaKon design pracKce 

(Alan M. Voorhees TransportaKon Center, 2020; U.S. Department of TransportaKon Federal 

Highway AdministraKon, 2022; Zimmermann & Dillé, 2019). UKlizing this approach, Nakamura 

and others (2021) evaluated percepKons of walking needs in response to 360-degree videos of 

exisKng streets with varying levels of pedestrian infrastructure (e.g., sidewalk width). In similar 

studies, Fang and colleagues (2024) and Vo and Kim (2024) quanKfied the effect of specific 

street elements on walking needs. Fang et al. (2024) primarily focused on the influence of 

individual street objects such as billboards, parked cars, and fences. These authors concluded 

that visual a9enKon only parKally mediated the effect. Conversely, Vo and Kim (2024) assessed 

the impact of walking infrastructure, finding that the presence of sidewalks as well as the 

complete absence of motor traffic (i.e., pedestrian-only avenues) improved percepKons of 

walkability measured through walking needs.  
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In addiKon to these enKre applicaKons of Alfonzo’s (2005) walking needs model, VR 

technology has been adopted to assess walking needs separately. Hori and colleagues (2024) 

examined the effect of sidewalk width on perceived safety and comfort from different 

pedestrian perspecKves. Lee and Kim (2021) found that VR streets with pedestrian zones, 

regardless of level of designaKon were perceived to be safer than fully shared streets, in which 

all traffic is on one plane with no delineaKon between modes of transport. Also studying shared 

streets via VR, Xu and others (2022) observed that streets with clearly-delineated pedestrian 

zones are judged as safer and more enjoyable; however, a modified shared street with loosely-

defined walking zones was most comfortable from a pedestrian’s perspecKve. A couple of these 

studies (Hori et al., 2024; L. Xu et al., 2022) as well as many other VR research protocols 

concerning walkability (BaKstatou et al., 2022; Birenboim et al., 2021; Oselinsky et al., 2023; 

Silvennoinen et al., 2022; Spitzer et al., 2025, 2026) uKlized an approach in which parKcipants 

interact with the virtual world though movement, enabling the collecKon of behavioral data 

(Spitzer & Graham, 2025). 

This interacKve VR research approach has also been applied to examine how street 

design influences perceived safety and behavior of crossing pedestrians in a safe and controlled 

manner. Studies have idenKfied perceived safety benefits to adding systems that noKfy motor 

vehicles of crossing pedestrians (Angulo et al., 2024; Guo, Angulo, et al., 2023) and to 

decreasing motor traffic lanes (Llinares et al., 2020). Virtual streets with fewer lanes lead to 

pedestrians crossing slower and choosing shorter intervals between cars in which to cross 

(Figueroa-Medina et al., 2023). Pedestrians also cross slower when virtual streets have sidewalk 

pedestrian zones than when virtual streets are shared (Kwon et al., 2022; Luu et al., 2022). This 
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behavioral difference was interpreted as shared streets leading to more cauKous behavior, 

which was confirmed by pedestrian percepKons of less danger on virtual streets with sidewalks. 

Adding to the accumulaKng evidence for the importance of designated pedestrian areas to 

safety percepKons and behavior, Argota Sánchez-Vaquerizo et al. (2024) found that pedestrians 

report crossing a virtual street with a permanent marked crosswalk as safer than when no 

pedestrian zones (i.e., no crossings, sidewalks) or when on-demand temporary pedestrian zones 

are present. Moreover, the effects of virtual street design on crossing behaviors occurs indirectly 

through perceived risk (Kwon et al., 2022). Lee and colleagues (2025) harnessed VR technology 

to test the effects of alternaKve pedestrian crossing designs, such as public art within 

intersecKons. Not only was the art installaKon perceived to be less safe, but it also led to the 

highest rate of crossing the virtual street without a marked crossing (i.e., “jaywalking”). 

Separated bike lanes 

 The reviewed VR walkability research primarily tests intervenKons specifically targeKng 

pedestrians; however, transportaKon planning decisions affect all modes of transport (Marshall 

& Ferenchak, 2019; Von Stülpnagel & Rintelen, 2024). An increasing trend within street design 

is the implementaKon of separated bike lanes (U.S. Department of TransportaKon Federal 

Highway AdministraKon, 2024). Primarily considered a bikeability intervenKon, the separated 

bike lane involves the installaKon of some separaKng physical elements between motor traffic 

and vulnerable road users, which include pedestrians (NaKonal AssociaKon of City 

TransportaKon Officials, 2025). In a study using 2D videos of a cyclist’s perspecKve traveling 

through exisKng streets, Lim and colleagues (2025) observed higher raKngs of safety, comfort, 

and pleasantness for streets with separated bike lanes compared to tradiKonal bike lanes. 
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(Accessibility was not assessed.) The posiKve effect of separated bike lanes on perceived safety 

is echoed by the VR findings of Bialkova et al. (2022), Nazemi et al. (2021) and Friel et al. (2023). 

In these studies, parKcipants rode a staKonary bike along streets with various bike lane 

treatments through a VR head-mounted display (HMD) (Bialkova et al., 2022; Nazemi et al., 

2021) or a CAVE VR simulator (Friel et al., 2023). Separated bike lanes were consistently 

perceived to be safer than no bike lanes (Bialkova et al., 2022; Nazemi et al., 2021) and 

tradiKonal bike lanes (Friel et al., 2023; Nazemi et al., 2021).  

Regarding objecKve safety, separated bike lanes are associated with lower crash rates 

than convenKonal bike lanes according to ambulance records (Van Petegem et al., 2021). The 

implementaKon of new separated bike lanes has led to fewer crashes per cyclist among streets 

that previously did not have bike lanes, but no fewer among those that formerly had 

convenKonal bike lanes (Ling et al., 2020). SKll, individuals report a preference for cycling along 

routes with separated over convenKonal bike lanes (Hardinghaus & Papantoniou, 2020). In 

observaKonal studies, the implementaKon of separated bike lanes has been linked to higher 

usage of bike lanes (Ling et al., 2020; Pellicer-Chenoll et al., 2025) and shared bike services 

(Chahine et al., 2025).  

 Separated bike lanes can be implemented with a number of different separaKng 

elements (NaKonal AssociaKon of City TransportaKon Officials, 2025), including flexible 

delineators, short curbs, concrete barriers, and planters. The method by which a separated bike 

lane is established can alter its effects on perceived safety (Friel et al., 2023). One categorizaKon 

of these variaKons regards their conKguousness: Some barriers are discrete elements placed at 

intervals (e.g., flexible delineators, planters); others are implemented as conKnuous lines of 
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separaKon (e.g., conKguous concrete barriers, curbs). Analyzing visits to emergency 

departments in three ciKes, Cicchino and colleagues (2020) concluded that the odds of a bicycle 

crash leading to an emergency department visit were lower on roads with a heavily separated 

bike lane (e.g., conKguous concrete barrier) than a road with no bike lane, but not any different 

between a lightly separated bike lane (e.g., flexible delineators) and no bike lane. In a pre-post 

assessment of ten bike lane improvements, Van Veghel and Sco9 (2024) observed an increase in 

bicycling traffic for half of the intervenKons implemenKng a separated bike lane created with 

concrete barriers (3/6) but none of the intervenKons implemenKng a separated bike lane 

created with flexible delineators (0/2). Based on VR methodology, Saglio et al. (2023) reported 

that separated bike lanes with flexible delineators were rated as safer than sharing the road 

with motor vehicles but not any safer than tradiKonal bike lanes. SKll, the separated bike lane 

was most frequently ranked as the safest of the three opKons when elicited by a forced choice 

prompt. 

Bike lane treatments, in parKcular, influence road users other than cyclists (Burke & 

Sco9, 2018). Separated bike lanes are linked to fewer serious crashes among all road users 

(Marshall & Ferenchak, 2019).  Regarding perceived safety, von Stülpnagel and Rintelen (2024) 

created 2D images of manipulated street environments from driver, cyclist, or pedestrian 

perspecKves and collected expected safety raKngs. CondiKons with separated bike lanes were 

all created with discrete elements (e.g., bollards). Separated bike lane environments were not 

examined from a pedestrian’s point of view, but they were expected to be safer than bike lanes 

without any separaKng elements from both drivers’ (Von Stülpnagel & Rintelen, 2024) and 

cyclists’ perspecKves (Von Stülpnagel & Binnig, 2022; Von Stülpnagel & Rintelen, 2024). The 
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effect of separated bike lanes on pedestrians remains a gap in the literature despite their 

implementaKon of a parKKon between pedestrians and motor traffic. In fact, a naKonally 

representaKve survey revealed that Americans perceive pedestrian-traffic separaKon as a 

method of creaKng safer streets and inducing more walking (Soto et al., 2022).  

The current study 

The present study expands the growing research area using VR to invesKgate walkability 

by assessing the effect of separated bike lanes on perceived walking needs. Through 

collaboraKon with local transportaKon planners and decisionmakers, it also provides site-

specific causal evidence concerning the effects of two potenKal intervenKons along a real 

university street (Colorado State University’s Lake St). As the effects of built environmental 

factors interact with local factors such as exisKng environmental condiKons (Sallis et al., 2008), 

the ability to test intervenKons in the specific context that will be modified is powerful.  

In a within-subjects design, parKcipants experienced three variants of a Lake St VR 

simulaKon depicKng the as-built condiKons and the two potenKal intervenKons. Awer moving 

through each variant, parKcipants rated the environment on Alfonzo’s four walking needs 

related to the built environment: accessibility, safety, comfort, and pleasurability. The 

invesKgated intervenKons matched those under consideraKon by local decisionmakers, namely 

the City of Fort Collins and the TransportaKon Department of Colorado State University (CSU), 

where the intervenKon is proposed. These intervenKons consisted of a separated bike lane 

either with flexible delineators or conKguous concrete barriers. Both intervenKon environments 

also introduced two new pedestrian zebra crosswalks in locaKons under consideraKon by 

campus transportaKon. Dense crosswalk networks are associated with lower risk of a crash 
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involving a pedestrian, possibly by reducing unmarked pedestrian crossings (Hu et al., 2024). In 

fact, the NaKonal AssociaKon of City TransportaKon Officials recommend placing marked 

crosswalks no more than 200 m apart due to the increased likelihood of crossings outside of a 

marked crosswalk (Global Designing CiKes IniKaKve & NaKonal AssociaKon of City 

TransportaKon Officials, 2016). Young adults, in parKcular, idenKfy crosswalks as a useful safety 

countermeasure promoKng walking (Soto et al., 2022).  

Hypotheses 

Based on the reviewed research that (1) separated bike lanes increase cyclists’ 

percepKons of safety (Friel et al., 2023; Lim et al., 2025; Nazemi et al., 2021; Von Stülpnagel & 

Binnig, 2022; Von Stülpnagel & Rintelen, 2024), comfort (Lim et al., 2025), and pleasantness 

(Lim et al., 2025), and (2) heavily separated bike lanes are associated with be9er objecKve 

safety outcomes (Cicchino et al., 2020; Van Veghel & Sco9, 2024); the following two hypotheses 

were proposed.  

H1)  ParKcipants will perceive that both potenKal intervenKons meet their walking needs 

of safety, comfort, and pleasurability be9er than the as-built condiKon.  

H2)  ParKcipants will perceive that the separated bike lane with conKguous concrete 

barriers condiKon meets their walking needs of safety, comfort, and pleasurability 

be9er than the condiKon with flexible delineators.  

Based on evidence that crosswalks increase pedestrian connecKvity (Verma & Ukkusuri, 2023) 

and safety (Hu et al., 2024) but an acknowledgement that conKguous concrete barriers may 

pose an obstacle to pedestrian routes, accessibility hypotheses were proposed:  



 

 
62 

H3)  ParKcipants will perceive that the potenKal intervenKon with flexible delineators 

meets their walking need of accessibility be9er than the as-built condiKon.  

H4) ParKcipant will perceive that the potenKal intervenKon with conKguous concrete 

barriers meets their walking need of accessibility worse than the as-built condiKon. 
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STUDY 2 METHOD 
 
 
 
Participants 

Sample size was driven primarily by feasibility (i.e., Kme and funding resources), 

resulKng in 75 parKcipants. According to Arend and Schäfer’s (2019) simulaKon-based power 

recommendaKons for mulKlevel models, a study with 70 parKcipants each compleKng 12 trials 

and a large ICC (as indicated by present data) is appropriately powered (power ³ 0.80, a = 0.05) 

to detect a moderately-small (b = 0.15) within-subjects direct effect. Similar studies examining 

perceptual and affecKve responses to various VR environments report effect sizes in this range 

(BaKstatou et al., 2022; L. Xu et al., 2022). Indeed, models based on pilot data esKmated 

standardized direct effects of intervenKons on percepKons of walking needs that are well within 

the detectable range with 70 parKcipants (bRange = 0.175-0.282). 

These 75 parKcipants were recruited via email and flyers. With aid from CSU 

TransportaKon, patrons of parking structures near the intervenKon area received a recruitment 

email. Flyers were displayed in university buildings near the area and shared with 

undergraduate courses and organizaKons. Interested individuals completed a screening 

quesKonnaire, which confirmed that they met inclusion criteria: (1) ³ 18 years old, (2) not prone 

to moKon sickness, (3) not suscepKble to dizziness, epilepsy, verKgo, or any other problems that 

would preclude them from using VR technology, and (4) familiar with Lake St area (as indicated 

by responding that they visit the area ³ 1x per week). A couple of parKcipants (2) indicated that 

they met this fourth criterion in the screening quesKonnaire but replied that they visited the 

area < 1x/week during the study survey. SensiKvity analyses excluding these parKcipants 
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revealed idenKcal conclusions and negligible changes to effect size for all quanKtaKve analyses. 

Thus, the analyses with all parKcipants are presented within the text. The results of sensiKvity 

analyses are reported in Appendix C. 

ParKcipant characterisKcs are outlined in Table 3. ParKcipants were very familiar with 

the intervenKon area. (79% visited the area ³ 3x/week.) All were students (89%) and/or 

employees of the university (15%). The most frequent mode of transport among parKcipants 

was to drive (38%) though this group was underrepresented compared to university data (72%) 

(Colorado State University, n.d.-a). In contrast, pedestrians (31% v. 7%) and cyclists (22% v. 

11%) were overrepresented. The proporKon of the sample that most frequently bus to 

school/work (9%) was consistent with university data (8%). About half of parKcipants were 

women (51%), slightly less were men (45%), and several were nonbinary or genderqueer (4%). A 

slim majority were assigned female at birth (55%). Although this sample was primarily White 

(67%) and not Hispanic or LaKno/a/x (72%), it was more ethnically and racially diverse than the 

CSU populaKon according to university-wide employee (Colorado State University InsKtuKonal 

Research, Planning and EffecKveness, n.d.) and student data (Colorado State University, n.d.-b). 

Almost half of parKcipants had previously experienced VR a handful of Kmes or fewer (43%) 

while nearly a third had never experienced VR. Only a small porKon were very experienced with 

VR (21+ Kmes: 15%). 
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Table 3 

Study 2 par7cipant characteris7cs 

Note. Percentages may not sum to 100% as not all parKcipants responded to all quesKons. 
aOne parKcipant indicated they were both a student and employee. bRespondents were 
permi9ed to select one or more categories. cIncludes parKcipant who indicated they 
skateboard. 
 

CharacterisMc Response Percentage 

AffiliaKona CSU student 89.3% 
 CSU employee 14.7% 
 Prefer not to answer / No response 0.0% 
   
Gender Woman 50.7% 
 Man 44.0% 
 Nonbinary or genderqueer 4.0% 
 Prefer not to answer / No response 1.3% 
   
Sex assigned at 
birth 

Female 54.7% 
Male 45.3% 

 Prefer not to answer / No response 0.0% 
   
Ethnicity Hispanic or LaKno/a/x 20.0% 
 Not Hispanic or LaKno/a/x 72.0% 
 Prefer not to answer / No response 8.0% 
   
Raceb African American / Black 4.0% 
 Asian / Asian American / Pacific Islander 9.3% 
 NaKve American 1.3% 
 White 66.7% 
 Other / Self-idenKfied another race 11.6% 
 Prefer not to answer / No response 10.7% 
   
VR experience No 29.3% 
 Yes 69.3% 
 1-5 x 42.7% 
 6-20 x 12.0% 
 21-50 x 8.0% 
 >50 x 6.7% 
 Prefer not to answer / No response 1.3% 
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CharacterisMc Response Percentage 

Visits to 
intervenKon area 

< 1x/week 2.6% 
1-2x/week 18.7% 

 3-4x/week 25.3% 
 5-6x/week 34.7% 
 > 6x/week 18.7% 
 Prefer not to answer / No response 0.0% 
  
Most frequent 
travel mode 

Drive alone 33.3% 
Walk 30.7% 

 Bicyclec 21.3% 
 Take bus 9.3% 
 Drive with another person 4.0% 
 Telecommute / Work from home 0.0% 
 Prefer not to answer / No response 1.3% 
  
Age Mean = 24.16, SD = 7.77, Range = 18-55 

 

VR set-up 

 A Dell Alienware Aurora Ryzen EdiKon R14 (AMD Ryzen 9 5950X 16-Core Processor, 3401 

Mhz, 32 Logical Processors, 32GB RAM with Nvidia GeForce RTX 3060 Ti (8GB RAM) video card) 

ran a VR simulaKon to a wired Meta Quest 2 VR HMD (Model KW49CMEW4). A system of 

pulleys suspended the connecKng wire above a “playspace” comprised of a 1.69 x 1.97 m foam 

mat. This pulley system ensured the parKcipant could move and turn unencumbered within the 

playspace. This mat also noKfied parKcipants when they moved out of the playspace by 

providing tacKle feedback via a change in ground texture. 

I developed a custom VR simulaKon for the current study, including 3D modeling in 

Autodesk InfraWorks (Version 24.1.3.129, 2024) and Blender (Version 4.4.0, Blender Online 

Community, 2025); texture-mapping in Blender; and interacKon/game building in Unity Game 

Engine (Version 6000.2 Unity Technologies, Inc., 2025b). Briefly, the simulaKon was a virtual 
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replica of the 104,000 m2 Lake St area. The simulaKon featured streets, sidewalks, and walking 

paths built to the dimensions of the real environment. Virtual buildings displayed photographs 

of the real-world buildings. The simulaKon also contained greenery and street furniture in 

locaKons consistent with the real world. Signage was customized, including street and building 

signage to facilitate wayfinding. The virtual weather was a sunny day as is common for the area 

(Doesken et al., 2003). SpaKal audio increased the immersive nature of this simulaKon with 

ambient bird song and virtual road users emijng appropriate engine or cycling spoke sounds.  

Real-world traffic data (Kimley-Horn and Associates, Inc., 2024) provided a guide for the 

development of realisKc virtual motor vehicular and cycling traffic. Namely, traffic routes and 

volumes were comparable to the real world. Virtual road users obeyed traffic laws and yielded 

to the parKcipant if the parKcipant was in the pathway of the virtual road user. Furthermore, 

they stopped for the parKcipant when the parKcipant was at a marked crosswalk landing. 

In the VR environment, parKcipants were tasked with navigaKng to specific desKnaKons 

marked with red arches (Figure 20). They held the VR hand controller matching their dominant 

hand and used it to view a map of the environment modeled awer the Google Maps phone 

applicaKon. To move in VR, they stepped-in-place with their nondominant hand controller 

mounted to their thigh to track leg movement. Once parKcipants walked through the 

desKnaKon arch, they answered survey quesKons on a text dialog screen using their hand 

controller. A detailed descripKon of VR simulaKon development is available in Study 1. 
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Figure 20 

VR des7na7on and handheld map 

 

 

Study conditions 

ParKcipants experienced three study condiKons: the flexible delineator intervenKon, the 

concrete barrier intervenKon, and the as-built condiKon. For the condiKon with a separated bike 

lane created with flexible delineators, the delineators were placed 6.1 m (20’) on center with 

gaps to allow for turning cyclists/vehicles and marked crosswalks. Each flexible delineator 

(Figure 21 Panel A) was comprised of a small, raised base (1 x 0.3 x 0.08 m) holding a 0.87 m tall 
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delineator post 0.08 m in radius (total barrier height = 0.95 m). Approximate locaKons of the 

separaKng delineators are illustrated in Figure 22 Panel A. The material of both the base and the 

delineator was white plasKc. AddiKonally, this study condiKon introduced two new zebra 

crosswalks at locaKons proposed by CSU TransportaKon (Figure 22 Panel A). 

Figure 21 

Virtual delineators and barriers 

 

The study condiKon with concrete barriers also added these same new zebra crosswalks 

(Figure 22 Panel B). However, the separated bike lane was delineated with conKguous concrete 

barriers, each 1 m long and 0.46 m (18”) tall (Figure 21 Panel B). These were textured with a 

white concrete material and placed conKnuously between motor traffic and bike lanes, 

interrupted only to allow for zebra crosswalks and turning cyclists/motor vehicles (Figure 22 

Panel B). These two intervenKon study condiKons were compared against the as-built condiKon. 

Images of the three study condiKons are displayed in Figure 23. 
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Figure 22 

Approximate loca7ons of virtual separa7ng elements and marked crossings 

 

 

Figure 23 

VR simula7on depic7ng tested environmental modifica7ons and as-built condi7on 

 

The order in which parKcipants experienced these condiKons was assigned based on a 

balanced set of two LaKn squares as presented by Williams (1949) to account for learning 

effects and differenKal carryover effects. Within the extension of paired LaKn squares illustrated 

in Table 4, each unique order of the three condiKons is represented. Every condiKon is 

presented first twice and follows every other condiKon thrice. ParKcipants were randomly 

assigned to one of the six possible order groups. 
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Table 4 

Balanced La7n square for condi7on order  

Trial # 

(LocaMon 

Pair) 

Order Group 

U V W X Y Z 

1 (A) As-built 
Flexible 
delineators 

Concrete 
barriers 

Flexible 
delineators 

Concrete 
barriers 

As-built 

2 (C) 
Concrete 
barriers 

As-built 
Flexible 
delineators 

Concrete 
barriers 

As-built 
Flexible 
delineators 

3 (B) 
Flexible 
delineators 

Concrete 
barriers 

As-built As-built 
Flexible 
delineators 

Concrete 
barriers 

4 (D) As-built 
Flexible 
delineators 

Concrete 
barriers 

Flexible 
delineators 

Concrete 
barriers 

As-built 

5 (A) 
Concrete 
barriers 

As-built 
Flexible 
delineators 

Concrete 
barriers 

As-built 
Flexible 
delineators 

6 (C) 
Flexible 
delineators 

Concrete 
barriers 

As-built As-built 
Flexible 
delineators 

Concrete 
barriers 

7 (B) As-built 
Flexible 
delineators 

Concrete 
barriers 

Flexible 
delineators 

Concrete 
barriers 

As-built 

8 (D) 
Concrete 
barriers 

As-built 
Flexible 
delineators 

Concrete 
barriers 

As-built 
Flexible 
delineators 

9 (A) 
Flexible 
delineators 

Concrete 
barriers 

As-built As-built 
Flexible 
delineators 

Concrete 
barriers 

10 (C) As-built 
Flexible 
delineators 

Concrete 
barriers 

Flexible 
delineators 

Concrete 
barriers 

As-built 

11 (B) 
Concrete 
barriers 

As-built 
Flexible 
delineators 

Concrete 
barriers 

As-built 
Flexible 
delineators 

12 (D) 
Flexible 
delineators 

Concrete 
barriers 

As-built As-built 
Flexible 
delineators 

Concrete 
barriers 

 

Measures 

PercepKons regarding fulfillment of each walking need were self-reported via a single 

item reading, “How would you evaluate the environment you just experienced?” The language 

of this quesKon was adopted from Nishio and Ito (2020), wherein parKcipants reported their 

percepKons of differing VR environments on numerous domains, including pleasantness. The 
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need for brevity and minimizaKon of survey faKgue primarily drove the decision to use a single 

item: ParKcipants assessed each walking need in 12 trials. ParKcipants responded to this single 

item on a sliding scale from extremely hard to reach my desKnaKon / extremely unsafe / 

extremely uncomfortable / extremely unpleasant to extremely easy to reach my desKnaKon / 

extremely safe / extremely comfortable / extremely pleasant. This scale was not anchored by 

numbers but was scored 0-100. For clarity, these concepts were defined for parKcipants during 

the tutorial period. DefiniKons provided to parKcipants are available in Appendix D.  

 Cybersickness was monitored in real Kme via the Fast MoKon Sickness QuesKonnaire 

(FMS, Keshavarz & Hecht, 2011). This measure asks parKcipants to verbally rate their 

experience of sickness on a scale from 0-20, where 0 represents “no sickness at all” and 20 

represents “frank sickness” (Keshavarz & Hecht, 2011, p. 418). Respondents are asked to “focus 

on nausea, general discomfort, and stomach problems” and ignore “nervousness, boredom and 

faKgue” (Keshavarz & Hecht, 2011, p. 418). FMS raKngs correlate highly with scores on the 16-

item Simulator Sickness QuesKonnaire (Somrak et al., 2021). When the FMS was administered 

in VR, a dialog box presented these instrucKons, and the parKcipant provided their raKng aloud. 

If, at any point, the parKcipant’s raKng was 15 or greater, I asked if the parKcipant would like to 

conKnue as performed by the measure’s authors in validaKon of the FMS (Keshavarz & Hecht, 

2011). If the parKcipant responded negaKvely, the VR session of the study promptly ended. 

AddiKonally, cybersickness was assessed awer VR exposure via the more thorough VRISE 

domain of the VR Neuroscience QuesKonnaire (VRNQ, a = 0.89) (Kourtesis et al., 2019), which 

asks parKcipants to rate the experienced intensity of nausea, disorientaKon, dizziness, faKgue, 

and instability using a 7-point Likert-scale, in which higher scores indicate less intense 
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symptoms. The VRNQ VRISE domain has also been validated against the Simulator Sickness 

QuesKonnaire (Somrak et al., 2021). 

 In the same survey awer exiKng VR, parKcipants responded to the igroup Presence 

QuesKonnaire (IPQ, a = 0.87) (Schubert et al., 2001) to quanKfy presence, the feeling of “being 

there” (Heeter, 1992). This measure consists of 14 items querying realism, general presence, 

physical presence, and a9enKon to the virtual environment relaKve to the outside environment. 

Respondents answer on a 7-point anchored Likert scale. 

This post-VR survey also debriefed parKcipants on the three street designs they 

experienced in VR. They were asked to idenKfy which of the three was their top preference and 

their lowest preference. Subsequently, free response survey items prompted them to explain 

the reasons behind their choices. The presentaKon of these preference items is shown in Figure 

24. Appendix D lists the complete surveys uKlized in the present study. 
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Figure 24 

Survey items regarding preference 

 

 

Procedures 

 ParKcipants individually reported to a small laboratory space on CSU’s campus (2.90 x 

4.00 m) for their study session and provided informed consent. They also reported a baseline 

FMS score. I fit the Quest 2 HMD’s lens distance using a mm ruler to esKmate the parKcipant’s 

interocular distance. The Quest 2 glasses spacer was installed as appropriate. The parKcipant 

put on a leg strap, which held the VR hand controller corresponding to their nondominant hand. 
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This equipment allowed the simulaKon to detect when the parKcipant was stepping-in-place, 

the method by which they would move in VR. 

Modeling with the controller of the parKcipant’s dominant hand, I instructed the 

parKcipant on how to interact with virtual text screens and how to use the stepping-in-place 

locomoKon technique. Subsequently, the parKcipant entered VR, and I adjusted the fit of the 

HMD, ensuring that the set-up was comfortable and the virtual image was clear. The Qualtrics 

built-in randomizer assigned the parKcipant to an order group. I began the version of the 

simulaKon that matched this order group and the parKcipant’s handedness. 

 During a brief tutorial (mean length = 5.52 min), the parKcipant acclimated to VR as 

recommended by guidelines for the use of VR in human subjects research (Birenboim et al., 

2021; Joseph et al., 2020). The parKcipant was introduced to key terms (i.e., convenience, 

safety, comfort, pleasurability) and the study task (i.e., to navigate to the desKnaKon). This 

tutorial reviewed interacKon with text screens and stepping-in-place. The parKcipant also 

pracKced navigaKng with the handheld map and using a sliding scale to respond to survey 

quesKons. At the culminaKon of this tutorial, the parKcipant answered the FMS and was 

reminded that they could leave VR for a break or end the VR session whenever they wanted. 

Awer the tutorial, the parKcipant completed 12 trials, four in each study condiKon 

according to their randomized order group. (See Table 4.) Each trial proceeded as follows:  

1. The parKcipant’s viewport faded into one of four common points of interest on the 

south sidewalk of Lake St (labelled with circles in Figure 25). The four starKng 

locaKons were individually paired with common desKnaKons north of Lake St (stars 

in Figure 25) in collaboraKon with CSU TransportaKon to reflect rouKne walking 
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routes on campus. Henceforth, these are named “locaKon pairs” and have been 

labeled A-D. The parKcipant completed each locaKon pair three Kmes, meaning 

study condiKons were fully-crossed with locaKon pairs. For simplicity of VR coding, 

the order of locaKon pairs was constant across parKcipants (Table 4). 

2. As previously menKoned, the parKcipant’s task was to use stepping-in-place to move 

to the desKnaKon via a self-selected route. The simulaKon barred them from taking 

shortcuts though buildings or jumping fences. Notably, the parKcipant was able to 

move through the virtual concrete barriers, represenKng stepping over them. 

3. Awer arriving at their desKnaKon, the parKcipant completed a brief survey inside the 

VR simulaKon assessing environmental percepKons and verbally reported the FMS.  

4. When the survey was complete, the parKcipant’s view faded to black, and they 

progressed to the next trial. 

Figure 25 

Study 2 start and des7na7on loca7on pairs 

 

Note. Gold rectangle represents VR simulaKon boundary. 
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When all 12 trials were complete or when the parKcipant chose to end the VR period, I 

helped the parKcipant remove the VR equipment. The parKcipant responded to the post-VR 

survey on a desktop computer. This survey queried cybersickness, presence, preference, and 

demographics. ParKcipants were debriefed and received $40 for their parKcipaKon. This study 

was approved by Colorado State University’s InsKtuKonal Review Board (Protocol #7136). 

Analyses 

Data cleaning was performed in R StaKsKcal Sowware (Version 4.3.3) with RStudio 

(Version 2023.12.1+402). Table 5 details missing data straKfied by each outcome variable. 

Overall, this study contained a very low percentage of missing data (Range = 0.0-1.3%). Six 

parKcipants had missing data from trials – two due to early terminaKon of the VR session (awer 

trials 8 and 10) and four due to missing data from a single trial that occurred because of errors 

saving the data. One parKcipant did not finish the post-experience survey due to Kme 

limitaKons, resulKng in a single missing preference observaKon. All predictors were manipulated 

variables (i.e., condiKon, trial number, locaKon pair); thus, these values were only missing when 

a parKcipant did not complete a trial. For all analyses, treatment of missing data involved 

listwise deleKon, the default in the uKlized staKsKcal packages and sowware. 
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Table 5 

Missing data by outcome 

Outcome 

variable 

% Missing 

observaMons 

Reason for missingness  

[# of parMcipants (# missing observaMons/parMcipant)] 

PercepKon of 
walking needs 0.9% 

Early VR terminaKon [1(2), 1(4)] 
Error saving data [2(1)] 

FMS 0.1% 
Proceeded through the FMS prompt in the VR tutorial 
without responding [1(1)] 

Crossing data 0.9% 
Early VR terminaKon [1(2), 1(4)] 
Error saving data [2(1)] 

Preferences 1.3% Session duraKon elapsed before survey was complete [1] 

Presence 0.0% NA 

Cybersickness 0.0% NA 

 

Perception of walking needs  

Within-subjects data of percepKons of walking needs were highly clustered [ICCRange = 

0.35-0.57, Kish’s design effectRange = 4.81-7.21], indicaKng violaKon of the assumpKon of 

uncorrelated error terms. Accordingly, analyses for these data were completed using the 

mulKlevel structural equaKon modeling (MSEM) framework using Mplus (Version 8.10, L. K. 

Muthén & Muthén, 1998). These data were slightly negaKvely skewed (SkewnessRange = -0.69 - -

0.3), indicaKng ceiling effects. Thus, percepKons of walking needs were treated as censored 

variables. AddiKonally, percepKons of walking needs were highly correlated. (See Table 6.) With 

the current limitaKons of the Mplus sowware, this shared covariance cannot be esKmated 

among censored variables. Consequently, I selected a two-step approach to analyzing these 

walking needs data. 
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Table 6 

Correla7on matrix of walking needs 

Note. [LL, UL] indicates a 95% CI. 
 

Variable 1 2 3 

1. Accessibility    

2. Safety 
0.653 

[0.614, 0.689] 
  

3. Comfort 
0.692 

[0.656, 0.725] 
0.707 

[0.673, 0.738] 
 

4. Pleasurability 
0.576 

[0.531, 0.619] 
0.626 

[0.585, 0.665] 
0.663 

[0.624, 0.698] 

 

First, separate analyses were completed for each walking need, treaKng it as a censored 

variable. These models used the Maximum Likelihood with Robust Standard Errors (MLR) 

esKmator, which provides idenKcal point esKmates to the maximum likelihood esKmator but 

employs sandwich standard errors, supplying robustness against nonnormality observed in the 

data (L. K. Muthén & Muthén, 1998; Rosseel, 2017). Built environmental modificaKons were 

captured using two level-1 nominal variable indictors (i.e., dummy codes) with the as-built 

condiKon as the reference. A direct path was esKmated between these environmental 

modificaKon variables and each walking need on level 1. LocaKon pair (level-1 variable) was 

included as a categorical control represented by 3 indicator variables (reference: locaKon pair 

D). Trial number (conKnuous level-1 variable) controlled for pracKce effects. Following a model 

building approach, four models for each walking need were compared: (1) Fixed intercept and 

slopes; (2) Random intercept, fixed slopes; (3) Fixed intercept, random slopes for environmental 
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modificaKon indicator variables; (4) Random intercept and slopes. Fit criteria included sample 

size adjusted Bayesian InformaKon criterion (saBIC; Sclove, 1987): These values represent 

relaKve fit, such that among nested models, an saBIC of a more complex model is interpreted as 

evidence for a be9er fit to the data if it is closer to 0 than the saBIC of a simpler model (B. 

Muthén & Muthén, 2000).  

Second, a model was fit in which all walking needs served as indicators of two latent 

variables [(1) level-1, (2) level-2]. The Bayes esKmator with non-informaKve priors was 

employed for this model as it is known to handle nonnormality well (B. Muthén, 2010). Similar 

to the separate walking needs models, two level-1 indicator variables represented 

environmental modificaKons and were used to predict the level-1 latent variable. For this 

approach, model comparison selected both control variables and random slopes as the model 

with all control variables fit poorly (PPP = 0.00). Regarding controls, model fit criteria included 

Deviance InformaKon Criterion (DIC; Spiegelhalter et al., 2002), predicKve p-value (PPP; Meng, 

1994), and potenKal scale reducKon (PSR) of the last iteraKon (Gelman & Rubin, 1992). DIC can 

be interpreted similarly to saBIC with evidence for be9er fit of a more complex model if its DIC 

is closer to 0 than a simpler nested model. The magnitude of the evidence increases with the 

size of the margin; Cain and Zhang (2019) recommend a DIC margin of at least 7 to jusKfy the 

selecKon of a more complex model. AddiKonally, a well-fijng model reports a PPP of 

approximately 0.5 and a PSR of 1.0; however, PPPs ranging 0.05 to 0.95 are acceptable (Gelman, 

2014). PPP is not available for models with random effects; thus, only DIC and PSR were 

examined for these models. 



 

 
81 

Midblock crossings 

 Exploratory analyses queried if the introduced intervenKons reduced unmarked 

midblock crossings. To do so, the coordinates of the parKcipant within virtual space were 

recorded at a frequency of 2 Hz. Coordinate points for a single route were filtered to only those 

³ 1 m from the previous point. These data were used for visualizaKon. 

For crossings analyses, the coordinate data were further reduced to only those points at 

least two meters into Lake St defined as the southernmost and northernmost coordinates of the 

virtual street +/- 2 m. Each street crossing was categorized as within five meters of a marked 

crosswalk (Y = 1, N = 0) using the same method with the eastmost and westmost coordinates of 

each virtual crosswalk +/- 5 m. This method resulted in only two undefined categorizaKons, in 

which only a porKon of the crossing was within five meters of a crosswalk. These two 

observaKons were manually categorized based on a visual map. SensiKvity analyses excluding 

these manual categorizaKons did not alter conclusions and can be found in Appendix C. If a 

parKcipant collided with another road user and restarted the trial, both street crossings were 

retained and treated individually. Using the lme4 package (Version 1.1-35.1, Bates et al., 2015) 

in R StaKsKcal Sowware, mulKlevel logisKc regression modeled the log odds of crossing within 

five meters of a crosswalk as a funcKon of environmental modificaKon indicator variables 

(reference: as-built condiKon) and a random intercept for parKcipant, accounKng for variability 

in parKcipants’ tendencies to cross within a marked crosswalk. 

Preferences 

In R StaKsKcal Sowware, two exploratory chi-square goodness of fit tests examined 

whether the distribuKons of top preference and lowest preference quanKtaKve data differed 
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from uniform distribuKons. Observed deviaKons from uniform distribuKons were probed via 

pairwise comparisons using odds raKos. DescripKve responses regarding preference reasoning 

were analyzed using Miles and colleagues’ (2020) themaKc analysis approach in Microsow Excel.  

Route distance 

Distance analyses were added to explore free response findings related to free 

movement and accessibility of the environmental modificaKons. These analyses employed the 

same coordinate data as the visualizaKon of crossing behavior. Only trials in which the 

parKcipant successfully reached their desKnaKon were retained. For example, if a parKcipant 

restarted a trial for any reason, only their final successful a9empt was included in distance 

analyses. For each of these trials, the distance between every coordinate point from trial 

iniKaKon to desKnaKon arrival was calculated and summed. Using the MSEM framework, the 

total distance of each route was regressed on two environmental modificaKon indicator 

variables (reference: as-built condiKon) as well as locaKon pair controls (reference: D) and trial 

number at level 1 using the Bayes esKmator with noninformaKve priors.  

The intervenKon condiKons introduced new zebra crosswalks near locaKon pairs C and D 

but not locaKon pairs A and B. For this reason, models in which locaKon pair moderates the 

level-1 path between condiKon and route distance were explored. Preacher (2016) recommends 

the latent moderated structural equaKon approach (LMS) to model level-1 moderaKon       

[1x(1->1)] in order to address the conflaKon of mulKlevel moderaKon effects. However, this 

approach does not apply to moderaKon between within-only exogenous variables since no 

conflaKon is present. Asparouhov and Muthén (2012) propose mulKlevel mixture modeling as 

an alternaKve approach to moderaKon with at least one categorical exogenous variable. Again, 
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this approach centers around between-level variance of the categorical variable (i.e., known 

latent class). In the current study, locaKon pair and condiKon were manipulated within-subjects 

in a fully-crossed design; consequently, they contain only level-1 variability and share no 

covariance. Thus, the above approaches are not applicable, and moderaKon in the current study 

was modeled via the product of the indicator variables of locaKon pair and condiKon. 

Individual differences in tendency to cross without a marked crosswalk may influence 

heterogeneity regarding the effects of the introducKon of new zebra crosswalks and locaKon 

pairs (which varied in their proximity to marked crosswalks) on route distance. Therefore, model 

comparison contrasted models with fixed and random intercepts and fixed and random slopes 

for environmental modificaKons, for locaKon pairs, and for the interacKon. Model fit criteria 

were idenKcal to the previously described latent variable models with the Bayes esKmator and 

non-informaKve priors (0.05 £ PPP £ 0.95, PSR » 1.0, DDIC ³ 7). 
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STUDY 2 RESULTS 
 
 
 
Description of presence and cybersickness 

 The level of presence parKcipants of this study experienced [M = 3.535 (SD = 0.974)] falls 

within the marginally-acceptable grade outlined by Melo et al. (2023). This overall presence 

score is approximately in the 61st percenKle among over 200 studies reviewed by Tran et al. 

(2024), placing it in Tran et al.’s moderate rank. ParKcipants in the current study reported li9le 

experience of the involvement [3.070 (1.206)] and realism [2.597 (1.060)] domains of the IPQ. 

Experience of spaKal presence [4.165 (1.123)] was slightly be9er. RaKngs of cybersickness 

(median = 29) met the minimum cutoff (25) and neared the “parsimonious cutoff” (30) of the 

VRNQ VRISE domain (Kourtesis et al., 2019). AddiKonally, the median FMS scores before 

entering VR, before the first trial, and awer the last trial were 0 (SD = 1.116), 0 (1.272), and 2 

(3.777), indicaKng low intensity of cybersickness. Indeed, only one parKcipant intenKonally 

provided a raKng at or above 15 and chose to leave the VR simulaKon early.2 

Perception of walking needs  

 Model fit indices for separate walking needs are presented in Table 7. For each outcome, 

the best fijng model esKmated a random intercept and fixed slopes, indicaKng meaningful 

individual differences in parKcipants’ raKng tendencies [SD(intercept)Accessibility = 16.428, 

SD(intercept)Safety = 17.889, SD(intercept)Comfort = 19.379, SD(intercept)Pleasurability = 19.263], but 

 

2 One parScipant rated a 20 on trial 10 aZer providing zeros for all previous FMS raSngs, and they responded that 

they did not wish to conSnue. AZer the parScipant leZ VR, I confirmed their raSng of 20, and they clarified that 

they meant zero. They did not provide any addiSonal explanaSon for wanSng to leave VR but verified that they 

were not cybersick and meant to report zeros throughout the enSre exposure. 
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not in their responses to environmental condiKons. In the following interpretaKon, b and b are 

used to refer to unstandardized and standardized path coefficients, respecKvely. 

Table 7 

Model fit indices for separate walking needs 

Note. Bold indicates the best fijng model for each outcome. 
 

Outcome Fixed effects Random effects saBIC 

Accessibility Intercepts 
CondiKon slopes 
Control slopes 

NA 7462.112 

 CondiMon slopes 

Control slopes 

Intercepts 7150.701 

 Intercepts 
Control slopes 

CondiKon slopes  7368.345 

 Control slopes Intercepts 
CondiKon slopes 

7157.952 

Safety Intercepts 
CondiKon slopes 
Control slopes 

NA 7825.999 

 CondiMon slopes 

Control slopes 
Intercepts 7407.790 

 Intercepts 
Control slopes 

CondiKon slopes 
 

7697.311 

 Control slopes Intercepts 
CondiKon slopes 

7415.070 

Comfort Intercepts 
CondiKon slopes 
Control slopes 

NA 7586.156 

 CondiMon slopes 

Control slopes 
Intercepts 6986.225 
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Outcome Fixed effects Random effects saBIC 

 Intercepts 
Control slopes 

CondiKon slopes 
 

7407.394 

 Control slopes Intercepts 
CondiKon slopes 

6993.382 

Pleasurability Intercepts 
CondiKon slopes 
Control slopes 

NA 7567.328 

 CondiMon slopes 

Control slopes 
Intercepts 7034.433 

 Intercepts 
Control slopes 

CondiKon slopes 
 

7399.260 

 Control slopes Intercepts 
CondiKon slopes 

7041.898 

 
Accessibility  

There was evidence for a small difference between percepKons of accessibility in 

response to the environment with the flexible delineators compared to the as-built 

environment, when controlling for locaKon pair and trial number (b = 0.106, 95% confidence 

interval (CI) [0.045, 0.166], SE = 0.031, p = 0.001). The model esKmated that parKcipants 

responded about 4.6 units higher on the 100 pt scale for accessibility in the flexible delineator 

intervenKon condiKon than the as-built condiKon when accounKng for controls (b = 4.556, 

95%CI[1.919, 7.194]). The difference in accessibility raKngs between the environment with 

conKguous concrete barriers and the as-built condiKon (b = 0.063, 95%CI[-0.014, 0.141], SE = 

0.040, p = 0.110) as well as between both intervenKon condiKons (b = -0.042, 95%CI[-0.102, 

0.017], SE = 0.030, p = 0.166) were clinically and staKsKcally insignificant. This pa9ern is 

illustrated in Figure 26, and a standardized path diagram is presented in Figure 27. 
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Figure 26 

Es7mated percep7ons of countermeasures against as-built condi7on 

 

Note. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. EsKmated values were 
calculated at the control levels of trial number 1 and locaKon pair D. 



 

 
88 

Figure 27 

Standardized path diagram for perceived accessibility 

 

Note. [LL, UL] indicates a 95% CI. Reference categories are as follows: CondiKon: as-built; 
LocaKon pair: D. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.  
 

Safety 

There was strong evidence for increased percepKons of safety in response to both the 

intervenKon condiKons with flexible delineators (b = 0.143, 95%CI[0.081, 0.206], SE = 0.032, p < 

0.001) and with conKguous concrete barriers (b = 0.179, 95%CI[0.112, 0.246], SE = 0.034, p < 

0.001) compared to the as-built condiKon and accounKng for locaKon pair and trial number. See 

Figures 26 and 28. The best fijng model esKmated that safety responses to the flexible 
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delineator condiKon were about 5.5 units higher than the as-built condiKon (b = 5.483, 

95%CI[3.091, 7.875]) while those to the conKguous concrete barrier intervenKon were 6.9 units 

higher than the as-built condiKon (b = 6.862, 95%CI[4.145, 9.579]). Again, the difference 

between the two intervenKon condiKons was negligible (b = 0.036, 95%CI[-0.024, 0.095], SE = 

0.030, p = 0.236).  

Figure 28 

Standardized path diagram for perceived safety 

 

Note. [LL, UL] indicates a 95% CI. Reference categories are as follows: CondiKon: as-built; 
LocaKon pair: D. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.  
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Comfort 

Similar to percepKons of safety, both the flexible delineator intervenKon (b = 0.123, 

95%CI[0.061, 0.184], SE = 0.031, p < 0.001) and the conKguous concrete barrier intervenKon 

(b = 0.095, 95%CI[0.014, 0.175], SE = 0.041, p = 0.021) resulted in higher judgements of comfort 

than the as-built condiKon when controlling for trial number and locaKon pair (Figures 26 and 

29). The difference in raKngs between each intervenKon condiKon and the as-built condiKon 

were each small (bFlexible = 4.058, 95%CIFlexible[2.062, 6.054]; bConcrete = 3.138, 95% CIConcrete[0.408, 

5.868]), and there was no evidence that the intervenKon condiKons differed from one another 

(b = -0.028, 95%CI[-0.094, 0.038], SE = 0.034, p = 0.410).  

Pleasurability 

 There was only evidence for a small difference in percepKons of pleasurability for the 

environment with a separated bike lane created by flexible delineators compared to the as-built 

environment (b = 0.103, 95%CI[0.030, 0.176], SE = 0.037, p = 0.006) when accounKng for 

controls (Figures 26 and 30). Based on the best-fijng model esKmates and adjusKng for trial 

number and locaKon pair, parKcipants responded with pleasurability raKngs of 3.7 units higher 

in the flexible delineator condiKon than the as-built condiKon (b = 3.704, 95%CI[1.111, 6.297]). 

There was no evidence for a difference between the conKguous concrete separated bike lane 

condiKon and the as-built condiKon (b = 0.063, 95%CI[-0.011, 0.136], SE = 0.038, p = 0.096) nor 

between the conKguous concrete and flexible delineator intervenKon condiKons (b = -0.040, 

95%CI[-0.100, 0.020], SE = 0.031, p = 0.191). 
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Figure 29 

Standardized path diagram for perceived comfort 

 

Note. [LL, UL] indicates a 95% CI. Reference categories are as follows: CondiKon: as-built; 
LocaKon pair: D. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.  
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Figure 30 

Standardized path diagram for perceived pleasurability 

 

Note. [LL, UL] indicates a 95% CI. Reference categories are as follows: CondiKon: as-built; 
LocaKon pair: D. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.  
 

Latent variables 

 The measurement model specifying level-1 and level-2 latent variables with percepKon 

of walking needs indicators fit well (PPP = 0.548, PSR = 1.042). The standardized loadings for 

each indicator were appropriately high (Range = 0.616 – 0.904). These latent variables have 

been named versions of “audiovisual walkability percepKons.” Recent research invesKgaKng 

walking needs based on VR exposures have referred to the needs collecKvely as “perceived 
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walkability” (Fang et al., 2024; Vo & Kim, 2024). However, others have named similar constructs 

“visual walkability percepKons” to emphasizes the sensory factors influencing walking behavior 

that are not present in these exposures (Huang et al., 2023). As the VR simulaKon employed in 

the present study contained both auditory and visual sKmuli, I have selected the term 

“audiovisual walkability percepKons.”  

The level-2 latent variable represents individual differences in audiovisual walkability 

raKng tendencies. This aligns with research indicaKng individual factors of perceived walkability 

[e.g., educaKon level (De Vos et al., 2023), ajtudes toward walking (Van Der Vlugt et al., 2025)] 

as well as Alfonzo’s (2005) theory, which specifies individual differences in judgements of 

walking needs. Thus, the level-2 latent variable has been named “Person-level audiovisual 

walkability percepKons.” It explained 92% of level-2 variability in accessibility (R2 = 0.915), 86% 

of that in safety (R2 = 0.858), 77% of that in comfort (R2 = 0.769), and 77% of that in 

pleasurability (R2 = 0.769). Moreover, the latent variable results indicated that individuals who 

tended to provide high raKngs for one indicator did so for others.  

Conversely, the level-1 latent variable represents variability in raKngs of audiovisual 

walkability from trial to trial; therefore, it has been named “exposure-based audiovisual 

walkability percepKons.” This latent variable explained 46% of level-1 variability in accessibility 

(R2 = 0.460), 52% of that in safety (R2 = 0.518), 75% of that in comfort (R2 = 0.747), and 38% of 

that in pleasurability (R2 = 0.379). Similar to the level-2 latent variable results, high levels of 

exposure-based audiovisual walkability percepKons were linked to high raKngs of all walking 

needs. 



 

 
94 

Fit indices for comparison of structural models are presented in Table 8. As shown in this 

table, the best fijng model included fixed slopes and no control variables, and it fit acceptably 

(PPP = 0.274, PSR = 1.002). Thus, locaKon pair and trial number did not explain substanKal 

variance in exposure-based audiovisual walkability percepKons above and beyond condiKon 

alone. Also, there were not meaningful individual differences in the effect of condiKon on 

exposure-based audiovisual walkability percepKons. 

Table 8 

Latent variable structural model fit indices 

Note. Bold indicates the best fijng model. 
 

Random effects Fixed effects PPP DIC PSR 

Intercept CondiMon  0.274 29213.204 1.002 

Intercept 
CondiKon 

NA NA 29220.461 1.001 

Intercept 
 

CondiKon 
LocaKon Pair 

0.000 29112.422 1.001 

Intercept CondiKon 
Trial number 

0.152 29211.526 1.001 

Intercept 
 

CondiKon 
LocaKon Pair 
Trial number  

0.000 29114.917 1.001 

 

 Aligned with pa9erns observed in discrete walking need models, there was evidence for 

moderately-small differences in exposure-based audiovisual walkability percepKons between 

the flexible delineator and the as-built condiKon (b = 0.153, 95% Credible Interval (CrI) [0.071, 

0.233], Posterior SD = 0.041, p < 0.001) as well as between the conKguous concrete barrier and 
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the as-built condiKon (b = 0.133, 95%CrI[0.049, 0.213], Posterior SD = 0.042, p = 0.001). See 

Figure 31. Furthermore, there was no evidence for a difference in exposure-based audiovisual 

walkability percepKons between the two types of separated bike lane (b = -0.020, 95%CrI[-

0.103, 0.062], Posterior SD = 0.042, p = 0.314). 

Figure 31 

Standardized path diagram for latent variable model 

 

Note. [LL, UL] indicates a 95% CrI. CondiKon reference: as-built. AvWP refers to audiovisual 
walkability percepKons. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.  
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Midblock crossings 

According to mulKlevel logisKc regression models, there was evidence that the odds of 

crossing the street within five meters of a marked crosswalk differed based on condiKon (c2 = 

43.867, p < 0.0001, Table 9). For the typical parKcipant, the intervenKons with flexible 

delineators and conKguous concrete barriers were associated with 116.0% higher 

(95%CI[45.9%, 219.6%], c2 = 3.850, p = 0.0001) and 297.6% higher (95%CI[160.7%, 506.5%], c2 = 

6.408, p < 0.0001) esKmated odds of crossing the street within five meters of a marked 

crosswalk than the as-built condiKon, respecKvely. Between the two types of intervenKons, the 

esKmated odds of crossing within five meters of a marked crosswalk were 84.1% higher in 

environments with the concrete barriers compared to the flexible delineators (95%CI[20.0%, 

182.6%], c2 = 2.792, p = 0.005). Figure 32 illustrates virtual street crossings in each 

environmental condiKon. 

Table 9 

Frequency table of incidence of marked crossings by condi7on 

CondiMon Marked  Unmarked  Total 

Flexible delineators 218 80 298 
Concrete barriers 247 56 303 
As-built 183 120 303 
Total 648 256 904 
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Figure 32 

Crossing routes stra7fied by condi7on 
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Note. Each yellow line represents a single crossing a9empt. 
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Preferences 

A chi-square goodness of fit test indicated that the distribuKon of top preferences was 

not consistent with a uniform distribuKon (c2 = 12.514, p = 0.002). See Figure 33. Based on 

residual analysis, more parKcipants preferred the flexible delineator condiKon than expected 

under a uniform distribuKon. Moreover, the esKmated odds of favoring the flexible delineator 

intervenKon were 242.3% higher than the odds of favoring the conKguous concrete barrier 

intervenKon (95%CI[72.3%, 596.7%], p = 0.0004) and 268.6% higher than those of favoring the 

as-built condiKon (95%CI[84.2%, 656.9%], p = 0.0002). The esKmated odds of favoring the 

conKguous concrete barrier intervenKon did not differ from those of the as-built condiKon 

(OR=1.077, 95%CI[0.508, 2.288], p = 0.850). 

Conversely, the distribuKon of lowest preferences was also not consistent with a uniform 

distribuKon (c2 = 32.541, p < 0.0001). Residual analysis indicated fewer parKcipants disliked the 

flexible delineator condiKon and more parKcipants disliked the conKguous concrete barrier 

condiKon than expected under a uniform distribuKon. In fact, the esKmated odds of disliking 

the flexible delineator intervenKon were 95.9% lower than the odds of disliking the conKguous 

concrete barrier intervenKon (95%CI[88.5%, 98.7%], p < 0.0001) and 89.0% lower than those of 

disliking the as-built condiKon (95%CI[68.9%, 96.4%], p < 0.0001). The esKmated odds of 

disliking the conKguous concrete barrier intervenKon were 168.3% higher than those of the as-

built condiKon (95%CI[39.2%, 426.5%], p = 0.003). 
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Figure 33 

Preferences for street design condi7ons 

 

 

ThemaKc analysis of descripKve explanaKons for preferences developed three themes: 

1. Separated bike lanes affect percep7ons of safety, 2. Type of separated bike lane influences 

percep7ons of ameni7es in the environment, and 3. A street’s safety and ameni7es are 

independent forces that should be balanced.  
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Theme 1 - Separated bike lanes affect perceptions of safety.  

Most parKcipants menKoned safety issues (63/74 parKcipants). They discussed safety in 

both general terms (e.g., “seems safer”) and by specifically referencing the “separaKon between 

the cars and pedestrians” (34). This separaKon increased percepKons of safety as it “help[ed] 

keep people in the area they need to be; i.e., bikes in the bike area, pedestrians on sidewalks.” A 

sizable number of parKcipants even discussed protecKon from impact (13): “It was a physical 

deterrent that will deflect or slow down a car careening into the bike lane or sidewalk.”  

PosiKve descripKons of safety were most common in the context of flexible delineators 

(34) and conKguous concrete barriers (27), while lack of safety was most prevalent in responses 

about the as-built condiKon (26). In fact, safety was menKoned by every parKcipant who most 

preferred the concrete barrier intervenKon (18) and every parKcipant who least preferred the 

as-built condiKon (26). Among those who favored it, the concrete barrier condiKon was viewed 

as “the safest opKon” because “the concrete barrier [was] going to provide more protecKon in 

the event of a collision” (5). Conversely, in the as-built condiKon, “If a car or bike were to swerve 

or crash into the sidewalk, there would be nothing prevenKng it from hijng a person” (8), 

leading to statements such as “No barrier [did] not make me feel safe.” A handful of parKcipants 

praised the concrete barriers because they “force[d] the pedestrian to go to the crosswalk, 

which is great” (5) and criKcized the as-built condiKon for “making it easier for people to go 

wherever they want” (5), a dissenKng opinion as described below in Theme 2. 

SKll, several parKcipants voiced concerns that the conKguous concrete barriers posed a 

“potenKal hazard” (7) or “obscured the view of the other side” (3). The flexible delineators were 
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seen as a soluKon to this issue as they “allow[ed] good vision” of the road and other road users 

(5). 

Theme 2 - Type of separated bike lane influences perceptions of amenities in the environment.  

AmeniKes “[help] to provide comfort, convenience, or enjoyment” (Merriam-Webster, 

n.d.), complementary to Alfonzo’s walking needs of comfort, accessibility, and pleasurability. 

ParKcipants regularly referenced these three concepts in their reasoning for preferences. 

Regarding accessibility, they discussed free movement of road users. They specifically noted 

how some street designs, namely the flexible delineator (15) and as-built (9) condiKons, made it 

“easier to cross the street” than others and allowed them to “[take] the most opKmal route.” 

Furthermore, parKcipants discussed crossing the street without a marked crosswalk as their 

prerogaKve: “In this volume of traffic, I'm perfectly comfortable jaywalking in order to reach my 

desKnaKon quicker.” Numerous parKcipants (20) disliked the “annoying” and “very aggressive” 

conKguous concrete barriers because they believed that this condiKon “force[d] you to walk a 

specific way,” and the crosswalks “someKmes [could] be pre9y far away from the desKnaKon 

and inconvenient for walking.”  

Perceiving concrete barriers as restricKve was emphasized by descripKons of “feel[ing] 

very cornered,” “congested,” and “trapped” (12). In contrast, flexible delineator (6) and as-built 

(5) environments were described as “open,” “free,” and “cleaner.”  As demonstrated by this 

spectrum of openness and constraint, parKcipants regularly discussed the comfort and 

pleasurability (i.e., enjoyment) of a space conjointly: “I prefer this from a comfort perspecKve. I 

just think the open street looked and felt nicer to walk by.” Aligned with descripKons of 

openness, several parKcipants believed the as-built (5) and flexible delineator (5) condiKons had 
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“be9er aestheKc[s]” while the conKguous concrete barriers were “very ugly” and “just look[ed] 

terrible” (17). 

Theme 3 - A street’s safety and amenities are independent forces that should be balanced.  

Nearly half of parKcipants described a desire for balance in street design (34), most 

clearly through the explicit phrases “a good middle ground” and “a good in between,” which 

were used to describe the flexible delineator condiKon (2). More frequently, parKcipants 

described a balance of safety and ameniKes through opposiKonal conjuncKons and adverbs 

(27), such as “while” (e.g., “The plasKc barrier enforced the space designated for cars and bikes 

the most while not being a major obstacle or unpleasant to look at.”), “sKll,” and “but” (e.g., 

“There [was] some separaKon and protecKon, but [the opKon with flexible delineators] also sKll 

allow[ed] for easy movement.”).  

Pa9erns in descripKons of street design condiKons with respect to safety and ameniKes 

are presented in Figure 34. As demonstrated, contrasKng safety and ameniKes occurred most 

commonly when respondents explained why they favored the flexible delineator condiKon 

(Figure 34 Panel A). In contrast, those who favored the concrete barrier condiKon more 

frequently discussed only safety (Figure 34 Panel B) as those who favored the as-built condiKon 

did with ameniKes (Panel C).  
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Figure 34 

Descriptions of amenities and safety balance stratified by top preference 
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Note. Frequency is reflected in point size. 
 

SKll, an imbalance was detailed as reason for disliking both types of separated bike 

lanes. Indeed, three of the four parKcipants who least preferred the flexible delineator 

condiKon described an imbalance between li9le to no improvement in safety that could offset 

their negaKve effects on ameniKes (e.g., “It didn't really do a whole lot other than be less 

pleasing,” Figure 34 Panel B). This concept was echoed by parKcipants (7) who regarded the 

concrete barriers as “overkill” and “unnecessary given that it's not a very high-speed road” 

(Figure 34 Panels A & C). Backing the need for a balance, several parKcipants (8) explicitly 

rejected the idea that the safest opKon was the best. One parKcipant who disliked the concrete 

barrier condiKon reasoned, “It made my walk much longer to get to the crosswalk further 
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down; however, it is the safer opKon, but it also just [was] not visually appealing, and I think 

detracts from the space.”  

Route distance 

 To invesKgate the accuracy of statements claiming the conKnuous concrete barrier 

condiKon prompted longer routes, an exploratory MSEM analysis was conducted. The most 

complex model, which predicted route distance with a random interacKon effect between 

condiKon and locaKon pair, fit the data best. See Table 10. In other words, the effect of 

condiKon on route distance differed across locaKon pairs, and there were meaningful individual 

differences in the magnitude of these effects. Complete model results are available in Table 11. 

The interacKon was probed via pairwise comparisons between condiKons straKfied by locaKon 

pair. These results are described in the text below, visualized in Figure 35, and listed in Table 12. 
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Table 10 

Route distance model fit indices 

Note. Bold indicates the best fijng model. 
  

Random effects Fixed effects PPP DIC PSR 

NA Intercept 
CondiKon  
LocaKon pair 
Trial number 

0.511 9873.361 1.000 

Intercept CondiKon  
LocaKon pair 
Trial number 

0.494 9803.427 1.002 

Intercept 
CondiKon 

LocaKon pair 
Trial number 

NA 9809.889 1.003 

Intercept 
LocaKon pair 

CondiKon 
Trial number 

NA 9690.301 1.001 

Intercept 
LocaKon pair 
CondiKon 

Trial number NA 9697.843 1.005 

Intercept 
 

CondiKon 
LocaKon pair 
CondiKon * LocaKon pair 
Trial number  

0.495 9754.811 1.000 

Intercept 

CondiMon 

LocaMon pair 

CondiMon * LocaMon pair 

Trial number  NA 9626.789 1.025 
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Table 11 

Results of best fiZng model for route distance 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

Fixed effects b [95%CrI] posterior SD p 

Trial number -0.150 [-1.176, 0.853] 0.520 0.386 

Random effects Mean (b) [95%CrI] posterior SD p 

Flexible delineators -37.012 [-52.706, -21.200] 8.165 < 0.001*** 
Concrete barriers -24.641 [-38.483, -9.343] 7.478 0.001** 
LocaKon Pair A -167.226 [-182.271, -151.130] 7.915 < 0.001*** 

LocaKon Pair B -127.669 [-142.226, -111.182] 8.075 < 0.001*** 

LocaKon Pair C -9.208 [-30.388, 12.028] 10.850 0.197 
Flexible delineators*A 38.920 [15.815, 61.550] 11.476 0.003** 
Flexible delineators*B 35.524 [12.719, 58.102] 11.541 0.001** 
Flexible delineators*C -11.880 [-35.513, 11.848] 12.047 0.163 
Concrete barriers*A 60.235 [39.341, 82.058] 10.846 < 0.001*** 
Concrete barriers*B 23.736 [1.456, 45.580] 11.406 0.019* 
Concrete barriers*C -30.311 [-53.832, -7.698] 11.857 0.004** 
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Figure 35 

Es7mated route distance by condi7on stra7fied by loca7on pair

 

Note. EsKmated values are in meters and were calculated at the control level of trial number 1 
using mean(b) parameters. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
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Table 12 

Unstandardized pairwise comparisons between condi7ons by loca7on pair 

Note. Units for esKmates are in meters. * indicates p < 0.05; ** indicates p < 0.01;  
*** indicates p < 0.001. 
 

LocaMon 

pair 
CondiMon 

1 

Mean(b) [95%CrI] 

2 

Mean(b) [95%CrI] 

A 1. Flexible delineators   

 2. Concrete barriers 
-34.399 

95%CrI[-45.109, -23.574]; 
p < 0.001*** 

 

 3. As-built 
2.024 

95%CrI[-14.469, 17.434];  
p = 0.402 

36.063 
95%CrI[20.282, 51.061];  

p < 0.001*** 

B 1. Flexible delineators   

 2. Concrete barriers 
-0.799 

95%CrI[-9.138, 7.626]; 
p = 0.426 

 

 3. As-built 
-1.359 

95%CrI[-17.611, 14.929];  
p = 0.434 

-0.754 
95%CrI[-16.775, 16.100];  

p = 0.463 

C 1. Flexible delineators   

 2. Concrete barriers 
5.885 

95%CrI[-8.376, 19.964]; 
p = 0.208 
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LocaMon 

pair 
CondiMon 

1 

Mean(b) [95%CrI] 

2 

Mean(b) [95%CrI] 

 3. As-built 
-48.946 

95%CrI[-66.129, -31.620]; 
p < 0.001*** 

-54.832 
95%CrI[-72.894, -36.745]; 

p < 0.001*** 

D 1. Flexible delineators   

 2. Concrete barriers 
-12.280 

95%CrI[-20.412, -4.712];       
p = 0.001** 

 

 3. As-built 
-37.012 

95%CrI[-52.706, -21.200]; 
p < 0.001*** 

-24.641 
95%CrI[-38.483, -9.343];  

p = 0.001** 

 

Among trials in which parKcipants completed locaKon pair A, they tended to take routes 

about 35 m longer in the concrete barrier condiKon than the flexible delineator condiKon 

(mean(b) = 34.399 m, 95%CrI[23.574, 45.109], p < 0.001) and as-built condiKon (mean(b) = 

36.063 m, 95%CrI[20.282, 51.061], p < 0.001), when controlling for trial number. This is 

consistent with crossing data, which visualizes that some parKcipants selected the most direct 

route for locaKon pair A through Lake St without a marked crossing in the as-built (Figure 32 

Panel A.I) and flexible delineator (Panel A.II) condiKons but walked around the concrete barriers 

to the marked crosswalk in the concrete condiKon (Panel A.III). This also aligns with parKcipants’ 

claims that the concrete barriers blocked them from taking the shortest route. 

 In contrast, while compleKng locaKon pair B, parKcipants generally chose a similar 

distance route regardless of condiKon, controlling for trial number (Table 12). As shown in 

Figure 32 Panel B, parKcipants generally used the marked crosswalk in locaKon pair B, 
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potenKally because the crossing was relaKvely near to the most direct route and/or the nearby 

intersecKon is known to have a high volume and be unsafe (Kimley-Horn and Associates, Inc., 

2024). 

LocaKon pairs C and D are unique in that both intervenKon condiKons introduced a 

nearby zebra crosswalk. In these trials, parKcipants tended to select shorter routes in the 

flexible delineator (mean(bc) = -48.946, 95%CrIc[-66.129, -31.620], pc < 0.001; mean(bd) = -

37.012, 95%CrId[-52.706, -21.200], pd < 0.001) and concrete barrier (mean(bc) = -54.832, 

95%CrIc[-72.894,-36.745]; pc < 0.001; mean(bd) = -24.641, 95%CrId[-38.483, -9.343]; pd = 0.001) 

condiKons than the as-built condiKon when accounKng for trial number. On average, locaKon 

pair C routes in separated bike lane condiKons were 50 m shorter than those in the as-built 

condiKon, conflicKng with parKcipants’ statements that their routes felt longer in the concrete 

barrier condiKon. In locaKon pair D, routes for the flexible delineator separated bike lane 

condiKon were on average 37 m shorter than routes in the as-built condiKon while those in the 

concrete barrier condiKon were only 25 m shorter, a difference which parKally supports 

parKcipants’ descripKve statements (mean(b) = 12.280, 95%CrI[-20.412, -4.712]; p = 0.001). 

IntegraKng the distance results for locaKon pairs C and D with crossing visualizaKon in Figure 33 

Panels C and D, the separated bike lane condiKons may have shortened route distance through 

the introducKon of new zebra crosswalk that provided a closer alternaKve to parKcipants that 

opted for indirect routes in the as-built condiKon in order to use a marked crosswalk. 
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STUDY 2 DISCUSSION 
 
 
 
 The current study applied VR technology to assess the effects of two potenKal street 

design intervenKons on pedestrian environmental percepKons, walking decisions, and 

preferences. In a within-subjects design, individuals experienced, from a pedestrian’s 

perspecKve, a virtual replica of a university’s campus as it currently stands and with two 

modificaKons under consideraKon for implementaKon. While experiencing the environments 

with separated bike lanes and zebra crosswalk intervenKons, parKcipants judged their 

surroundings as safer and more comfortable than when experiencing the unmodified 

environment. These findings add to exisKng research indicaKng crosswalks are important factors 

of pedestrians’ safety percepKons (Argota Sánchez-Vaquerizo et al., 2024; Soto et al., 2022) and 

builds upon cycling literature linking separaKon to perceived safety (Bialkova et al., 2022; Friel et 

al., 2023; Nazemi et al., 2021) and comfort (Lim et al., 2025). In addiKon, the environment with 

addiKonal pedestrian crosswalks and a separated bike lane created with flexible delineators was 

judged in real Kme to be more accessible and pleasurable from a pedestrian’s perspecKve than 

the environment depicKng the as-built condiKons. InteresKngly, differences between in-VR 

percepKons of the two intervenKon condiKons were minimal.  

 Real-Kme judgements of these four walking needs (accessibility, safety, comfort, & 

pleasurability) loaded onto two latent variables, represenKng person-level and exposure-based 

audiovisual walkability percepKons. The acceptable fit of these latent variables provides support 

for Alfonzo’s (2005) model as underlying walkability percepKons explained observed 

judgements of walking needs. Furthermore, both environmental intervenKons predicted small 
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boosts to exposure-based audiovisual walkability percepKons compared to the as-built 

condiKon. Again, there was a negligible difference between the two invesKgated 

countermeasures. In context of the numerous factors that correlate with percepKons of walking 

needs [e.g., street connecKvity, land use (Tabatabaee et al., 2021)], observing differences 

between idenKcal environments save for bike lane separaKon and the introducKon of new zebra 

crosswalks is notable. Moreover, the invesKgated intervenKons were successful in enhancing 

exposure-based audiovisual walkability percepKons despite their low expense and small scale 

relaKve to city-scale walkability influences, such as land use.  

The current study also provided evidence for the tested intervenKons’ effecKveness 

altering percepKons of exposure-based audiovisual walkability independent of the 

intervenKons’ effects on other road users’ behaviors. One explanaKon for the lower incidence of 

serious crashes in bikeable ciKes is that infrastructure, such as separated bike lanes, reduces 

motor vehicle speeds (Marshall & Ferenchak, 2019). VR research has also indicated that 

separated bike lanes reduce cyclists’ speeds (Guo, Tavakoli, et al., 2023). In the current study, 

the speed of other road users was controlled across environmental condiKons, meaning that the 

observed changes to exposure-based audiovisual walkability percepKons were caused by the 

environmental intervenKons directly. It is expected that if a separated bike lane and new zebra 

crosswalks are implemented in the invesKgated context, effects on exposure-based audiovisual 

walkability percepKons of magnitudes larger than those reported in the current study may be 

observed. Direct effects of the intervenKon may be compounded by any indirect effects through 

other road users’ safety behaviors, although addiKonal research would be needed to confirm. 
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In addiKon to percepKons of walking needs, the current study measured preferences for 

the invesKgated street designs awer VR exposure. Most parKcipants preferred the environment 

with the flexible delineators. Although about a quarter of parKcipants most preferred the 

concrete barrier intervenKon, nearly 60% of parKcipants ranked it as their least preferred, 

indicaKng polarizaKon concerning this condiKon. The most common reason provided for ranking 

the concrete barrier intervenKon low was that these barriers reduced percepKons of ameniKes 

in the environment, namely the space’s openness and pleasantness and the ease of reaching 

desKnaKons. In other words, parKcipants described negaKve effects on accessibility, comfort, 

and pleasurability. This contrasts with the quanKtaKve walking needs findings, in which 

parKcipants did not judge the environment with the concrete barriers as less accessible or less 

pleasurable and even judged it to be more comfortable than the as-built condiKon.  

The observed discrepancies between raKngs provided in VR and preferences provided 

awer exposures may be explained by recall bias. RetrospecKve reports can be influenced by 

informaKon salient at the Kme of recall while real-Kme data (i.e., momentary assessment) 

curtails this bias (Shiffman et al., 2008). As pictured in Figure 24, the survey item addressing 

preference presented images of nearly idenKcal environments with separaKng elements 

depicted in the foreground. This survey item named the intervenKon condiKons by separaKon 

type and material, and it did not menKon the new crosswalks. Thus, the presentaKon of this 

survey item enhanced the salience of the separaKng elements. For example, when parKcipants 

were within the virtual environment, their pleasurability judgements may have been based on 

numerous environmental factors, including building design, lack of li9er, and greenery, all of 

which are related to environment pleasantness (Brunner et al., 2025). However, when 
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compleKng the post-VR survey these factors were not salient, and parKcipants overesKmated 

the effect of the concrete barriers on overall pleasurability. In fact, research indicates humans 

make systemaKc errors in predicKng transportaKon experiences, including overesKmaKng the 

enjoyableness of motor vehicle trips (Comerford, 2011). 

In another conflict with raKngs provided in VR, parKcipants’ feedback suggested a 

conceptualizaKon of safety as independent of free movement, openness, and pleasantness. The 

balance between safety and the ameniKes of the environment was provided as a key reason for 

preference of the flexible delineator condiKon. Although parKcipants recounted these forces as 

independent awer the VR experience, they did not report them as such in real Kme: The current 

study’s latent variable findings indicated that a singular construct of exposure-based audiovisual 

walkability percepKons underlay walking needs raKngs. While making judgements of walking 

needs in VR, parKcipants may have considered the audiovisual walkability of the overall 

environment, and the experience of safety was linked to experiences of accessibility, comfort, 

and pleasurability. However, when asked directly about the flexible delineators and concrete 

barriers, parKcipants may have considered how these separaKng elements specifically 

influenced free movement, safety, openness, and pleasantness. AddiKonal research similar to 

the current study, in which parKcipants rate environments in place following a think-aloud 

protocol could clarify how parKcipants weigh various factors in these different self-report 

paradigms. 

A benefit of using this simulaKon-based approach to pre-test potenKal environmental 

intervenKons is the ability to collect behavioral data in a controlled sejng. This enabled 

behavioral exploraKon into discrepancies between judgements of accessibility from raKngs 
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completed in VR and preferences provided later. In the current study, route analysis 

demonstrated that parKcipants crossed the street in different locaKons depending on condiKon. 

Both types of intervenKons shortened the average route distance in two of the four locaKon 

pairs. These condiKons also resulted in much higher odds of using a marked crosswalk than the 

as-built condiKon. In contrast, individuals only rated the environment with flexible delineators 

as more accessible than the as-built condiKon. As noted, a common criKcism of the concrete 

barrier condiKon was that it prohibited parKcipants from taking a shorter route. The odds of an 

unmarked midblock crossing were much lower in the environment with conKnuous concrete 

barriers than those with flexible delineators, meaning the concrete barriers were more effecKve 

at guiding pedestrians to marked crosswalks. ObjecKve measurement of route distance parKally 

supported parKcipants’ claim that the concrete barriers resulted in longer routes: The routes 

were longer on average than the as-built and flexible delineator condiKons in one and two of 

the four locaKon pairs, respecKvely. As menKoned, the routes in the concrete barrier condiKon 

were shorter than the as-built condiKons in two locaKon pairs. Thus, the concrete barrier 

condiKon was far from unilaterally lengthening routes as parKcipants described in their wri9en 

feedback. Again, salience may help resolve this difference between walking behavior and 

retrospecKvely-reported experience. The preference survey item centered the barriers; thus, 

parKcipants may have provided their preferences regarding only the barriers and not the enKre 

intervenKon condiKon, including the new crosswalks. 

Limitations 

 The described findings are site-specific and must be contextualized within the limitaKons 

of the study. This study compared the as-built condiKons with two mulKfaceted intervenKons as 
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they would be implemented. While this decision improves the direct applicability of these 

findings to CSU’s intervenKon decision, it means that the effects of any specific feature in each 

intervenKon cannot be idenKfied. It is possible that the condiKon with flexible delineators led to 

more pleasurable raKngs than the as-built condiKon simply because they were simulated with a 

plasKc material. If the delineators were depicted as concrete bollards, percepKons of this 

condiKon may have been more akin to those observed in response to the concrete barriers. 

Indeed, research has indicated that individuals perceive concrete environments as cold and 

unpleasant (He et al., 2025). Similarly, the barrier condiKon may have been preferred more if 

the virtual barriers were mapped with a plasKc or metal texture rather than concrete. In 

addiKon to materiality, the effects of the delineators and barriers cannot be untangled from 

those of the added zebra crosswalks. It is likely that a negaKve effect of barriers on accessibility, 

which was described in wri9en feedback, was obscured by a posiKve effect of the new marked 

crosswalks.  SKll, the prioriKzaKon of studying complete intervenKons as they would be 

implemented aligns with the primary goal of the current applied research: to provide site-

specific pedestrian-focused recommendaKons to campus decisionmakers. 

 As parKcipants were not naturally walking and instead were stepping-in-place, their 

physical limitaKons may have been unclear, namely parKcipants may not have known that they 

could step over concrete barriers. Although parKcipants could and some did move over the 

concrete barriers, one described in their wriKng that “I had no way of gejng over them in the 

simulaKon.” Furthermore, the current findings may have been influenced by social desirability 

effects, in which parKcipants elected to more closely follow traffic laws (i.e., use marked 

crosswalks) in the study session than they would in the real world. To minimize these effects, 
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parKcipants were explicitly asked to “behave as [they] would in the real world” during the 

tutorial and reminded of this instrucKon if they asked the researcher whether they had to 

follow traffic laws. The concern for social desirability effects is also assuaged by the wri9en 

responses of many parKcipants that explicitly discussed their preference for a street design 

which enables unmarked crossings (33 parKcipants). Another limitaKon of virtual locomoKon in 

the current study stems from the instrucKon to parKcipants to avoid moving through large areas 

of grass. This instrucKon was necessary to ensure the safety of parKcipants as topographic 

variability, which exists in the intervenKon area’s grassy lawns, is known to induce higher 

intensiKes of cybersickness (Ang & Quarles, 2022). SKll parKcipants may have navigated along 

different routes had they not received this direcKve. 

 It is common to use repeated measures studies in VR research for their high staKsKcal 

power (Birenboim et al., 2021; Spitzer & Graham, 2025); however, this research design bears 

the limitaKon of learning effects. The current study originally intended to quanKfy these 

learning effects via test-retest reliability calculaKons. However, this terKary analysis could not be 

completed due to the decision to counterbalance the order of condiKons. Pilot data suggested 

that a study design with a standardized locaKon pair and condiKon order would have enabled 

test-retest reliability analyses but likely would not have clearly addressed the main inquiry: how 

the tested environmental modificaKons influence percepKons of walking needs. These pilot 

data demonstrated a nontrivial possibility of differenKal carryover effects, interfering with the 

study’s ability to detect effects of the manipulaKon. Therefore, counterbalancing order through 

Williams’ (1949) paired LaKn square approach was prioriKzed over the ability to conduct test-

retest reliability calculaKons. Learning effects regarding environmental judgements, walking 
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behavior, and wayfinding remain an open inquiry within the research area (Birenboim et al., 

2021). Future VR applicaKons to transportaKon planning behavioral research would benefit 

from addiKonal basic research quanKfying these learning effects. 

Strengths 

 In addiKon to these limitaKons, this study also has several strengths, starKng with its 

true experimental design. True experiments are historically uncommon in environmental 

research, but the rise of VR technology equips researchers to conduct these studies due to VR’s 

ability to manipulate environments (Spitzer & Graham, 2025). By holding extraneous factors 

constant, this research design permits causal conclusions, which are atypical in this research 

area. Thus, this project is unique in that it equips decisionmakers with evidence as to which 

intervenKons modify rather than simply correlate with percepKons of walkability. Moreover, this 

research does so with high ecological validity, supporKng its direct applicability to a real-world 

environment. Using real-world GIS data, traffic data, and photographs improved the realism of 

the VR simulaKon. Partnership with CSU TransportaKon and the City of Fort Collins ensured that 

the tested intervenKons represented those considered for real-world implementaKon. This 

collaboraKon bridges the gap between transportaKon research and pracKce and ensures that 

the resulKng intervenKon is based on rigorous context-specific science. 

The observed discrepancies between judgements made in real Kme and in later surveys 

highlights the value of simulaKon-based research to collect in-place judgements as well as 

behavioral measures. As parKcipants were recruited from the specific area under invesKgaKon, 

the current project serves as a type of community outreach. Community opinions are 

indubitably an important source of informaKon in decision-making concerning street design; 
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however, they may not necessarily reflect those same individuals’ percepKons of the 

intervenKon when it is in place. As previously noted, VR simulaKons induce environmental 

responses more similar to the real world than 2D representaKon techniques (Higuera-Trujillo et 

al., 2017; Newman et al., 2022). The current research suggests that judgements of 

environments based on 2D images of recently-experienced VR simulaKons may not even match 

judgements made in that same VR simulaKon. The value of applying VR technology in street 

design goes beyond the ability to represent potenKal intervenKons and is magnified by 

collecKng behavioral and momentary assessment data from community members within 

controlled but realisKc environments. The current research gathered in-place data regarding an 

environment awer the trial was completed. Future VR simulaKon studies could further reduce 

the delay between a contextual exposure and data collecKon, such as prompKng a survey awer 

parKcipants cross a virtual street or awer a motor vehicle passes. This type of work could shed 

insight into how individual design elements influence audiovisual walkability percepKons across 

the pedestrian experience. 

Conclusions, recommendations, and implications 

The described study was conducted to address the gap in the literature regarding the 

influence of separated bike lanes on pedestrians and to aid local decisionmakers in idenKfying 

which of two potenKal separated bike lane and crosswalk intervenKons will have the maximum 

posiKve impact on pedestrians. ContribuKng to research into the effects of cycling infrastructure 

on other road users, the findings indicated more evidence that separated bike lanes with 

flexible delineators will increase safe walking in the invesKgated area. Both tested separated 

bike lane and crosswalk intervenKons improved exposure-based audiovisual walkability 
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percepKons, comfort, and safety. SKll, this study found stronger support for the flexible 

delineator intervenKon in enhancing pedestrian accessibility and pleasurability. In real Kme, 

parKcipants perceived it to be easier to reach their desKnaKon in the condiKon with the flexible 

delineators even though on average, the distance of their selected route to the desKnaKon was 

shorter in only two of the four locaKon pairs. Because percep7ons of fulfilment of walking 

needs, rather than objec7ve measures of fulfillment influence the decision to walk (Alfonzo, 

2005), these findings support the idea that the flexible delineator intervenKon will lead to more 

walking in this campus region.  

Although the conKguous concrete barrier intervenKon resulted in a marginal benefit to 

the safe walking behavior of using a marked crosswalk, the evidence that the flexible delineator 

intervenKon resulted in higher percepKons of fulfilled walking needs compared to the as-built 

condiKon was stronger. These findings support the implementaKon of an intervenKon with a 

separated bike lane via flexible delineators and two new zebra crosswalks on Lake St to promote 

safe walking. This recommendaKon was presented to the City of Fort Collins and CSU 

TransportaKon; therefore, this project will result in promoKng the safe walking behavior of 

potenKally thousands of current and future students and employees that inhabit Lake St daily. 

More broadly, these findings reinforce the influence of relaKvely low-cost street-scale 

intervenKons on percepKons of walkability and provide support for a popular walkability theory. 

The observed discrepancies between stated community preference and in-VR data regarding 

walking needs and behavior advances the field of walkability by underscoring the importance of 

real-Kme data capture. In addiKon to local benefits to a campus community, the current study 

progresses the field through the implementaKon of VR technology to collect causal evidence 
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sensiKve to local context and the direct applicaKon of research to street design via cross-sector 

partnership. 
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Interaction 
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Materials 
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h9ps://assetstore.unity.com/packages/3d/props/exterior/colored-parasols-214006 
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Traffic 

AGLOBEX. (2025). Urban traffic system full pack (Version 2.0) [Unity Asset]. Unity Asset Store. 

h9ps://assetstore.unity.com/packages/templates/systems/urban-traffic-system-full-
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APPENDIX B. PHOTOGRAPHS OF VR SIMULATION  
 
 
 
Figure B.1 

View from Lake St Parking Garage W toward Centre St intersec7on in concrete barrier condi7on 

 

Figure B.2 

View from Centre Ave intersec7on N toward pedestrian mall in concrete barrier condi7on 
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Figure B.3 

View from Molecular and Radiological Biosciences Building W toward Gifford Building in flexible 

delineator condi7on 

 

 

Figure B.4 

View from new crosswalk NE toward Pathology Building in flexible delineator condi7on 
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Figure B.5 

View from new crosswalk NW toward Environmental Health Building in flexible delineator 

condi7on 

 

 

Figure B.6 

View from Pathology Building NE toward Painter Center 
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Figure B.7 

View from Environmental Health Building W toward Veterinary Medicine Parking Lot 

 

Figure B.8 

View from Veterinary Medicine Parking W toward Physiology Building 
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Figure B.9 

View from Physiology Building W toward pedestrian mall 

 

Figure B.10 

View from Physiology Building NW toward Yates Hall 
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Figure B.11 

Physiology Building and sign 

 

Figure B.12 

Eastward view of MAX Guideway and pedestrian crossing signal in as-built condi7on 
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Figure B.13 

View from Libbie Coy Way SW toward Na7onal Forest Service Library in as-built condi7on 

 

Figure B.14 

View from Libbie Coy Way intersec7on NW toward Pathology Building 
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Figure B.15 

View from Aggie Village NW toward Nancy Richardson Design Center in as-built condi7on 

 

Figure B.16 

Eastward view from Nancy Richardson Design Center 
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Figure B.17 

View from Nancy Richardson Design Center SE toward Gifford Building 

 

Figure B.18 

View from Nancy Richardson Design Center W toward Canvas Stadium 
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APPENDIX C. MODEL OUTPUT FOR ROBUSTNESS ANALYSES 
 
 
 

Study 1 

Feasibility criteria 

% of study sessions completed within 1 hr excluding parKcipant visiKng area < 1x/week = 70.0% 

Acceptability criteria 

Table C.1 

Descrip7ve sta7s7cs of presence excluding par7cipant visi7ng area < 1x/week 

 Mean SD 

IPQ Total 3.949 0.567 
Involvement 3.347 1.141 
SpaKal presence 4.589 0.882 
Experienced realism 2.721 0.833 

 

VRNQ VRISE median excluding parKcipant visiKng area < 1x/week = 30 

Number of FMS raKngs ³ 15 excluding parKcipant visiKng area < 1x/week = 1 

Table C.2 

FMS scores by 7mepoint excluding par7cipant visi7ng area < 1x/week 

Timepoint FMS Mean SD 

Before VR 0.750 1.650 
Before Trial 1 1.250 2.337 
Awer Trial 12 2.632 2.650 
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Study 2 

Perception of walking needs 

Table C.3 

Correla7on matrix of walking needs excluding 2 par7cipants visi7ng area < 1x/week 

Note. [LL, UL] indicates a 95% CI. 
 

Variable 1 2 3 

1. Accessibility       

2. Safety 
0.648 

[0.607, 0.685] 
  

3. Comfort 
0.689 

[0.653, 0.722] 
0.704 

[0.669, 0.736] 
 

4. Pleasurability 
0.570 

[0.523, 0.613] 
0.618 

[0.575, 0.657] 
0.655 

[0.615, 0.691] 
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Table C.4 

Model fit indices for separate walking needs excluding 2 par7cipants visi7ng area < 1x/week 

Note. Bold indicates the best fijng model for each outcome. 
 

Outcome Fixed effects Random effects saBIC 

Accessibility Intercepts 
CondiKon slopes 
Control slopes 

NA 7238.432 

 CondiMon slopes 

Control slopes 

Intercepts 6936.920 

 Intercepts 
Control slopes 

CondiKon slopes 7150.304 

 Control slopes Intercepts 
CondiKon slopes 

6944.678 

Safety Intercepts 
CondiKon slopes 
Control slopes 

NA 7596.257 

 CondiMon slopes 

Control slopes 
Intercepts 7193.373 

 Intercepts 
Control slopes 

CondiKon slopes 7478.128 

 Control slopes Intercepts 
CondiKon slopes 

7200.680 

Comfort Intercepts 
CondiKon slopes 
Control slopes 

NA 7357.898 

 CondiMon slopes 

Control slopes 
Intercepts 6769.364 

 Intercepts 
Control slopes 

CondiKon slopes 
 

7189.501 
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Outcome Fixed effects Random effects saBIC 

 Control slopes Intercepts 
CondiKon slopes 

6776.313 

Pleasurability Intercepts 
CondiKon slopes 
Control slopes 

NA 7348.666 

 CondiMon slopes 

Control slopes 
Intercepts 6831.700 

 Intercepts 
Control slopes 

CondiKon slopes 7191.388 

 Control slopes Intercepts 
CondiKon slopes 

6838.948 

 

Table C.5 

Level-2 variability in separate walking needs excluding 2 par7cipants visi7ng area < 1x/week 

 SD (intercept) 

Accessibility 16.408 
Safety 17.773 
Comfort 19.340 
Pleasurability 19.314 
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Table C.6 

Level-1 results of best fiZng model for separate walking needs excluding 2 par7cipants visi7ng 

area < 1x/week 

 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

Outcome Predictor b [95%CI] b [95%CI] SE p 

Accessibility Flexible delineators 
0.111  

[0.050, 0.172] 
4.799 

[2.141, 7.456] 
0.031 < 0.001*** 

 Concrete barriers 
0.066  

[-0.013, 0.145] 
2.869  

[-0.527, 6.266] 
0.040 0.099 

 LocaKon Pair A 
0.277  

[0.169, 0.385] 
13.062  

[8.233, 17.890] 
0.055 < 0.001*** 

 LocaKon Pair B 
0.286  

[0.210, 0.363] 
13.500  

[9.875, 17.126] 
0.039 < 0.001*** 

 LocaKon Pair C 
-0.092  

[-0.191, 0.007] 
-4.326  

[-9.159, 0.506] 
0.051 0.069 

 Trial number 
-0.013  

[-0.081, 0.055] 
-0.075  

[-0.478, 0.328] 
0.035 0.714 

Safety Flexible delineators 
0.155  

[0.093, 0.217] 
5.927  

[3.559, 8.295] 
0.032 < 0.001*** 

 Concrete barriers 
0.190  

[0.123, 0.257] 
7.280  

[4.560, 9.999] 
0.034 < 0.001*** 

 LocaKon Pair A 
0.057  

[-0.031, 0.145] 
2.381  

[-1.258, 6.019] 
0.045 0.202 

 LocaKon Pair B 
0.116  

[0.021, 0.212] 
4.856  

[0.758, 8.953] 
0.049 0.017* 

 LocaKon Pair C 
-0.107  

[-0.196, -0.018] 
-4.461  

[-8.215, -0.707] 
0.045 0.018* 

 Trial number 
0.007  

[-0.075, 0.089] 
0.037 

 [-0.394, 0.469] 
0.042 0.866 
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Outcome Predictor b [95%CI] b [95%CI] SE p 

Comfort Flexible delineators 
0.131  

[0.070, 0.191] 
4.295  

[2.344, 6.247] 
0.031 < 0.001*** 

 Concrete barriers 
0.107  

[0.027, 0.188] 
3.534  

[0.796, 6.272] 
0.041 0.009** 

 LocaKon Pair A 
0.128  

[0.028, 0.228] 
4.599  

[1.241, 7.957] 
0.051 0.012* 

 LocaKon Pair B 
0.156  

[0.072, 0.241] 
5.606  

[2.541, 8.671] 
0.043 < 0.001*** 

 LocaKon Pair C 
-0.111  

[-0.197, -0.024] 
-3.967  

[-7.271, -0.664] 
0.044 0.012* 

 Trial number 
-0.053  

[-0.142, 0.035] 
-0.241  

[-0.641, 0.160] 
0.045 0.236 

Pleasurability Flexible delineators 
0.113  

[0.040, 0.185] 
4.077  

[1.490, 6.665] 
0.037 0.002** 

 Concrete barriers 
0.073  

[-0.001, 0.147] 
2.650  

[-0.008, 5.308] 
0.038 0.053 

 LocaKon Pair A 
0.135  

[0.058, 0.213] 
5.328  

[2.249, 8.407] 
0.040 0.001** 

 LocaKon Pair B 
0.387  

[0.283, 0.490] 
15.208  

[10.917, 19.499] 
0.053 < 0.001*** 

 LocaKon Pair C 
0.029  

[-0.041, 0.099] 
1.141  

[-1.583, 3.866] 
0.036 0.414 

 Trial number 
-0.082 

[-0.157, -0.008] 
-0.408  

[-0.792, -0.024] 
0.038 0.031* 
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Latent variables 

Table C.7 

Latent variable structural model fit indices excluding 2 par7cipants visi7ng area < 1x/week 

Note. Bold indicates the best fijng model. aIndicates this model did not meet convergence 
criteria with 80,000 iteraKons. 
 

Random effects Fixed effects PPP DIC PSR 

Intercept CondiMon  0.273 28410.443 1.000 

Intercept 
CondiKon 

NA NA 28418.331 1.003 

Intercept 
 

CondiKon 
LocaKon Pair 

0.000 28332.363 4.591a 

Intercept CondiKon 
Trial number 

0.138 28408.982 1.001 

Intercept 
 

CondiKon 
LocaKon Pair 
Trial number  

0.000 28315.938 1.000 
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Figure C.1 

Standardized path diagram for latent variable results excluding 2 par7cipants visi7ng area  

< 1x/week 

 

 

Note. [LL, UL] indicates a 95% CrI. CondiKon reference: as-built. AvWP refers to audiovisual 
walkability percepKons. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.  
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Midblock crossings 

Table C.8 

Frequency table of incidence of marked crossings by condi7on with exclusions 

Exclusion CondiMon Marked  Unmarked  Total 

Par7cipants visi7ng area  

< 1x/week 
Flexible delineators 213 77 290 
Concrete barriers 241 54 295 
As-built 179 116 295 
Total 633 247 880 

Crossings manually 

categorized 
Flexible delineators 217 80 297 
Concrete barriers 247 55 302 
As-built 183 120 303 
Total 647 255 902 

Par7cipants visi7ng area 

< 1x/week & crossings 

manually categorized 

Flexible delineators 212 77 289 
Concrete barriers 241 53 294 
As-built 179 116 295 
Total 632 246 880 

 

Table C.9 

Inference results for condi7on predictor of mul7level logis7c regression model es7ma7ng use of 

marked crosswalk with exclusions 

 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

Exclusion c2 p 

Par7cipants visi7ng area < 1x/week 42.336 < 0.0001*** 

Crossings manually categorized 44.874 < 0.0001*** 

Par7cipants visi7ng area < 1x/week & 

crossings manually categorized 
43.337 < 0.0001*** 
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Table C.10 

Odds ra7os for use of marked crosswalk excluding 2 par7cipants visi7ng area < 1x/week 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

CondiMon 1 2 

1. Flexible delineators   

2. ConKguous concrete barriers 
OR = 0.547;  

95%CI[0.354, 0.845];  
c2 = -2.722; p = 0.006** 

 

3. As-built 
OR = 2.159;  

95%CI[1.452, 3.212];  
c2 = 3.799; p = 0.0001*** 

OR = 3.949;  
95%CI[2.575, 6.057];  

c2 = 6.292; p < 0.0001*** 

 

Table C.11 

Odds ra7os for use of marked crossing excluding 2 crossings manually categorized 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

CondiMon 1 2 

1. Flexible delineators   

2. ConKguous concrete barriers 
OR = 0.531;  

95%CI[0.345, 0.816];  

c2 = -2.887; p = 0.004** 
 

3. As-built 
OR = 2.156;  

95%CI[1.457, 3.191];  

c2 = 3.840; p = 0.0001*** 

OR = 4.064;  
95%CI[2.659, 6.211];  

c2 = 6.477; p < 0.0001*** 



 

 
185 

Table C.12 

Odds ra7os for use of marked crossing excluding par7cipants visi7ng area < 1x/week and 

crossings manually categorized 

 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

CondiMon 1 2 

1. Flexible delineators   

2. ConKguous concrete barriers 
OR = 0.534;  

95%CI[0.345, 0.826];  
c2 = -2.818; p = 0.005*** 

 

3. As-built 
OR = 2.155;  

95%CI[1.449, 3.207];  
c2 = 3.788; p = 0.0002*** 

OR = 4.039;  
95%CI[2.627, 6.208];  

c2 = 6.363; p < 0.0001*** 

 

Preferences 

Table C.13 

Frequency table for street design preferences excluding 2 par7cipants visi7ng area < 1x/week 

Preference Flexible delineators Concrete barriers As-built 

Top 38 18 16 
Lowest 4 43 25 

 

Table C.14 

Chi-square goodness of fit results for street design preferences excluding 2 par7cipants visi7ng 

area < 1x/week 

 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

Preference c2 p 

Top 12.333 0.002** 
Lowest 31.750 < 0.0001*** 
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Table C.15 

Odds ra7os for top street design preferences excluding 2 par7cipants visi7ng area < 1x/week 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

CondiMon 1 2 

1. Flexible delineators   

2. ConKguous concrete barriers 
OR = 3.245;  

95%CI[1.634, 6.600];  
p = 0.0008*** 

- 

3. As-built 
OR = 3.773;  

95%CI[1.872, 7.814];  
p = 0.0002*** 

OR = 1.163;  
95%CI[0.544, 2.494];  

p = 0.702 

 

Table C.16 

Odds ra7os for lowest street design preferences excluding 2 par7cipants visi7ng area < 1x/week 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

CondiMon 1 2 

1. Flexible delineators   

2. ConKguous concrete barriers 
OR = 0.044;  

95%CI[0.014, 0.121]; 
p < 0.0001*** 

 

3. As-built 
OR = 0.117;  

95%CI[0.038, 0.331]; 
p < 0.0001*** 

OR = 2.693;  
95%CI[1.395, 5.297]; 

p = 0.003** 
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Route distance 

Table C.17 

Route distance model fit indices excluding 2 par7cipants visi7ng area < 1x/week 

Note. Bold indicates the best fijng model.  
 

Random effects Fixed effects PPP DIC PSR 

NA Intercept 
CondiKon  
LocaKon pair 
Trial number 

0.495 9560.481 1.000 

Intercept CondiKon  
LocaKon pair 
Trial number 

0.493 9495.183 1.002 

Intercept 
CondiKon 

LocaKon pair 
Trial number 

NA 9501.685 1.004 

Intercept 
LocaKon pair 

CondiKon 
Trial number 

NA 9407.728 1.001 

Intercept 
LocaKon pair 
CondiKon 

Trial number NA 9413.877 1.016 

Intercept 
 

CondiKon 
LocaKon pair 
Cond* Loc pair 
Trial number  

0.491 9448.085 1.000 

Intercept 

CondiMon 

LocaMon pair 

CondiMon * LocaMon pair 

Trial number  NA 9358.916 1.002 
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Table C.18 

Results of best fiZng model for route distance excluding 2 par7cipants visi7ng area < 1x/week 

Note. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 
 

Fixed effects b [95%CI] posterior SD p 

Trial number -0.035 [-1.053, 0.980] 0.522 0.474 

Random effects Mean (b) [95%CI] posterior SD p 

Flexible delineators -38.655 [-55.045, -22.706] 8.240 < 0.001*** 
Concrete barriers -25.333 [-41.077, -8.349] 8.700 0.002** 
LocaKon Pair A -167.746 [-184.61, -151.087] 8.516 < 0.001*** 

LocaKon Pair B -128.320 [-143.835, -111.845] 8.093 < 0.001*** 

LocaKon Pair C -14.185 [-35.101, 6.371] 10.611 0.090 
Flexible delineators*A 40.956 [18.527, 64.890] 11.729 0.003** 
Flexible delineators*B 37.282 [14.712, 60.316] 11.429 < 0.001*** 
Flexible delineators*C -8.276 [-31.489, 15.789] 12.038 0.250 
Concrete barriers*A 62.631 [38.579, 87.192] 12.296 < 0.001*** 
Concrete barriers*B 24.763 [-1.116, 48.719] 12.571 0.032* 
Concrete barriers*C -24.774 [-49.120, -0.784] 12.420 0.021* 

  



 

 
189 

Table C.19 

Unstandardized pairwise comparisons between condi7ons by loca7on pair excluding 2 

par7cipants visi7ng area < 1x/week 

 

Note. Units for esKmates are in meters. 
 

LocaMon 

pair 
CondiMon 

1 

Mean(b) [95%CrI] 

2 

Mean(b) [95%CrI] 

A 1. Flexible delineators   

 2. Concrete barriers 
-35.332; 

95%CrI[-45.901, -24.668]; 
p < 0.001*** 

 

 3. As-built 
2.413; 

 95%CrI[-14.245, 18.301];  
p = 0.385 

37.444; 
95%CrI[20.809, 53.454];  

p < 0.001*** 

B 1. Flexible delineators   

 2. Concrete barriers 
-0.453; 

95%CrI[-9.630, 8.784] 
p = 0.462 

 

 3. As-built 
-1.023; 

95%CrI[-17.451, 14.819];  
p = 0.450 

-0.811; 
95%CrI[-17.715, 16.243];  

p = 0.463 

C 1. Flexible delineators   

 2. Concrete barriers 
3.339; 

95%CrI[-10.277, 16.891]; 
p = 0.314 
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 3. As-built 
-46.748; 

95%CrI[-63.749, -29.537]; 
p < 0.001*** 

-50.182; 
95%CrI-67.355, -32.711];  

p < 0.001*** 

D 1. Flexible delineators   

 2. Concrete barriers 
-12.851; 

95%CrI[-22.602, -3.953];       
p = 0.002** 

 

 3. As-built 
-38.655; 

95%CrI[-55.045; -22.706]; 
p < 0.001*** 

-25.333; 
95%CrI-41.077, -8.349];  

p = 0.002** 
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APPENDIX D. STUDY SURVEYS 
 
 
 
Screening questionnaire 

Thank you very much for your interest in our study Ktled "Using Virtual Reality to Promote 

Outdoor Walking on a College Campus." To make sure you are eligible to parKcipate, we have a 

couple quesKons for you. 

Are you 18 or older?  

o Yes  

o No  

Are you suscepKble to moKon sickness?  

o Yes  

o No  

Do you experience dizziness, epilepsy, verKgo, or any other problems that would preclude you 

from using virtual reality technology? 

o Yes  

o No  
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Great! We just have one more quesKon to determine eligibility. Please look at the map below. 

 

During the academic year, how frequently do you visit the Lake Street area between the CSU 

Health Center (College Ave) and Canvas Stadium (Meridian Ave) [outlined above in yellow]?   

This can be traveling through the area (e.g., walking, cycling, driving) or stopping in the area 

(e.g., entering an academic building or parking garage). 

o Never  

o Less than 1x per week  

o 1-2x per week  

o 3-4x per week  

o 5x-6x per week  

o more than 6x per week  

You meet our eligibility criteria! 
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What is your email?   This will be used to communicate study informaKon (e.g., meeKng 

locaKon). 

________________________________________________________________ 

 

The next page may provide you an opportunity to schedule your study session.   
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Study 1 

Pre-VR items asked verbally by the researcher 

“Throughout your Kme in VR, prompts will ask to you report how you feel on a scale from 0 to 

20, where 0 is no sickness at all and 20 is frank sickness. For these quesKons, please focus on 

nausea, general discomfort, and stomach problems. Please do not include any effects due to 

nervousness, boredom, or faKgue in this raKng. We are going to start with how you feel right 

now, so on a scale from 0 to 20, where 0 is no sickness at all and 20 is frank sickness, please rate 

your current level.” 

“Are you lew- or right-handed?” 
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In-VR survey 

Tutorial - Completed once 

For this study, convenience is how hard it is to get to your desKnaKon (the red arch). 

 
Safety relates to perceived risk of harm from other road users or the environment itself. 

 
Comfort is about how the environment feels to your senses – like how being in this space feels, 

looks, and sounds. 

 
Pleasure is about how enjoyable the environment is. 

On a scale from 0 to 20, where 0 is no sickness at all and 20 is frank sickness, please rate your 

current level out loud for the researcher. The researcher will record it. 

Please focus on nausea, general discomfort, and stomach problems. Please do not include any 

effects due to nervousness, boredom, or faKgue in this raKng. 
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Trial survey - Completed 1x/trial 

You have arrived at the desKnaKon. Please complete the following survey. For each quesKon, 

pay careful a9enKon to the response scale. 

1/7 

Trial #/12 

How would you evaluate the environment you just experienced? 

 

Extremely  
inconvenient to  
access my  
desKnaKon 

Extremely  
convenient to 

access my  
desKnaKon 

Convenience = Ease of gejng to desKnaKon 

2/7 

Trial #/12 

How would you evaluate the environment you just experienced? 

 

Extremely  
unsafe 

Extremely  
safe 

Safety = PercepKon of low risk of harm 

3/7 
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Trial #/12 

How would you evaluate the environment you just experienced? 

 

Extremely 
uncomfortable 

Extremely  
comfortable 

Comfort = How the surrounding environment feels to your senses 

4/7 

Trial #/12 

How would you evaluate the environment you just experienced? 

 

Extremely 
unpleasant 

Extremely  
pleasant 

Pleasure = Enjoyment of environment 

5/7 

Trial #/12 

On a scale from 0 to 20, where 0 is no sickness at all and 20 is frank sickness, please rate your 

current level out loud for the researcher. 

Please focus on nausea, general discomfort, and stomach problems. Please do not include any 

effects due to nervousness, boredom, or faKgue in this raKng. 

6/7 

Thank you for your responses. Press "finish" to start the next trial. 

7/7 
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Post-VR survey 

ParKcipant ID - Please ask the researcher to provide you with your parKcipant ID number. 

________________________________________________________________ 

 

Now you'll see some statements about experiences. Please indicate whether or not each 

statement applies to your experience. You can use the whole range of answers. There are no 

right or wrong answers, only your opinion counts. You will noKce that some quesKons are very 

similar to each other. This is necessary for staKsKcal reasons. And please remember: Answer all 

these quesKons only referring to this one experience. 

How aware were you of the real world surrounding while navigaKng in the virtual world? (i.e. 

sounds, room temperature, other people, etc.)? 

Extremely 
aware -3 

-2 -1 
Moderately 

aware 0 
+1 +2 

Not aware 
at all +3 

How real did the virtual world seem to you? 

Completely 
real -3 

-2 -1 0 +1 +2 
Not real at 

all +3 

I had a sense of acKng in the virtual space, rather than operaKng something from outside. 

Fully 
disagree -3 

-2 -1 0 +1 +2 
Fully agree 

+3 



 

 
199 

How much did your experience in the virtual environment seem consistent with your real world 

experience? 

Not 
consistent 

-3 
-2 -1 

Moderately 
consistent 

0 
+1 +2 

Very 
consistent 

+3 

How real did the virtual world seem to you? 

About as 
real as an 
imagined 
world -3 

-2 -1 0 +1 +2 
IndisKnguishable 

from the real 
world +3 

I did not feel present in the virtual space. 

Did not 
feel -3 

-2 -1 0 +1 +2 
Felt 

present +3 

I was not aware of my real environment. 

Extremely 
aware -3 

-2 -1 0 +1 +2 
Not aware 

at all +3 

In the computer generated world, I had a sense of "being there." 

Not at all  
-3 

-2 -1 0 +1 +2 
Very much 

+3 

Somehow I felt that the virtual world surrounded me. 

Fully 
disagree -3 

-2 -1 0 +1 +2 
Fully agree 

+3 

I felt present in the virtual space. 

Fully 
disagree -3 

-2 -1 0 +1 +2 
Fully agree 

+3 
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I sKll paid a9enKon to the real environment. 

Fully 
disagree -3 

-2 -1 0 +1 +2 
Fully agree 

+3 

The virtual world seemed more realisKc than the real world. 

Fully 
disagree -3 

-2 -1 0 +1 +2 
Fully agree 

+3 

I felt like I was just perceiving pictures. 

Fully 
disagree -3 

-2 -1 0 +1 +2 
Fully agree 

+3 

I was completely capKvated by the virtual world. 

Fully 
disagree -3 

-2 -1 0 +1 +2 
Fully agree 

+3 

 

Please, from 1 to 7, choose the response that closely represents your opinion. 

What is the level of immersion you experienced? 

1 
Extremely 

Low 
2 Very Low 3 Low 4 Neutral 5 High 

6 Very 
High 

7 
Extremely 

High 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 
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What was your level of enjoyment of the VR experience? 

1 
Extremely 

Low 
2 Very Low 3 Low 4 Neutral 5 High 

6 Very 
High 

7 
Extremely 

High 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

How was the quality of the graphics? 

1 
Extremely 

Low 
2 Very Low 3 Low 4 Neutral 5 High 

6 Very 
High 

7 
Extremely 

High 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

How was the quality of the sound? 

1 
Extremely 

Low 
2 Very Low 3 Low 4 Neutral 5 High 

6 Very 
High 

7 
Extremely 

High 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 



 

 
202 

How was the quality of the VR technology overall (i.e. hardware & peripherals)? 

1 
Extremely 

Low 
2 Very Low 3 Low 4 Neutral 5 High 

6 Very 
High 

7 
Extremely 

High 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

 

Please, from 1 to 7, choose the response that closely represents your opinion. 

How easy was it to use the navigaKon system (e.g. step-in-place) in the virtual environment? 

1 
Extremely 

Difficult 

2 Very 
Difficult 

3 Difficult 4 Neutral 5 Easy 6 Very Easy 
7 

Extremely 
Easy 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

How easy was it to use the handheld GPS in the virtual environment? 

1 
Extremely 

Difficult 

2 Very 
Difficult 

3 Difficult 4 Neutral 5 Easy 6 Very Easy 
7 

Extremely 
Easy 
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Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

How easy was it to interact with objects and screens in the virtual environment? 

1 
Extremely 

Difficult 

2 Very 
Difficult 

3 Difficult 4 Neutral 5 Easy 6 Very Easy 
7 

Extremely 
Easy 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

 

Please, from 1 to 7, choose the response that closely represents your opinion. 

How easy was it to complete the tutorial(s)? 

1 
Extremely 

Difficult 

2 Very 
Difficult 

3 Difficult 4 Neutral 5 Easy 6 Very Easy 
7 

Extremely 
Easy 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 
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How helpful was/were the tutorial(s)? 

1 
Extremely 
Unhelpful 

2 Very 
Unhelpful 

3 
Unhelpful 

4 Neutral 5 Helpful 
6 Very 
Helpful 

7 
Extremely 

Helpful 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

How did you feel about the duraKon of the tutorial(s)? 

1 
Extremely 
More Time 

Needed 

2 Much 
More Time 

Needed 

3 More 
Time 

Needed 
4 Neutral 

5 Enough 
Time 

Available 

6 Much 
Time 

Available 

7 Plenty of 
Time 

Available 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

 

Please, from 1 to 7, choose the response that closely represents your opinion. 

Did you experience nausea? 

1 
Extremely 

Intense 
Feeling 

2 Very 
Intense 
Feeling 

3 Intense 
Feeling 

4 
Moderate 

Feeling 

5 Mild 
Feeling 

6 Very 
Mild 

Feeling 
7 Absent 
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Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

Did you experience disorientaKon? 

1 
Extremely 

Intense 
Feeling 

2 Very 
Intense 
Feeling 

3 Intense 
Feeling 

4 
Moderate 

Feeling 

5 Mild 
Feeling 

6 Very 
Mild 

Feeling 
7 Absent 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

Did you experience dizziness? 

1 
Extremely 

Intense 
Feeling 

2 Very 
Intense 
Feeling 

3 Intense 
Feeling 

4 
Moderate 

Feeling 

5 Mild 
Feeling 

6 Very 
Mild 

Feeling 
7 Absent 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 
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Did you experience faKgue? 

1 
Extremely 

Intense 
Feeling 

2 Very 
Intense 
Feeling 

3 Intense 
Feeling 

4 
Moderate 

Feeling 

5 Mild 
Feeling 

6 Very 
Mild 

Feeling 
7 Absent 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

Did you experience instability? 

1 
Extremely 

Intense 
Feeling 

2 Very 
Intense 
Feeling 

3 Intense 
Feeling 

4 
Moderate 

Feeling 

5 Mild 
Feeling 

6 Very 
Mild 

Feeling 
7 Absent 

Please write below any addiKonal comments and/or suggesKons relevant to the quesKon 

above: 

________________________________________________________________ 

________________________________________________________________ 

 

Please share any preferences you have regarding the street designs you experienced today in 

VR. 

________________________________________________________________ 

________________________________________________________________ 
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Today, you experienced three different street designs shown below: 

 

Please rank your overall preference for the street designs you experienced in VR.  Rank your 

highest preference as 1 and your lowest preference as 3.  

______ A: PlasKc barrier between cars and pedestrians 

______ B: Concrete barrier between cars and pedestrians 

______ C: No barrier 

Please share why you ranked ${TopPreference} as your top preference. 

________________________________________________________________ 

________________________________________________________________ 

Please share why you ranked ${LowestPreference} as your least preferred opKon. 

________________________________________________________________ 

________________________________________________________________ 
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The handheld control was easy to understand and use 

1-Strongly 
disagree 

2 3 4 5-Strongly agree 

The equipment was comfortable and easy to wear 

1-Strongly 
disagree 

2 3 4 5-Strongly agree 

The tasks were easy to complete 

1-Strongly 
disagree 

2 3 4 5-Strongly agree 

About how long did it take for you to adjust to the VR environment, meaning you felt 

comfortable moving around without any disorientaKon? 

o 1-2 minutes  

o 3-4 minutes  

o 5 or more minutes  

o I never adjusted to the VR environment  

I am a: 

o CSU student  

o CSU employee  

o Northern Colorado resident not affiliated with CSU  

o Other __________________________________________________ 
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What is your gender? 

o Woman  

o Man  

o I idenKfy my gender as: (Please specify) 

__________________________________________________ 

o Prefer not to answer  

What is your sex assigned at birth? 

o Male  

o Female  

o Other / Decline to state  

What is your age in years? 

________________________________________________________________ 

How tall are you? 

- shorter than 4 feet, 0 inches (<122cm)  

- 4 feet, 0 inches (122cm)  

- 4 feet, 1 inch (125cm)  

- 4 feet, 2 inches (127cm)  

- 4 feet, 3 inches (130cm)  

- 4 feet, 4 inches (132cm)  

- 4 feet, 5 inches (135cm)  

- 4 feet, 6 inches (137cm)  

- 4 feet, 7 inches (140cm)  

- 4 feet, 8 inches (142cm)  

- 4 feet, 9 inches (145cm)  

- 4 feet, 10 inches (147cm)  

- 4 feet, 11 inches (150cm)  
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- 5 feet, 0 inches (152cm)  

- 5 feet, 1 inch (155cm)  

- 5 feet, 2 inches (157cm)  

- 5 feet, 3 inches (160cm)  

- 5 feet, 4 inches (162cm)  

- 5 feet, 5 inches (165cm)  

- 5 feet, 6 inches (167cm)  

- 5 feet, 7 inches (170cm)  

- 5 feet, 8 inches (172cm)  

- 5 feet, 9 inches (175cm)  

- 5 feet, 10 inches (177cm)  

- 5 feet, 11 inches (180cm)  

- 6 feet, 0 inches (182cm)  

- 6 feet, 1 inch (185cm)  

- 6 feet, 2 inches (188cm)  

- 6 feet, 3 inches (191cm)  

- 6 feet, 4 inches (193cm)  

- 6 feet, 5 inches (196cm)  

- 6 feet, 6 inches (198cm)  

- 6 feet, 7 inches (201cm)  

- 6 feet, 8 inches (203cm)  

- 6 feet, 9 inches (206cm)  

- 6 feet, 10 inches (208cm)  

- Taller than 6 feet, 10 inches (>208cm) 
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Please look at the below map. 

 

During the academic year, how frequently do you visit the Lake Street area between the CSU 

Health Center (College Ave) and Canvas Stadium (Meridian Ave) [outlined above in yellow]?  

This can be traveling through the area (e.g., walking, cycling, driving) or stopping in the area 

(e.g., entering an academic building or parking garage).  

o Never  

o Less than 1x per week  

o 1-2x per week  

o 3-4x per week  

o 5x-6x per week  

o more than 6x per week  
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During the academic year, how owen do you patron the Lake Street Parking Garage?  

o Never  

o Less than 1x per week  

o 1-2x per week  

o 3-4x per week  

o 5x-6x per week  

o More than 6x per week 

Do you live at or frequently visit Aggie Village Apartments on Lake St?  

o Yes  

o No  

During the academic year, how owen do you ride a bicycle for the following reasons?  

 5+ times a week 1-4 times a week 1-3 times a month Never 

To work/school  o  o  o  o  

To get other 

places  o  o  o  o  

Just for 

exercise/fun  o  o  o  o  
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During the academic year, how owen do you walk for the following reasons?  

 5+ times a week 
1-4 times a 

week 
1-3 times a 

month 
Never 

To work/school  o  o  o  o  

To get other 
places  o  o  o  o  

Just for 
exercise/fun  o  o  o  o  

During the academic year, how owen do you ride MAX or other buses for the following reasons?  

 5+ times a week 
1-4 times a 

week 
1-3 times a 

month 
Never 

To work/school  o  o  o  o  

To get other 
places  o  o  o  o  

Just for 
exercise/fun  o  o  o  o  

During the academic year, how owen do you carpool/vanpool for the following reasons?  

 5+ times a week 
1-4 times a 

week 
1-3 times a 

month 
Never 

To work/school  o  o  o  o  

To get other 
places  o  o  o  o  

Just for 
exercise/fun  o  o  o  o  
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If you used a commute mode besides driving alone in the past year (e.g., bike, bus, walk, 

vanpool, carpool), what were your primary reasons for doing so? (Check up to 3 for each) 

 
Save 

money 
Save 

time 

Avoid 

parking 

hassles 

Improve air 

quality/ 
Environmental 

reasons 

Increase 

physical 

activity 
/Health 

reasons 

Save 

wear 

and tear 

on 

personal 

vehicle 

Don't 

have a 

personal 

vehicle 

Other 

Walk/ 
Bike/ 
Bus  

▢  ▢  ▢  ▢  ▢  ▢  ▢  ▢  

Carpool/ 
Vanpool  ▢  ▢  ▢  ▢  ▢  ▢  ▢  ▢  

 

Which of the following do you have? (Check all that apply) 

▢ Bike cage membership (CSU or City)  

▢ E-bike, E-scooter membership (SPIN)  

▢ Car Share membership (ZipCar)  

▢ Ride Share membership (Uber/Lyw)  

▢ CSU parking permit  

▢ Downtown (City) parking permit  

▢ None of the above  
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Please check your most frequently used travel mode to work or school. 

o Telecommute/Work from home  

o Walk  

o Bicycle  

o Take bus  

o Drive alone  

o Drive with adult from household (e.g., roommate)  

o Drive with adult NOT from household  

o Drive with children from household  

o Drive with children NOT from household  

Have you ever experienced a virtual reality environment before today? 

o No  

o Yes  

Approximately how many Kmes have you previously experienced VR? 

o 1-5  

o 6-20  

o 21-50  

o more than 50  



 

 
216 

In which of the following sejngs have you experienced VR? 

▢ Video Games  

▢ Research  

▢ EducaKonal/ Entertainment (i.e. museum, arcade)  

How did you hear about this study? Please select all that apply. 

▢ Flyer in Parking Garage  

▢ Flyer in Aggie Village  

▢ Flyer in academic building  

▢ Flyer in other building. Please specify, if possible. 

__________________________________________________ 

▢ Email  

▢ Online post/forum  

▢ Personal communicaKon (i.e., a friend, professor, colleague told me)  
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Study 2 

Pre-VR items asked verbally by the researcher 

The pre-VR survey for Study 2 was iden7cal to that of Study 1. 

In-VR survey 

Tutorial - Completed once 

For this study, convenience is the level of ease of reaching your desKnaKon (the red arch).  

 
Safety is the perceived level of absence of risk for conflict between pedestrians and 

cyclists/motorized traffic. 

 
Comfort is the level of physical ease and absence of distress experienced during walking. 

 
Pleasure is the level of aestheKc enjoyment and posiKve emoKonal responses elicited during 

walking. 

 

On a scale from 0 to 20, where 0 is no sickness at all and 20 is frank sickness, please rate your 

current level out loud for the researcher. The researcher will record it. 

Please focus on nausea, general discomfort, and stomach problems. Please do not include any 

effects due to nervousness, boredom, or faKgue in this raKng. 
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Trial survey - Completed 1x/trial 

You have arrived at the desKnaKon. Please complete the following survey. For each quesKon, 

pay careful a9enKon to the response scale. 

1/7 

Trial #/12 

How would you evaluate the environment you just experienced? 

 

Extremely hard  
to reach my  
desKnaKon 

Extremely easy 
 to reach my  

desKnaKon 

Convenience is the level of ease of reaching your desKnaKon. 

2/7 

Trial #/12 

How would you evaluate the environment you just experienced? 

 

Extremely  
unsafe 

Extremely  
safe 

Safety is the perceived level of absence of risk for conflict 
between pedestrians and cyclists/motorized traffic. 

 
3/7 
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Trial #/12 

How would you evaluate the environment you just experienced? 

 

Extremely 
uncomfortable 

Extremely  
comfortable 

Comfort is the level of physical ease and 
absence of distress experienced while walking. 

 
4/7 

Trial #/12 

How would you evaluate the environment you just experienced? 

 

Extremely 
unpleasant 

Extremely  
pleasant 

Pleasure is the level of aestheKc enjoyment and  
posiKve emoKonal responses elicited during walking. 

 
5/7 

Trial #/12 

On a scale from 0 to 20, where 0 is no sickness at all and 20 is frank sickness, please rate your 

current level out loud for the researcher. 

Please focus on nausea, general discomfort, and stomach problems. Please do not include any 

effects due to nervousness, boredom, or faKgue in this raKng. 

6/7 

Thank you for your responses. Press "finish" to start the next trial. 

7/7 
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Post-VR survey 

The post-VR survey for Study 2 was iden7cal to that of Study 1 with the following excep7ons. 

The preference item was altered from a single ranking ques7on because Study 1 par7cipants 

regularly commented that they misunderstood how preference mapped onto rank: 

Today, you experienced three different street designs shown below: 

Which street design is your top preference?  

o A: PlasKc barrier between cars and pedestrians  

o B: Concrete barrier between cars and pedestrians  

o C: No barrier  

Which street design is your least preferred opKon?  

o A: PlasKc barrier between cars and pedestrians  

o B: Concrete barrier between cars and pedestrians  

o C: No barrier  
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Ethnicity and race demographics items were added ajer the height item: 

What is your ethnicity? 

o Not Hispanic or LaKno/a/x 

o Hispanic or LaKno/a/x 

o Prefer not to answer 

What is your race? (One or more categories may be selected.) 

▢ African American/Black  

▢ Asian/Asian American/Pacific Islander  

▢ NaKve American  

▢ White  

▢ Other __________________________________________________ 

▢ Prefer not to answer  

 

  



 

 
222 

APPENDIX E. FREE RESPONSE CODING TABLE 
 
 
 
Table E.1 

Free response code frequency and examples by environment condi7on 

Code Flexible delineators Concrete barriers As-built condiMon 

Safety 

Generally [un]safe  
“It made me feel safer 
when crossing the 
street” (15) 

 
“I feel safer with the 
concrete barrier 
between cars and 
pedestrians” (20) 

 
(0) 

 
 
 
 

 [(0)] [“adds potenKal 
hazard” (8)] 
 

[“Most unsafe” (10)] 

[No] separaKon 
between motor 
traffic and 
pedestrians 

 
“I like the separaKon 
between cars and 
pedestrians because it 
felt more safe than 
not having anything.” 
(20) 
 

 
“Made it easier to see 
what the bike lane 
versus the car lane 
was.” (7) 
 

 
(0) 

 
 
 
 
 
 

 [“The lanes aren't as 
designated as the 
concrete barrier 
makes them” (1)] 
 

[(0)] [“I like there to be an 
easier way to idenKfy 
the lanes. Having a 
physical barrier is a lot 
easier than just paint.” 
(8)] 
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Code Flexible delineators Concrete barriers As-built condiMon 

[No] protecKon 
from impact 

 
“The bikes and 
pedestrians are sKll 
protected from 
vehicles.” (3) 
 
 

 
“With how fast cars go 
through campus, 
namely on that street 
it made me feel safe 
and that I would not 
get hit.” (5) 
 

 
(0) 

 
 
 
 

 [(0)] [(0)] [“If a car or bike were 
to swerve or crash into 
the sidewalk, there 
would be nothing 
prevenKng it from 
hijng a person” (8)] 
 

[Does not] 
contain(s) 
pedestrians to 
designated zone 

 
“Helps keep people in 
the area they need to 
be. IE: ... pedestrians 
on sidewalks.” (1) 
 
 
 
 

 
“It forces the 
pedestrian to go to 
the crosswalk, which is 
great, I see a lot of 
people owen just 
walking across the 
street.” (6) 
 

 
(0) 

 
 
 
 
 
 

 [“pedestrians don't 
have to cross at the 
crosswalk.” (2)] 
 

[(0)] 
 

[“It gives one the 
opKon to just walk 
across the street 
without thinking 
twice.” (5)] 
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Code Flexible delineators Concrete barriers As-built condiMon 

[Does not] 
contains other 
road users to 
designated zones 

 
“I think it helps with 
keeping cars out of the 
bike lanes.” (5) 
 
 
 
 
 

 
“SomeKmes even with 
plasKc, some 
individuals sKll won't 
follow the rules so 
with concrete barriers, 
they will need to stay 
in that lane.” (2) 
 

 
(0) 

 
 
 
 
 
 
 

 [“SomeKmes even 
with plasKc, some 
individuals sKll won't 
follow the rules so 
with concrete barriers, 
they will need to stay 
in that lane.” (1)] 
 

[(0)] [“Issues with cars and 
cyclists gejng too 
close to each other 
and cyclists someKmes 
riding on the 
sidewalk.” (5)] 
 

[Un]clear vision  
“SKll visually clear” (5) 
 

 
(0) 

 

 
(0) 

 
 [(0)] [“obscured the view of 

the other side” (3)] 
 

[(0)] 

AmeniMes 

[Lack of] free 
movement for 
pedestrians 

 
“doesn't stop me from 
crossing even when I 
am not supposed to” 
(14) 
 

 
(0) 
 
 
 
 
 

 
“Overall, made it fast 
and easy to cross and 
get directly to the 
desKnaKon.” (12) 

 [“I like to wander into 
the street in front of 
cars and the plasKc 
barrier impedes this 
acKvity” (1)] 
 

[“SomeKmes I would 
prefer jay-walking but 
couldn't with the 
barriers there.” (24)] 
 

[(0)] 
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Code Flexible delineators Concrete barriers As-built condiMon 

[Lack of] free 
movement for 
other road users 

 
“The plasKc barrier 
allows cars to pull into 
the bike [lane] if 
needed or a biker to 
pass into the road if 
needed” (7) 

 
(0) 

 
 
 
 
 
 

 
(0) 

 
 
 
 

 [(0)] [“Concrete barriers 
restrict your 
movement opKons as 
a pedestrian, walking 
or biking.” (1)] 
 

[(0)] 

[Lack of] open 
space 

 
“I like that they leave 
the space feeling 
open.” (6) 
 

 
“Paths felt clearer” (1) 
 

 
“It's an empty and free 
space, feels clean 
also.” (5) 
 

 [“they are just in the 
way” (1)] 
 

[“Felt blocked out and 
trapped.” (13)] 
 

[(0)] 

[Un]comfortable 
& [un]pleasant 

 
“Be9er aestheKc” (5) 
 

 
(0) 

 

 
“It just looks amazing 
and more pre9y.” (5) 
 

 [“I just didn't like the 
way that the plasKc 
barriers looked” (2)] 
 

[“Looks ugly.” (18)] [(0)] 
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Code Flexible delineators Concrete barriers As-built condiMon 

Independent forces   

MenKon of 
[im]balance 

 
“Because it feels like a 
good middle ground 
between a concrete 
barrier and no barrier. 
The plasKc barrier 
allows cars to pull into 
the bike lad if needed 
or a biker to pass into 
the road if needed 
while sKll allowing 
people to see that you 
shouldn’t.” (26) 

 
(0) 

 
 
 
 
 
 
 
 
 
 
 

 
(0) 

 
 
 
 
 
 
 
 
 
 
 
 

 [“I just didn't like the 
way that the plasKc 
barriers looked and 
there was space in 
between them so they 
were kind of pointless 
to have.”] (4) 
 

[“because it made my 
walk much longer to 
get to the cross walk 
further down, 
however it is the safer 
opKon. but it also just 
is not visually 
appealing, and I think 
detracts from the 
space” (14)] 
 

[(0)] 
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EXECUTIVE SUMMARY 

 
Problem. PromoKng safe acKve transportaKon through street design is a powerful strategy to 
address two crises facing Coloradoans: climate change and rising pedestrian deaths. Yet, current 
pracKce requires that transportaKon planners choose between potenKal safety 
countermeasures with limited available research, leading to ambiguity around which opKon will 
lead to the safest roads and most walking in their specific site. Being able to pretest potenKal 
countermeasures in place would be transformaKve within the transportaKon planning 
community. At the local level, the City of Fort Collins and CSU TransportaKon plan to implement 
a countermeasure in a high-priority secKon of campus. They have tasked us with collecKng 
behavioral science data to clarify the most effecKve way to do so to promote safe walking.  
Purpose. The current report’s purpose is to use virtual reality (VR) to prospecKvely idenKfy 
pedestrian-related strengths and vulnerabiliKes of 2 considered separated bike lanes (1. Flexible 
delineators and 2. ConKguous concrete barriers.) From collecKng behavioral and self-reported 
data from 75 community members, the described study achieves 3 objecKves: Compare the 
effect of the considered countermeasures against current condiKons on promoKng 1) use of 
marked crossings, 2) pedestrians’ percepKons of safety, and 3) walking.  
Findings. ConKguous concrete barriers 
resulted in the most frequent use of 
marked crossings though flexible 
delineators showed improvement on 
midblock crossings compared to as-built 
condiKons. Both countermeasures 
boosted perceived safety, comfort, and 
overall walkability; however, flexible 
delineators also enhanced the 
convenience of accessing desKnaKons 
and pedestrian pleasure. Community 
members showed an overwhelming 
preference for the flexible delineators, 
noKng that they promoted safety while 
preserving a pleasant environment and 
allowing free movement of road users. 
RecommendaMon. Focusing exclusively 
on pedestrians, we recommend a 
separated bike lane with flexible 
delineators along Lake St due to more 
robust evidence that they will promote 
walking, clear support for their 
effecKveness in direcKng pedestrians to 
marked crossings, and strong 
community support.  

Summary of Findings 
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BACKGROUND 

Aug. 26, 2019: On his first day of classes, Colorado State University (CSU) freshman, Anthony 
"TJ" Avery, was out for a run on the CSU campus when he was hit by a motor vehicle: The 
injuries would take his life 4 days later (Colorado State University Safety & Risk Services, n.d.). In 
response to this preventable death, CSU signed the Vision Zero commitment. Five years later, 
there is sKll much work to do to ensure that students, employees, and visitors are safe on CSU’s 
campus: Indeed, Colorado pedestrian deaths have jumped 77% in a similar amount of Kme 
(Colorado Department of TransportaKon, 2024). Through design of the physical transportaKon 
infrastructure, we can reduce the likelihood of serious crashes. Furthermore, increasing use of 
nonmotorized transportaKon, such as walking, is a key aspect of strategies promoKng safe roads 
(Ecola et al., 2018). Higher numbers of pedestrians and bicyclists diminish the likelihood of a 
crash involving a pedestrian or bicyclist (Jacobsen, 2003). Indeed, CSU highlights increasing 
acKve transportaKon as criKcal in its TransportaKon Master Plan (Colorado State University, 
2023). Furthermore, acKve transportaKon is important in curtailing the climate crisis as noted 
by CSU’s Climate AcKon Plan (Colorado State University, 2022). 

PromoKng walking on CSU’s campus is a powerful strategy to address these dual crises as 41% 
of CSU students primarily drive (Tapleshay, 2023), and walking requires no special equipment 
(Hajna et al., 2015). As noted by social-ecological models of behavior change (Sallis et al., 2008), 
intervening on the built environment [e.g., physical transportaKon infrastructure (Saelens & 
Handy, 2008)] is more efficient than a9empKng to persuade individuals to alter their acKons. 
EssenKally, intervenKons to CSU’s physical campus can influence all 34,000 students (Colorado 
State University, n.d.-b) and nearly 11,000 employees (Colorado State University InsKtuKonal 
Research, Planning and EffecKveness, n.d.) while the impact of individual-level intervenKons is 
restricted to those who have the resources and Kme to parKcipate. 

DESCRIPTION OF PROBLEMS 

Sector Level 

Although there is research idenKfying which intervenKons are associated with walking (De Vos 
et al., 2023; PonKn et al., 2022) and safe roads (NaKonal Safety Council, n.d.), it can be difficult 
to determine which of the available countermeasure opKons will be the most effecKve at 
promoKng walking safely in a parKcular locaKon. Site-specificity is of parKcular importance as 
the effecKveness of an individual intervenKon depends on the local policy, culture, and previous 
built condiKons (U.S. Department of TransportaKon Federal Highway AdministraKon, 2007). As 
outlined by a Federal Highway AdministraKon report (Tang et al., 2018), safety projects should 
consider how they fit into other iniKaKves, policies, and physical infrastructure. Thus, being able 
to pretest countermeasures in place would be transformaKve, leading to large increases in 
traffic safety. 

AddiKonally, resources for built environmental countermeasures are finite, and potenKal 
designs are costly [e.g., adding a raised crosswalk costs ~$10,000, adding a median costs 
~$404,000/mile (Bushell et al., 2013; CPI InflaKon Calculator, n.d.)]. This reality requires design 
pracKKoners to choose between opKons with limited site-specific evidence. Moreover, it is 
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common for the effecKveness of pedestrian infrastructure projects to be evaluated ajer 
compleKon (PonKn et al., 2022; Y. Zhang et al., 2022). While this step is important and can 
inform future intervenKons (i.e., lessons learned), it is too late to affect the infrastructural 
project in quesKon as dedicated resources have already been spent. Thus, it is vital to develop 
new approaches to proac7vely idenKfy which countermeasures are most effecKve at promoKng 
safe walking relaKve to cost within a parKcular geocultural sejng. Furthermore, transportaKon 
planners are asked to defend the expense of a chosen countermeasure by governmental 
officials and publics. A strategy to pretest countermeasures would enable transportaKon 
planners to provide locaKon-specific data to stakeholders. 

Campus Level 

The City of Fort Collins and CSU TransportaKon plans to redesign a secKon of CSU’s campus on 
Lake St. This area is a known safety-concern (Rowe, 2023). A traffic safety study reports a single 
unsignalized intersecKon in the area can see up to 950 crossing pedestrians and 600 motor 
vehicles per hour. Crashes are not uncommon in this area. Unmarked midblock crossings are of 
parKcular concern as many individuals walk from common locaKons south of Lake St (e.g., 
apartment complexes) to busy desKnaKons north of the area (e.g., classrooms). The City of Fort 
Collins and CSU TransportaKon plan to implement a countermeasure in this area within the next 
two years. They have tasked us with collecKng behavioral and psychological data to clarify the 
most effecKve way to do so to promote safe walking. They are considering 2 countermeasures: 
creaKng a separated bike lane via 1. Adding flexible delineators and 2. Adding conKguous 
concrete barriers between pedestrian and motor vehicle traffic.  

APPROACH 

As described, current pracKce requires that transportaKon planners choose between potenKal 
countermeasures with limited available site-specific research indicaKng which opKon will lead 
to the safest roads and most walking. Unfortunately, pretesKng countermeasures in place has 
historically been infeasible or impossible with this type of research–unKl virtual reality (VR) 
technology. VR technology enables standardizaKon of other factors influencing walking (e.g., 
weather, traffic volumes), thereby enabling conclusions regarding which specific 
countermeasures will be the most effecKve. Furthermore, VR saves considerable Kme and 
money as it circumnavigates the permijng and construcKon stages necessary for modificaKons 
to the real environment. Our VR approach allows planners to affordably and quickly modify VR 
environments and collect site-specific data to assess vulnerabiliKes of roads. 

As the current report is exclusive to pedestrians, the following is a brief overview of exisKng 
research concerning the uKlity of VR to study walking behavior and safety. Individuals esKmate 
risk and safety equally in VR urban environments as real-world ones (Bhagavathula et al., 2018). 
Similarly, VR environments can sKmulate realisKc emoKons (Newman et al., 2022). Notably, 
street crossing decisions (e.g., choosing the length of gap between cars necessary to cross) in VR 
are no different than those made in the real world (Angulo et al., 2023; Bhagavathula et al., 
2018; Schwebel et al., 2008). Concerning judgements, individuals rate the same real-world and 
VR environments comparably on a number of perceptual domains, including beauty, 
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pleasantness, and moKvaKon to walk (Nishio & Ito, 2020; Shi et al., 2020; Spitzer et al., 2025). 
Lastly, a study invesKgaKng pedestrian navigaKon in VR (Dong et al., 2022) reports that 
parKcipants made the same number of errors in VR and the real world. Thus, VR is a viable 
soluKon to determining which countermeasures targeKng pedestrian behavior are opKmal for 
implementaKon in a parKcular context. 

The current report 

In the current report, we used VR to prospecKvely idenKfy pedestrian-related strengths and 
vulnerabiliKes of 2 countermeasures (1. Flexible delineators, 2. ConKguous concrete barrier) 
currently under consideraKon for intervenKon on CSU’s campus. This project was driven by 3 
objecKves. 1) Compare the effect of Countermeasures 1 and 2 against current condiKons on use 
of marked crossings. 2) Compare the effect of Countermeasures 1 and 2 against current 
condiKons in promoKng pedestrians’ percepKons of safety. It is valuable to study how the 
proposed countermeasures influence percepKons of safety in addiKon to objecKve metrics of 
safety because perceived safety is linked to increased walking (Kärmeniemi et al., 2018). 3) 
Compare the effect of Countermeasures 1 and 2 against current condiKons in promoKng 
walking.  

We created a VR simulaKon of Lake St with simulaKon variants depicKng the two potenKal 
countermeasures and the current condiKons. This simulaKon depicts a 25.7-acre (104,000 m2) 
area, complete with buildings, cross streets, sidewalks, automobiles, and greenery to match the 
real environment. A map of the area is provided in Figure 1. Figure 2 shows sKll photographs of 
the computer-generated environment with each countermeasure. InformaKon regarding the 
development of this simulaKon and addiKonal photographs are presented in Appendices A and 
B, respecKvely. 

Figure F.1 

Map of area of inves7ga7on 

 

Note. Gold rectangle represents VR simulaQon boundary. 
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Figure F.2 

VR Simula7on depic7ng tested countermeasures and as-built condi7ons 

 

 

We designed a research study that immersed community members as pedestrians in this VR 
simulaKon with and without the countermeasures in order to address our outlined objecKves. 
In this study, community members who were familiar with the Lake St area parKcipated in a 1-hr 
laboratory session. During this session, they were asked to self-navigate from common points of 
interest south of Lake St (e.g., exisKng apartment complexes) to common desKnaKons north of 
Lake St (e.g., an academic building) and answer surveys querying their percepKons of the 
environment. AddiKonal informaKon regarding the study session’s design is presented in 
Appendix A. This study was approved by Colorado State University’s InsKtuKonal Review Board 
(Protocol #7136). A small pilot study with 21 community members indicated that this approach 
was feasible and acceptable to users.  

FINDINGS 

Seventy-five members of the CSU community parKcipated in the described study. These 
community members were familiar with the intervenKon area (79% visited the area ³3x/week). 
All were students (89%) and/or employees of the university (15%). The most frequent mode of 
transport among these individuals was to drive (38%) though this group is underrepresented 
compared to university data (72%) (Colorado State University, n.d.-a). In contrast, pedestrians 
(31% v. 7%) and cyclists (22% v. 11%) were overrepresented. The proporKon of our sample that 
most frequently bus to school/work (9%) was consistent with university data (8%). Compared to 
university-wide employee (Colorado State University InsKtuKonal Research, Planning and 
EffecKveness, n.d.) and student data (Colorado State University, n.d.-b), this sample of 
community members was more ethnically and racially diverse than the community populaKon. 

ObjecMve 1: Compare the effect of flexible delineator and conMguous concrete barrier 

separated bike lanes against current condiMons on use of marked crossings 

Figure 3 illustrates the routes community members took while navigaKng the computer-
generated Lake St as a pedestrian; moreover, it indicates where they crossed Lake St in 
relaKonship to marked crossings, straKfied by countermeasure. 
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Figure F.3 

Routes taken by community members by virtual environment 

 

There were fewer unmarked midblock crossings in both environments with a separated bike 
lane than as-built condiKons. Between the two separated bike lanes, the one composed of 
conKnuous concrete barriers was more effecKve at guiding pedestrians to marked crossings. 
Furthermore, Figure 3 shows that when community members crossed the street without using a 
marked crossing in the environments with a separated bike lane, they tended to do so at the 
end of a line of delineators/barriers. This pa9ern indicates more predictable unmarked 
midblock crossings. It also suggests that separated bike lane soluKons to unmarked crossings 
may benefit from bookending with zebra crossings. 

ObjecMves 2 and 3: Compare the effect of the countermeasures against current condiMons in 

promoMng perceived safety and walking 

To assess pedestrians’ perceived safety and likelihood of walking, community members 
reported how accessible, safe, comfortable, and pleasurable they found each version of the 
environment. DefiniKons of these concepts provided to those parKcipaKng in our study are 
available in Appendix A. Notably, accessibility is defined as conceptualized by Alfonzo (Alfonzo, 
2005): the level of ease of reaching a desKnaKon. Similar percepKons of walkability (e.g., safety, 
accessibility) are associated with walking behavior (De Vos et al., 2023). By measuring how 
parKcipants perceived the simulated environments in relaKon to these domains, we can gather 
informaKon regarding how the invesKgated countermeasures promote walking and create a 
composite metric of overall walkability.  

The environment with the separated bike lane created with flexible delineators was perceived 
to be more accessible, safe, comfortable, and pleasurable from a pedestrian perspecKve than 
the environment depicKng the as-built condiKons. In contrast, there was only evidence that the 
separated bike lane with conKguous concrete barriers improved percepKons of safety and 
comfort when compared to the as-built condiKon. InteresKngly, the differences in percepKons 
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of the conKguous concrete barriers compared to those of the flexible delineators were minimal. 
These findings are illustrated in Figure 4. 

Figure F.4 

Percep7ons of countermeasures against as-built condi7ons 

 

Note. *, **, and *** indicate staQsQcal significance at the 0.05, 0.01, and 0.001 levels, respecQvely. 

Lower significance levels are indicaQve of stronger evidence that the two condiQons are not the same. 

Both countermeasures resulted in small boosts to a composite metric represenKng overall 
walkability. Our models indicated that the overall walkability of the environment with the 
flexible delineators was 0.15 standard deviaKons higher than that of the as-built condiKons. 
Similarly, the overall walkability of the environment with the conKguous concrete barriers was 
esKmated to be 0.13 standard deviaKons above that of the as-built condiKons. Again, there was 
a negligible difference between the two invesKgated countermeasures (0.02 standard 
deviaKons). 
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Community members’ preferences 

Community members ranked their preference for the countermeasures against as-built 
condiKons, which is presented in Figure 5. Community members strongly preferred the 
separated bike lane with flexible delineators. When asked about their raKonale of their top 
preference, those who selected the flexible delineators (39 individuals) regularly referenced 
“separaKon between the cars and pedestrians on the sidewalk” (20), general safety (15) and the 
ability for pedestrians (15) and other modes of transport (4) to move freely throughout the 
road. To a lesser degree, community members explained that the flexible delineators “sKll 
allowed a more open” (6) and pleasant space (5), “allow[ed] good vision” of the road and other 
road users (5), and protecKon from motor vehicles (4). A majority of those who favored the 
flexible delineators discussed them as “a good middle ground” (24). These individuals talked 
about a balance between safety (14), and/or separaKon of travel modes (12) with enabling free 
movement (15) and/or “not causing harm to the pleasantness” (4) or openness (6) of the space. 

Figure F.5 

Community members’ preferences for tested street designs 

 

All those who preferred the separated bike lane created with conKguous concrete barriers cited 
safety issues (18), namely “a physical object separaKng the pedestrians and the cars” (7), a 
barrier that can “deflect or slow down a car” (5), and a street design that “forces the pedestrian 
to go to the crosswalk” (5). 
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Lastly, those who favored the current street organizaKon (17) reasoned that the free movement 
made it “easier to cross the street,” (9) parKcularly how it “d[id]n't prevent [them] from taking 
the most opKmal route” (8). They menKoned that “it's more aestheKc” (5) and “more open” (5).  

Conversely, most community members ranked the conKguous concrete barriers as their least 
preferred opKon. Those who least preferred this separated bike lane design (44) usually 
provided one of two primary reasons: issues of accessibility (16) and those of pleasantness (17), 
though some discussed both (8). Accessibility concerns centered on “restrict[ion] to your 
movement opKons” (20). Community members noted that they felt they had to use crosswalks 
that “someKmes can be pre9y far away from the desKnaKon and inconvenient for walking” (14) 
or that the barriers “got in the way” (4). If conKguous concrete barriers are implemented, 
regular breaks in the barriers with zebra crossings may assuage this concern while preserving 
the strong effect of these barriers in reducing unmarked crossings. Issues around pleasantness 
included that the environment with the conKguous concrete barriers were “unappealing” (5) 
and “just looks terrible” (12). They explained that the barriers created a “congested” space (12), 
leading to feelings of “being cornered.” Several communicated that the concrete barriers were 
“overkill” (6). AddiKonally, a handful of community members voiced concerns that these 
barriers posed a “potenKal hazard” (7) or “obscured the view of the other side” (3). 

Every community member who ranked the as-built condiKons as their lowest preference 
menKoned a safety concern (26). A common reason for the low rank was the lack of separaKon 
between traffic modes (15) as one individual wrote “No barrier does not make me feel safe.” 
Several community members specifically wrote about “protecKon from a car” and “how there 
would be nothing prevenKng it from hijng a person” (8). InteresKngly, a handful of community 
members perceived the ability for “people to go wherever they want” as a limitaKon of the as-
built condiKons (5) which is in opposiKon to the nine who preferred this environment for the 
very same reason. 

Only four community members least preferred the flexible delineators. The most common 
raKonale was that they resulted in some negaKve externality [e.g., unpleasantness (2)] and 
“they don't really do anything to help with safety” (3). 

RECOMMENDATION 

The described study was conducted to aid the City of Fort Collins and CSU TransportaKon in 
idenKfying which countermeasure will have the maximum posiKve impact on pedestrians. Our 
findings indicate more evidence that the separated bike lane with flexible delineators will 
increase walking in this area. Both invesKgated countermeasures improved pedestrian 
percepKons of walkability, comfort, and safety. SKll, this study found stronger support for the 
flexible delineators in enhancing pedestrian accessibility and pleasurability. AddiKonally, this 
countermeasure was overwhelmingly preferred by community members for its safety impacts, 
relaKve pleasantness, and movement flexibility. Route analysis illustrated that flexible 
delineators greatly reduced unmarked midblock crossings though not to the extent of 
conKguous concrete barriers. It is our conclusion that the flexible delineators’ strong evidence 
for promoKng walking and clear community preference offsets the marginal benefit of the 
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conKguous concrete barriers on use of marked crossings. When addiKonal funding is available, 
CSU may consider the addiKon of zebra crossings at the culminaKon of a stretch of 
delineators/barriers.  

Based on these findings, it is our recommendaKon to the City of Fort Collins and CSU 
TransportaKon that they implement a separated bike lane via flexible delineators on Lake St to 
promote safe walking behavior. This recommendaKon is made with exclusive reference to 
pedestrians as other travel modes were not included in the present invesKgaKon. 

 
 


