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Abstract. Over the last decades, Virtual Reality (VR) technology has emerged 
as a promising tool for numerous human performance assessments. Together 
with the expansion of such systems, several Virtual Environment (VE) usability 
criteria have been developed to ensure their optimal production and efficiency. 
However, the current status of such measures for warning research is scarce; 
and most importantly, design guidelines for defining VEs for middle-aged and 
older adult interactions with warnings are even more rare. In order to create  
effective and inclusive VEs for older age groups, warning researchers must be 
informed of the main age-related perceptual and cognitive changes that may 
hinder the experience, as well as should determine which of the usability issues 
are most important for a particular VE system. This paper provides a theoretical 
framework which seeks to highlight the main subject matters that embrace the 
design, implementation and evaluation of VE studies for older population warn-
ing research. 

Keywords: Virtual Reality, Virtual Environments, Usability, Warnings, 
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1 Introduction 

This paper presents a discussion about the key usability issues in using Virtual Reali-
ty-based (VR) technologies and Virtual Environments (VEs) for studies involving 
older populations (i.e., 55 to 65 years old) and warnings. An overview of the most 
important factors that should be taken into consideration when carrying out such stu-
dies is provided. Such theoretical framework was developed within the scope of a 
project which proposes to: 1) highlight the use and effectiveness of technology-based 
warnings as inclusive solutions for compensating and/or assisting age-related deficits; 
as well as 2) promote VEs as feasible research tools for enhancing the field of warn-
ing research and inclusive design.  
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The nature of the study is justified by the fact that due to the economical, medical 
and technological revolutions, the workforce population is rapidly aging. In western 
societies, the older generation is growing faster than the total population. According 
to demographic estimates, the older population aged 60+ is expected to increase by 
more than 50% in the next four decades, rising from 264 million in 2009, to 416 mil-
lion in 2050 [1]. Based on such facts, safety for older workers has become a growing 
topic of societal concern, since inadequately and/or poorly designed working envi-
ronments and warnings, conjointly with age-related changes (which characterize old 
age and thus turn older age groups more prone to accidents, as well as injury), can 
degrade the quality of life [2]. Safety warnings play a vital role in work contexts: they 
alert and inform people of potential hazards [3]. In recent studies, technology-based 
warnings have been highlighted as a potential solution for overcoming age-related 
deficits and communicating safety messages to older populations [4]. Conversely, 
research regarding the effectiveness of such warnings is limited by several methodo-
logical, economical and ethical constraints. Contemporary technological advances, 
however, have highlighted the use of VR as a viable tool to surpass these limitations 
and to undergo such studies [5]. The advantages of using such technology encompass 
the ability to create low cost experimental and interactive VEs in which compliance in 
hazardously simulated situations can be safely assessed.  

Although the applications of VEs in various scientific domains are considerable, in 
the field of safety communications, VE usability knowledge is scarce and very much 
in its infancy. The current body of VE warning research raises some concerns when 
generalizing and applying their principles to real-world users, since the majority of 
the performed studies used younger adult populations (mainly university students) 
and/or specific target groups (e.g., participants with various degrees of cognitive 
and/or health disabilities/disorders) as research subjects. Furthermore, the few existent 
studies, which used older age groups and VEs, highlight important performance dif-
ferences when compared to younger adults [6]. However, seldom of them provide 
usability criteria and inclusive VE design guidelines.  

In this context, this paper primarily aims to discuss: 1) the main age-related percep-
tual and cognitive changes that may jeopardize the processing of warnings and  
technology; 2) the theoretical framework which serves to guide the utilization of VE 
studies with older generations; and 3) VE study examples which have used older par-
ticipants and the implications of their findings for warning research. 

2 Age-Related Changes 

With aging, the ability to notice, encode, comprehend and comply with a warning 
and/or technology is adversely affected by age-related deficits. These include declines 
in the visual, auditory and cognitive capacities [7, 8, 9]. Visual modality impairments 
consist of: diminished visual acuity (e.g., presbyopia, myopia); greater glare sensitivi-
ty; reduced ability to perceive colors; decreased contrast sensitivity; and temporal  
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resolution deterioration. Auditory deficits embrace difficulties in distinguishing be-
tween high frequencies, as well as different tones, voices and/or speech sounds in 
noisy backgrounds. Tactile changes include declines in the capacity to accurately 
judge force (e.g., over-or-under gripping) [9, 10].  

Cognitive deficits are associated to: diminished reaction times and decision-
making in emergency situations; increased attentional distraction; decreased visual 
search; and difficulties in comprehending and drawing textual, language, or pictorial 
inferences. Since interactions require the use of different types of memory, research 
has shown, for example: declines in working memory increase with complex tasks 
and procedures; semantic memory grows and remains intact throughout the years; and 
decreases in prospective memory, especially in what concerns time-based tasks [9].  

In sum, ‘old age’ encompasses a number of age-related changes, and as a result, 
may hinder an older individual’s overall safety. In order to design effective and inclu-
sive warnings and/or VE solutions, as well as improve older population performances, 
researchers must be informed of these limitations. 

3 Virtual Reality and Virtual Environments 

Over the last two decades, VR as a cutting-edge technology has emerged as a poten-
tial tool in many research areas, such as engineering, architecture, design, medicine, 
education, rehabilitation, aviation, among others [11]. When compared to convention-
al field and laboratory studies, Rizzo and Kim [12] claim that the advantages of using 
such technology include: enhanced ecological validity; control and consistency of 
experimental conditions, which supports repetitive and hierarchical delivery; real-time 
performance feedback; self-guided and independent exploration; interface modifica-
tion contingent on user’s impairments; safe testing and training, as well as “error-free 
learning” environment; gaming factors to enhance motivation; low-cost functional 
VEs that can be easily created, duplicated and distributed; among others.  

The most common definitions of VR describe it as a sophisticated interface (i.e., a 
real-time visual, auditory and touch/haptic feedback computer-based system) that 
generates VEs in which users visualize, navigate, manipulate, as well as interact with 
‘objects’ and ‘people’ which have locations and orientations in a three-dimensional 
(3D) space. Such VEs are used to ‘transport/carry’ a user to an artificially simulated 
world/reality in which he/she is not physically present, but to some extent, has the 
feeling of actually ‘being there’, i.e., is psychologically involved. A basic VR system 
consists of several input and output devices. These include: 1) graphics software to 
produce 3D VEs; 2) stereoscopic displays to visualize the VEs; 3) motion tracking 
systems to register head/hand/body movements/actions and orienta-
tions/displacements inside the VEs; 4) sound/audio technology, to enable realistic 
VEs; 5) interaction devices to navigate, manipulate, and explore the VEs; and 6) hap-
tic feedback mechanisms to provide force, tactile and proprioceptive/vestibular data 
during interaction inside the VE. With the advanced development of various complex 
technologies, different types of VR systems have become commercially available, 
thereby giving rise to several types of human performance research. Together with  
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the expansion of such systems and assessments, several usability principles and  
evaluation methods have emerged to ensure the optimal creation, effectiveness and 
satisfaction of VEs [e.g.,12, 13, 14, 15]. 

3.1 Key VE Usability Issues  

A review of the literature [e.g., 12, 13, 15, 16] concerning the definition of the main 
VE usability taxonomies identifies two distinct, yet correlated, types of analyses, 
namely: 1) a VE system characteristics evaluation, which is concerned with the physi-
cal, technological and/or constructional components of the experience, i.e., software, 
hardware and overall interaction techniques and devices; and 2) a VE user characte-
ristics evaluation, which encompasses the users’ behavioral and subjective expe-
riences, i.e., his/her physiological, psychological and psychosocial responses. Both of 
these experiences vary in light of the technology used, as well as the users’ and tasks’ 
characteristics. In order for VEs to be efficiently developed, a number of basic theo-
retical and pragmatic issues need to be considered. Firstly, when conducting such 
studies, researchers should adopt the UCD approach to ensure that the users are profi-
ciently part of the iterative design cycle, and that all aspects of their VE interaction 
are carefully accounted for [16]. Together with such an approach, the following key 
VE usability criteria, associated with the two types of VE experiences, should be con-
sidered. 
 
VE System Characteristics. According to usability research, when maximizing ef-
fective VE systems for older populations, key and intrinsically linked features such as 
interaction and multimodal system output should be carefully accounted for. In other 
words, researchers must incorporate and merge: on the one hand, an understanding of 
the system’s technicalities (interaction techniques and devices); and on the other 
hand, the older users’ capacities (perceptual, cognitive and motor skills) and how 
these may influence such a system.  

Interaction. Also referred to as interactivity, is provided both by and to the user 
(i.e., motion inputs) and the VR system (i.e., multimodal outputs); this is, the system´s 
ability to detect the user’s performance and to instantaneously modify, as well as 
update the VE in response to the actions performed. Bowman et al. [14] classified 
three categories of interaction, namely: 1) travel, i.e., the user’s displacement and 
change in viewpoint as he/she moves from one place to another inside the VE; 2) 
object selection, i.e., when the user targets virtual objects within the VE; and 3) mani-
pulation, i.e., the modification of a virtual object’s position and/or orientation.  
Therefore, usability measures associated with this feature are concerned with task 
performances such as: 1) wayfinding, i.e., locating and orienting oneself in the VE; 2) 
navigation, i.e., moving from one location to another in the VE; and 3) object or target 
selection and manipulation, i.e., the reposition and/or reorientation of target virtual 
objects. When designing effective VEs for older population warning studies, re-
searchers must be aware that age-related deficits may affect such task performances, 
and as a result, should identify which of these limitations hinder their processing, as 
well as the adequate usability methods. The following questions, for example, should  
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be addressed: does an older user understand how he/she can navigate inside the VE 
and interact with its virtual objects?, how challenging is it for an older user to move 
from point A to point B?, does the VE include appropriate visual and navigational 
cues to assist the older users’ spatial knowledge?, are the chosen interaction tech-
niques and devices difficult to manipulate or intrusive?, etc. 

Multimodal system output. This feature consists of the various sensorial and per-
ceptual inputs/outputs that affect the users’ overall interaction. It includes all types of 
devices used to present information about the VE to the users. Usability criteria asso-
ciated with this system for older population performance assessments are concerned 
with design constraints related to human sensory perception, namely: 1) visual out-
puts, i.e., the technical and non-technical cues which include, but are not limited to, 
stereoscopic support, spatial resolution, field-of-view (FOV), optical flow, up-
date/refresh rates, depth perception, etc.; 2) auditory outputs, i.e., cues which provide 
aural (localization and sonification) feedback resulting from the user’s own actions, 
others’ actions, and/or the environment, e.g., speech recognition, 3D auditory locali-
zation, synthetic speech, etc.; and 3) haptic outputs, i.e., cues which provide force or 
touch sensations, e.g., kinesthetic (which is felt by moving or forcing muscles and/or 
joints) and/or tactile (received through skin contact) information. Knowing that with 
aging, an older individual’s visual, auditory and cognitive abilities may be impaired, 
the subsequent usability issues, for example, should be considered: is the perceptual 
information conveyed by the VE readily seen, heard, understood and/or felt by the 
older user?, does the type of visual/auditory/haptic output influence the older user’s 
overall perception of the VE?, are the traditional and general output specifications 
appropriate for an older user?, etc.  

 
VE User Characteristics. According to usability criteria associated to this type of 
analysis, when designing effective VE systems for older populations, the following 
vital and innately connected user characteristics should be considered: engagement, as 
well as health and safety. This is, researchers must identify and accommodate the 
older age groups’ unique physiological and psychological abilities so as to promote a 
captivating VE experience, while ensuring their well-being and safety.  

Engagement. This refers to the user’s psychological state of being actively, absor-
bingly and/or emotionally occupied/involved with the VE experience, i.e., the indi-
vidual’s capacity/ability to perceive/believe that they are inside and a part of the VE, 
even when he/she knows to be physically situated in another. Stanney et al. [13] sug-
gest that this feeling of involvement is associated to factors such as: the user’s moti-
vation to comply and interact with the VE; and the VE system’s ability to update the 
user’s actions in real-time. In other words, it is both user driven (i.e., the individual’s 
feeling of presence) and system driven (i.e., the interface’s immersive function). Pres-
ence is associated to the psychological and subjective ‘feeling’ or ‘idea’ of ‘being 
inside’ a VE. Immersion is defined as the extent to which the user feels ‘isolated’ 
from the real world during the simulation. In order for an older user to feel present 
and immersed in a VE, various sensory channels (in particular the visual and auditory 
senses) should be stimulated. According to Gutiérrez et al. [17], such stimulation 
depends on the physical configuration of the system; they defined three types of  
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systems: 1) fully immersive, using stereoscopic or non-stereoscopic head-mounted 
displays (HMDs), sometimes referred to as VR glasses; 2) semi-immersive, such as 
stereoscopic or non-stereoscopic CAVEs (i.e., multiple screen projection systems); 
and 3) non-immersive, which includes standard desktop-based interfaces (e.g., LCD 
displays) and stereophonic acoustic systems (e.g., 3D surround sound). The main 
difference between these three systems depends on how much the user is isolated (i.e., 
can see, hear or touch) from the real-world surroundings, i.e., the degree to which the 
interface can or cannot ‘transport’ a person, at a mental and sensorial level, to a 
‘second reality’. When designing effective VEs for older population warning studies, 
researchers must, once again, be aware that these psychological and subjective states 
may be impaired by a number of age-related changes, and therefore should address, 
for example, the subsequent usability issues: does the older user feel actively moti-
vated, involved, immersed and present during the simulation?, is the type of display 
disturbing, distracting or intrusive?, etc. 

Health and safety. This refers to the main and most crucial ethical principle of en-
suring the older participants’ well-being and safety during the simulation. If VE sys-
tems dismiss/ignore the human/user element of the study, such simulations can result 
in discomfort, sickness, harm or even injury. Such negative impacts are generally 
referred to as Virtual Reality Induced Symptoms and Effects (VRISE) [18]. 

VRISE, as defined by Cobb et al. [19], includes the variety of symptoms which oc-
cur both during (referred to as side-effects) and post (i.e., after-effects) VE simula-
tion/exposure. The most common sign of such effects is cyber-sickness (CS). Such 
sickness symptoms generally fall under three categories: 1) nausea, which includes 
increased salivation, sweating, vomiting, burping, among others; 2) disorientation, for 
example, difficulty in focusing, dizziness, vertigo, etc.; and 3) ocular motor distur-
bances, which embraces fatigue, headaches, eyestrain, blurred vision, difficulty in 
focusing gaze, among others. Occurrences of such VRISE may be influenced by sev-
eral factors such as: technological aspects (e.g., display delay, type of display); sys-
tem design issues (e.g., level of navigational control and speed, type of interaction 
technique and device; visual scene complexity; exposure duration); and individual 
differences (e.g., age, gender, sickness susceptibility). Therefore, when designing 
effective and inclusive VEs for warning studies, researchers must certify that the older 
users are comfortable while interacting with the VE system, since pain or distress 
during the experience may ride over all of the other sensations, and thus, invalidate its 
findings. Consequently, the following health and safety questions, for example, 
should be addressed: do certain displays and devices cause some side/after-effects 
among the older participants?, if so, is it related to the different levels of immersion or 
FOV specifications?, do the older users experience high levels of discomfort, fatigue, 
or nausea during the VE simulation?, do orientation and coordination after-effects 
persist for long periods of time after the older users have been exposed to the VE?, 
etc.  

In conclusion, both VE system and VE user characteristics influence each other  
reciprocally. As a result, in order to maximize any type of VE interaction with warn-
ings, VE and warning researchers must identify which of the usability criteria,  
discussed above, are most important for a particular VE experiment, i.e., the signific-
ance of each of the guideline categories will depend on the goals established for the 
problem matter under study. 
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3.2 Examples of Older Population VE Studies 

Although the use of VEs for warning research and inclusive design is in its early stag-
es, a few current studies have successfully used VEs and older age groups, while oth-
ers report some usability difficulties. Therefore, in light of the paper´s objective, this 
section provides a brief outline of a couple of these studies and discusses the main 
implications of their findings for warning research.  

In what concerns task performances such as target selection and evaluation, Pache-
co et al. [20] successfully used a VE for the selection and assessment of chromatic 
environments for interior design studies. Using a sample of twenty older adults with 
ages ranging from 60 to 85 years old, and a basic VR system (i.e., a motion tracker, 
joystick, HMD, wireless headphones and graphics station), the study procedure com-
pared two types of display mediums (i.e., a paper-based illustration versus a VE) in 
which the participants were asked to evaluate four VEs with four different ambient 
colors. Study variables included level of realism, interaction, sense of presence, 
chromatic fidelity and overall engagement. The attained results revealed no statistical 
differences regarding color selection, nor in the subjective evaluation of the setting, 
between the two types of displays; the authors state that such a result may indicate 
that both display mediums were evaluated equally, i.e., the VE presented a high level 
of chromatic fidelity. Nevertheless, important discrepancies were found for all va-
riables, thereby denoting that the VE display was more effective. In conclusion, the 
authors enclose that VEs can be used to conduct studies with older adults for interior 
design research and report no usability problems or simulator sickness.  

In another study, Moffat et al. [21] used a VE to assess spatial memory and naviga-
tion during a wayfinding task. Making use of a sample of 133 participants (123 older 
participants and 10 students) with ages ranging from 22 to 91 years old, and a stan-
dard desktop VR system (i.e., a graphic interface, computer and joystick), the study 
procedure evaluated age differences regarding navigational behavior when carrying 
out a route/maze learning task, as well as compared such results to other traditional 
measures of cognitive aging. After a training period, subjects were engaged in a VE 
spatial learning task in which they had to navigate through a series of interconnected 
hallways, some of which lead to dead ends and others to goal points.  

The attained results determined that the older participants’ overall performance 
was impaired when compared to the younger participants, i.e., they took longer to 
solve trials, traveled longer distances, and therefore, made more spatial memory er-
rors. Moreover, 10% of the participants experienced some degree of VRISE; the ma-
jority of them were older adult females (mean age = 76.3 years). Nevertheless, such a 
fact did not comprise the validity of the study. Consequently, the authors conclude 
that the use of VEs in assessing spatial navigation of older age groups provides re-
searchers with a promising and effective tool to comprehend age differences in 
route/place learning, as well as in the use of landmarks/cues.  

In light of such outcomes, the authors recommend the subsequent guidelines for fu-
ture research on older population interaction: 1) VE tasks which rely on completion 
time as a dependent measure should assess differences in what concerns computer 
experience and psychomotor processing speeds; and 2) in order to obtain a complete 
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perception of older user navigation, it is important to quantify their VE performance 
and then correlate such findings with additional cognitive measures.  

In a different study, Liu [22] evaluated which factors contribute to cyber-sickness 
(CS), during and after navigating a VE on a TFT-LCD (i.e., thin film transistor liquid 
crystal display), as well as verified the efficacy of a fuzzy cyber-sickness-warning 
system (i.e., a neuro-fuzzy technology which incorporates fuzzy logic reasoning and 
neural network learning) to detect the occurrence of such symptoms and determine 
their level of severity, as well as reduce their impact on the older adults’ overall per-
formance. Using a sample of 32 older adults, with ages ranging from 66 to 73 years, 
as well as a simple VR system (i.e., a TFT-LCD display, HMD, standard PC mouse 
and keyboard, as well as graphics software), the study procedure was two-fold: 1) in 
the first experiment, the authors compared differences between navigation rotating 
speeds, scene inclination angles and exposure durations, and two types of user naviga-
tion (i.e., in which the participant passively watches the VE’s scenes move by them-
selves versus actively viewing and changing their viewpoint inside the VE), while 
participants were asked to search a classroom scene and confirm objects on a check 
box list; and 2) in the second phase, the participants were subjected to two stages, i.e., 
firstly, participants actively and independently navigated the VE without being ex-
posed to an alarm system; secondly, they were exposed to the fuzzy warning system 
when levels of CS were detected. Therefore, in second phase the authors compared 
the differences between both performances.  

The author’s findings, regarding the first experiment, indicate that increases in na-
vigational rotating speeds resulted in higher SSQ scores overall, particularly when the 
participants passively watched as the VE oscillated. However, the same was not veri-
fied when angle inclinations were amplified. As for the second experiment, the results 
attained clearly indicate that the warning system was successful in identifying CS 
symptoms and reducing their impact on the older adults’ performance. According to 
the authors, such a system produced better results in the active condition, than in the 
‘no system’ condition. In conclusion, the authors enclose that although some levels of 
CS can occur during long VE exposures, VEs can be used to conduct studies with 
older adults and that the CS-warning system proves to be a useful tool in detecting 
VRISE. Taking into consideration such outcomes, the authors recommend the subse-
quent guidelines for future research on older population interaction: 1) systems which 
are developed to manage and predict VRISE should include the time/duration in 
which the participants are exposed to the VE; 2) in order to ensure no CS after-
effects, researchers should not expose participants to the same VE within the same 
week of the experiment, i.e., they should let participants rest for a two week interval; 
and 3) active VE tasks, in which users have greater control over their navigation, 
produce lower levels of CS.  

4 Conclusion 

This paper presents a theoretical framework of the main usability issues that should be 
taken into consideration when conducting studies with older age groups, warnings and 
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VEs. As the studies outlined in this paper demonstrate, VEs provide researchers with 
the means to assess a number of older population performances. When compared to 
traditional research methods, the potential benefits of such tools, particularly for the 
purpose of studying middle-aged and older adult warning interaction, are manifold: 
the ability to create low cost experimental, interactive and quasi-real scenarios (i.e., in 
which hazardously simulated situations can be studied in a safely manner) with an 
enhanced control, as well as ecological validity over the experimental conditions. 
Since ‘old age’ embraces several age-related changes (i.e., declines in the visual, au-
ditory and cognitive abilities) that can potentially impact interactions with warnings 
and technology, a number of usability criteria must be considered. This paper, al-
though not comprehensive, provides a summary of the main theoretical framework 
which supports such issues. In short, these include important aspects of the VE system 
(i.e., interaction techniques and devices) and user (i.e., engagement, as well as health 
and safety concerns) characteristics. In light of our research project which proposes to 
highlight the use of technology-based warnings for compensating and/or assisting 
age-related deficits, future work will be dedicated to the definition of effective and 
inclusive VE criteria measures for warning interaction studies. Given the lack of such 
usability standards for this area of research, our project seeks to design and implement 
a number of VE systems, and subsequently evaluate the impact of using different 
interaction techniques and devices, as well as levels of engagement have on older 
population performances. Since such an analysis has not yet been conducted, we hope 
to create a body of work which will promote VEs as feasible research tools for en-
hancing the field of warning research and inclusive design. 
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