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ABSTRACT

Dealing with fear of falling is a challenge in sport climbing.
Virtual reality (VR) research suggests that using physical
and reality-based interaction increases the presence in VR.
In this paper, we present a study that investigates the influ-
ence of physical props on presence, stress and anxiety in a
VR climbing environment involving whole body movement.
To help climbers overcoming fear of falling, we compared
three different conditions: Climbing in reality at 10 m height,
physical climbing in VR (with props attached to the climb-
ing wall) and virtual climbing in VR using game controllers.
From subjective reports and biosignals, our results show that
climbing with props in VR increases the anxiety and sense
of realism in VR for sport climbing. This suggests that VR in
combination with physical props are an effective simulation
setup to induce the sense of height.
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Figure 1: (a) A subject is climbing horizontally on the wall
while wearing a head-mounted display and virtually climb-
ing at a height of 10 m. (b)-(d) Example views of the VR scene
from the user’s perspective.
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1 INTRODUCTION & MOTIVATION

In sport climbing, it is important to overcome the fear of
falling as it holds back climbing athletes by impeding move-
ments [28] and effects on the athlete’s performance [26].
Climbers learn to overcome their fear of falling by build-
ing confidence in training and, for instance, by habituation
through controlled falling [48]. Beyond the fear of falling,
sport climbing is also associated with general height-induced
anxiety, which in its pathological form is acrophobia. One
way of treating this condition is exposure therapy, the "golden
standard" in the field of psychotherapy [59].

Starting in the mid-1990s, scientists began experimenting
with virtual reality exposure therapy (VRET), which gave
them more control over the grading of exposure and reduced
the inhibition threshold for a therapy [59]. VRET uses head-
mounted displays (HMDs), spatial audio and e.g., data gloves
to create a high sense of presence for the subjects. Presence
is considered the defining factor for VRET to work [15, 27].
In their study, Emmelkamp et al. showed that exposure to
heights in virtual reality (VR) achieves the same effects as
in-vivo therapy [17], a result that has been reproduced mul-
tiple times since then [36, 55, 59]. In a large scale study
with 100 acrophobia patients over the course of two weeks,
Freeman et al. [21] showed significant improvement in over-
coming fear of height after few weeks of treatment with an
automated VRET in comparison to regular in-vivo therapy.
Besides presence, immersion is an important measure in VR.
From an extensive content analysis of 83 studies on pres-
ence and immersion, Cummings and Bailenson conclude that
the immersion provided by increased levels of user tracking
and the quality of the mediated virtual environment has a
medium effect on improving the sense of presence in the
virtual environment (VE) [13]. For sport climbers and indus-
trial climbers, a VR training environment allows climbing
training to counter fear of falling even in times of recovery
or when a real climbing environment is not available.

In this paper, we report on the design of a VR climbing
environment that supports overcoming the fear of falling.
Based on traditional training of handling fear of falling in
sport climbing and VRET from psychology, we investigate to
what extent realistic physical sensation is necessary to create
an immersive climbing experience which comes with a natu-
ral anxiety induced by a feeling of height. We conducted an
experiment in VR to compare the manifestation of anxiety
(measured directly and indirectly through induced stress)
and presence at subjective and physiological levels. We com-
pared climbing, a complex whole body movement, using
props (hand- and footholds) with controller-based climb-
ing simulation and observed higher subjective anxiety and
presence for props.
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2 RELATED WORK

In this section, we discuss how anxiety is related to sport
climbing and present related work on physiological measure-
ment of anxiety and presence as a foundation for our study
design. Furthermore, we discuss VR, augmented reality (AR)
and mixed realtity (MR) in climbing scenarios.

Sport climbing is a superset of various different activities.
The most prominent activities are lead climbing, top-rope
climbing and bouldering. When doing a lead climb, a climber
is attaching the rope with quickdraws to the wall to secure
him while ascending the route. When climbing a route top-
rope, the climber is secured by the rope through an anchor
at the top of the route. Bouldering characterizes a climbing
activity in low heights (typically below 6m) without any
belaying equipment.

Arousal, Fear, Anxiety and Stress in Sport Climbing

Breckner describes fear as an essential factor in all levels
of sport, from mass sport to elite sport [7]. He further de-
scribes, that reasons for fear depend on the personality and
quotes Allmer and Schulz, who supposed that there are dif-
ferent trigger situations: (i) risk (ii) limitation, handicap or
failure (while feeling the pressure to succeed) (iii) insecu-
rity (when confronted with unknown situations significant
for the subject) (iv) competition [1]. For climbers, it is un-
pleasant to face an imminent risk of falling, yet they are
motivated to venture falling and mastering the hardest parts
of the route ("conquer the crux"). At the same time, it is
linked to physiological arousal [43, 44] with typical somatic
symptoms like uneasiness, pale skin, cold hands and sweat-
ing. Also, increased muscle tensions, raised respiratory rate
(RR) and heart rate (HR), elevated urinary frequency and
adrenaline/no-adrenalin level have been observed [6]. Tiet-
jens also considers specific behaviors such as fleeing and
avoidance as typical fear reactions [71].

Anxiety is triggered by threats that are perceived as un-
controllable or unavoidable [45, 64]. In his thesis on anxiety
in extreme mountaineering, Breckner [7] refers to stress as
a relational concept [41] where stress is the result of an in-
dividual evaluating a situation defined by the environment.
This evaluation includes inner requirements (self-imposed
goals) as well as outer requirements (e.g., trainer-imposed
goals). The individual evaluates the impact of the environ-
ment for its well-being and the necessary resources or skills
for success.

Since the beginning of the 20th century, research has been
concerned with the effects of anxiety on performance in
sports. Early experimental studies led to the hypothesis that
there is a point of anxiety-infused activation resulting in
peak performance. Later this idea was replaced by a the-
ory of individual zones of optimal functioning (IZOF) that
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Ruiz and colleagues verified in several studies [62]. Based
on Masters et al. [49] and Liao et al. [46], Bertle conducted a
study to examine the stress reactions to an impending fall of
climbing protection and height above ground [3]. The study
investigated two conditions of height (low/high) and two
climbing styles: leading and top-rope. The results of Bertle’s
study show significant cognitive and somatic anxiety reac-
tions in a high (fall) condition compared to a low (fall) con-
dition. Further, Bertle found that well-trained subconscious
routines and movements are processed more consciously
under stress [3]. In several experiments with climbers Pi-
jpers et al. measured effects of anxiety induced by fear of
falling while climbing. In their setups, the participants tra-
versed (i.e., climb horizontally) an identical route at different
heights above ground, while being belayed in top rope. All
studies showed an increase of anxiety-related effects in the
high condition and evidence for anxiety-related reduction in
performance [56-58]. Hardy and Hutchinson found in their
studies with climbers that less anxious climbers perform bet-
ter than highly anxious climbers. The authors assume that
self-confident subjects and skillful climbers are less likely to
be impacted by anxiety [26].

Physiological Measures of Anxiety

Bertle [3] summarizes multiple studies with skydivers and
base jumpers. Inexperienced skydivers show a raised heart
rate (HR), resperatory rate (RR) and electrodermal activity
(EDA) throughout a flight which do not decrease until land-
ing [20, 74]. Breivik et al. [8] could not corroborate Eysenck’s
and Calvo’s Arousal Theory nor could they validate Fenz and
Epsteins [18] consistent correlations of HR to subjective
feelings among experienced jumpers [20]. However, they
showed that experience (number of jumps) is correlated neg-
atively to arousal [8], an observation Hardy and Hutchin-
son [26] later made again for climbers. Roth et al. found
similar results that showed rising physiological measures
and anxiety self-ratings for parachutists in anticipation of a
jump—independent of the level of expertise, only at higher
levels for novices [61].

Judging from the body of work examined, we based our
study on the assumption that anxiety in sport climbing is a
multidimensional phenomenon. We focused mainly on one
dimension: fear of falling, as it is verified to have a hindering
effect on performance [18, 26, 58]. Regarding terminology,
this paper is primarily concerned with anxiety, and not with
fear or phobia. Therefore, we use the terms fear of falling
and anxiety of falling synonymously.

VR-Treatment for Stress and Anxiety

Acrophobia is an abnormal fear of heights which in turn is
related to the fear of falling [3]. Therefore, research looking
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into a climbers’ fear of falling in VR would be of particu-
lar interest, in context of a more general question on how
VR is suited for the treatment of fear in specific situations.
However, no such work has been published so far, regard-
ing acrophobia and its therapy using VRET. Several studies
showed that VRET for acrophobia treatment is as effective as
regular exposure therapy, producing the same fear of height
in virtual environments as in-vivo [40, 53, 59]. Diemer et al.
ran a controlled experiment to compare height reactions of
phobics and non-phobics. Both groups showed similar physi-
ological arousal when exposed to height [14]. This implicates
that not only phobics but also participants comparable to
those of other climbing-related studies listed above, show
respective effects.

Since we use height above ground as a stressor, the per-
ception of height in VR is of particular concern. The extent
to which the (simulated) height works as a trigger depends
on the effectiveness of VR and thereby the amount of pres-
ence it evokes in its users [51]. Meehan conducted three
studies that investigated the influence different aspects of
VR on presence. He looked at effects of multiple exposure,
passive haptics and effect of frame rate on presence. In the
passive haptics experiment, Meehan showed that a plywood
ledge has an influence on presence, while participants were
walking towards a virtual cliff [50]. Gandy et al. summa-
rize several studies examining effects of varying levels of
detail on presence and perception—with contradicting re-
sults [22]. On the one hand, Zimmons and Panter could not
find significant differences in presence or subjective stress
when running variations of "the pit" experiment [50], rang-
ing from wireframe to radiosity [75]. However, Slater et al.
found increased psycho-physiological measures, HR and skin
conductivity (SC), for a higher level of realism (reflections
and shadows) [68]. In alignment with Gandy et al. (2010),
who summarized that a "[virtual] environment does not have
to be visually perfect to make users feel present or capable of a
motor task", we recreated a degree of realism comparable to
that of "the pit" experiment by Meehan et al. [51].

Augmenting Climbing with Technology

Byrne and Mueller investigated the motives for climbing
and how digital systems can support sport climbing [10].
The authors identified five key motivational themes: risk,
challenge, social engagement, beauty of nature and reliving
the experience. These motivational themes offer guidelines
when designing augmented climbing experiences. There is
also a significant line of work that investigates augmented
climbing. From our literature examination, we observed sev-
eral recurring motives: immersive experience, training and
monitoring.
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Immersive climbing setups. There are VR games that pro-
vide a virtual climbing experience. For example, The Climb
(http://www.theclimbgame.com) employs a head-mounted
display (HMD) and allows players to climb in mountain envi-
ronments using VR controllers. Similarly, Kosmalla et al. [39]
showed a VR climbing environment which employed a 3D
scanned climbing wall and hand tracking using Leap Mo-
tion. To train motor skills, Kajastila and colleagues designed
Augmented Climbing—a bouldering setup which employs
projection on the climbing wall and full-body motion track-
ing [34, 35]. The setup provides augmented feedback on the
climbing wall to enhance sport training. From three user
studies the authors conclude that augmented climbing is
an effective tool for engagement, movement diversity and
also lets climbers forgetting about fear of height. Liljedahl
and colleagues developed Digiwall, an interactive climbing
wall with sensors, light and sound feedback. The authors
promote a set of applications, which include training, play
and sound design [47]. BetaCube by Wiehr et al. implements
a self-calibrating camera which employs a wall projection
of life-size video replays and holds highlighting for route
creation [73]. Kosmalla et al. build on BetaCube and designed
an AR climbing system to teach novices climbing move-
ments. Their application employs a recording mode using a
KINECT for the trainer and three types of video playback
using AR-goggles and a projection on the climbing wall.
Participants performed various tasks with different modal-
ities of video guidance. The results indicate that a hybrid
visualization suits best to fit all requirements of a climbing
training environment [37]. Venga! is a setup that allows for
fully augmented climbing in VR [70]. In their setup, the au-
thors 3D-scanned a climbing wall and applied hand and foot
tracking to create an immersive climbing experience in VR.

Wearables for climbing. Mencarini et al. defined a design
space of wearables for climbing as tools for augmentation
and communication [52]. They identified that in sport climb-
ing either the walls can be augmented or climbers can be
equipped with wearable devices. The authors suggest instead
of eliminating negative emotions, the training environment
should help climbers dealing with them and promote to de-
sign wearables that support the communication of fear in
sport climbing. Based on results of an online survey and a
follow up user study, Kosmalla et al. [38] found that sound
is suited best as a communication channel for a wrist worn
wearable in climbing. ClimbAX is a wristband sensor which
was designed to monitor the climbers’ performance. From ac-
celerometer data, the wearable extracts various performance
metrics (e.g., climbing episodes and hold transitions) and
provides climbing statistics [42]. To guide beginners in im-
proving their climbing technique in real-time while climbing,
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Figure 2: Schematic view of the climbing routes. Two identi-
cal climbing routes at different heights, each consisting of 14
hand and footholds. T}, and T¢ mark the holds at the turning
point.

Feeken et al. developed a pressure sensitive insole with vibro-
tactile feedback [19]. Tonoli et al. employed an acceleration
sensor which is integrated into the harness to identify and
monitor falling in rock climbing using a Kalman filter [72].
Similarly, Boulanger et al. applied machine learning to clas-
sify climbing activities from multiple accelerometers [5].

Most of the literature we examined applies technology
to support the climbers’ performance. However, training of
fear of falling is rarely investigated in the literature. In our
work, we build on the climbing setups that employs VR to
investigate the effect of physical interaction on presence and
anxiety in climbing. Therefore, our study aims at closing
the gap and brings together two areas of research: effects
of height-induced anxiety while climbing and anxiety while
moving through VR.

3 STUDY

In our study, we focus on the level of immersion-induced
presence, required to provoke fear of falling in VR. Therefore,
we create three different conditions: real physical climbing
in 10 m height (Cyeq1), virtual reality climbing with real props
(Cprops) at virtual height of 10 m but physically 20 cm above
the ground and an entirely virtual climbing simulation with
game controllers (Cy) at virtual height of 10 m while stand-
ing on the ground. We used physiological measurements
(heart rate and skin conductivity) together with question-
naires asking for the subjective responses to compare the
effect of three conditions. In alignment with Meehan [50],
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Figure 3: (a) Schematic view of a torso with the placements of
the electrocardiography (ECG) and EDA electrodes. (b) EDA
electrodes prepped with a piece of tape to keep them at a
constant distance of 5 cm.

who observed a positive effect of props on presence, we
derive the following hypotheses:

Hypothesis (Hp): Presence (D)) is measurably higher for
climbers in VR when using props (Cprops) compared to a
entirely virtual condition (Cegy).

Hypothesis (Hs): Anxiety (D,) (measured directly and
indirectly in form of stress) is higher for climbers in VR when
using props (Cprops) compared to a purely virtual condition
(Cctrl)-

Our study design has two independent variables: props
or game controllers and real or virtual vision resulting in
three conditions. We aimed to examine their effect on the
following dependent variables: physical exertion, anxiety
and presence. Since anxiety is highly subjective and varies
between participants, we chose a within-subject experimen-
tal study to test our hypothesis. The order of the conditions
was randomized using a Latin Square [23].

For the study, we developed a multimodal VR climbing
setup that employs foot and hand tracking and allows for
real climbing with a HMD.

Measurements

In alignment with the studies by Slater [66, 67] we mea-
sured stress and anxiety as indicators of presence. Our pri-
mary stress and anxiety measures were heart rate variabilty
(HRV) [11, 31] and skin conductivity response (SCR) [9, 50].
We recorded the physiological data using Bitalino Board Kit
2018. As shown in Figure 3, we placed the ECG electrodes at
the collarbone and the EDA sensors on the shoulder of the
participants. Additionally, presence was measured using the
widespread Igroup Presence Questionnaire (IPQ) on the spa-
tial presence (sp), involvement (inv) and experienced realism
(real) subscales [63].

Meehan [50] suggests HR, RR and EDA as indicators for
presence. Regarding sport climbers, Hardy and Hutchin-
son [26] reckon that those signals—when elevated—may be
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interpreted as signs of somatic anxiety, too. However, HR
and RR cannot be described as unitary functions of arousal,
because they are also dependent on physical activity [12].
Hence, they can only be interpreted as indicators for somatic
anxiety when comparing conditions with a similar level of
physical activity. In our setup, these are only Cyear and Cprops.
As a control variable for the level of movement, we also asked
the subjects to give a rating of perceived exertion (RPE) on
a labeled visual analog scale (VAS) from 6 to 20, developed
by [4].

To measure the severity of acrophobia, we employed the
visual height intolerance (vHI) questionnaire [30]. This ques-
tionnaire has an opening question followed by eight items
and results in a severity score (VHISS) between 0 (low) and 13
(high). With two additional questions, a diagnosis of acropho-
bia can be established. To meter the trait anxiety of subjects,
we used the State Trait Anxiety Inventory (STAI) [24]. This
inventory consists of ten items and results in a score between
20 (low) and 80 (high), which indicates the participants’ ten-
dency of responding to situations perceived as thrilling with
an elevation of state anxiety. After each condition, we also
tested the manifestation of anxiety at the level of subjective
experience through a VAS—also called anxiety thermometer
(AT) [29]. This is a quick and validated alternative to more
comprehensive tools such as subjective units of discomfort
scale (SUDS), or competitive state anxiety inventory 2 (CSAI-
2) [57]. It is a continuous scale ranging from 0 (not anxious
at all) to 10 (extremely anxious), displayed as a box of 10 cm
length in which participants place a mark to indicate their
level of anxiety [29].

Procedure and Tasks

Our experiment procedure included the following steps:
(i) briefing (ii) put on climbing harness (iii) fit with HR, RR,
and EDA electrodes (iv) initial rest (Cy) and upfront question-
naires (v) randomized order of Creal, Cprops and Cericonditions
(vi) debriefing. After each condition, the participants had
time to recuperate while filling in the Igroup Presence Ques-
tionnaire (IPQ) and AT questionnaires.

The primary task for all conditions was traversing a climb-
ing wall, from a start point to a return point and back. The
subjects were only belayed in condition Cyey utilizing an
auto-belay-device. To ensure that the participants are aware
of their exposition to height, we introduced secondary tasks:
(i) before climbing, throw a ball down to the ground and read
out the number displayed next to where the ball dropped
(ii) while resting at the return point, look down and read out
numbers shown on the ground floor.
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Climbing Routes

We conducted our experiment in a local climbing gym with
a wall that fulfills the specifications for one lane of an Inter-
national Federation of Sport Climbing (IFSC) speed climbing
wall. The traversal route is angled at 5° along its entire length
and is easily accessible on the ground floor and from a bal-
cony at 10 m height. Figure 2 depicts the final route layout for
condition Cye, (10 m) and its twin at the bottom of the wall
for condition Cpops. Both routes have a launching platform
made of plywood, each serving as the start and end point
for the climbing task. The routes had a difficulty of 4+ on
the International Climbing and Mountaineering Federation
(UIAA) scale; a difficulty level that is suitable for beginners.
By letting our participants climb the same horizontal route
at a constant elevation in each condition, we maintained
comparability with Pijpers et al. [58] and kept height (our
main trigger for anxiety) at a constant level.

We modeled the climbing gym in VR, using an already
existing architectural 3D model as a foundation to match
the virtual environment and the climbing wall. Further, we
textured and added lighting as well as some interior such
as tables and fire extinguishers. By resembling the original
premises with such details as furniture, we created points
of reference in support of a sense for scale and height. The
climbing routes, sketched in Figure 2, required for the VR
conditions Cpops and Ceyyg were also added. We utilized Au-
todesk Maya for modelling and Unity 3D as a game engine
to create an interactive experience. We used an HTC VIVE
system for tracking the head, two controllers and two addi-
tional trackers for the feet. Lastly, for tracking the hands, we
employed a Leap Motion hand tracking device mounted on
the VIVE headset. The entire setup is illustrated in Figure 1.
For our setup, we implemented hand visuals as a masked,
tinted overlay of the infrared image coming from the Leap
Motion camera using a custom shader (Figure 4b).

To match the static grips with their corresponding twins in
the virtual environment, we implemented a semi-automated
calibration with two VIVE trackers. For calibration, we placed
two VIVE trackers on the climbing route and registered the
components. From the stored locations, we computed the
required transformations to align the props.

Footwork and technique are essential in climbing [65].
Therefore, a precise foot tracking was implemented using
VIVE trackers. For the foot tracking, we fixed a VIVE tracker
to a rubber band and attached it to the user’s heel (see Fig-
ure 4c).

To avoid a break of immersion and for security reasons,
we did not model a rope and didn’t belay the participants in
the VR physical condition (Cprops). As the subjects climbed
only a few meters above ground a (belayed) rope could swing
back against the wall and injure the participant in case of a
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fall. Furthermore, an entirely virtual rope without a physical
rope present would break the immersion if the subjects tried
to grab it and also lead to a fall.

Participants

We followed Guo et al.’s guidelines [25] and used GLIMMPSE
to calculate an appropriate sample size. We assumed an effect
size of Cohen’s d between 0.7 and 1.2 at a confidence level
of « = 0.05 and a power > 0.8 similar to climbing-related
experiments by Hardy and Hutchinson [26]. Our calculations
required a sample size between 11 and 30 participants to
show significant effects.

A total of 28 participants (13 female), mean age 30.7 years
(SD=10.6), volunteered to participate in the experiment. The
participants, for the greater part customers of the local climb-
ing gym, were mainly lead climbers (23), but also top-rope
climbers (4) and one boulderer.

The average UIAA climbing degree (level of difficulty) of
the lead climbers was 6+ (+1 degree) and of the top-rope
climbers 5+/6- (+1 degree). About three quarters of the par-
ticipants climb at least once a week. 13 participants had never
used a VR system prior to the experiment and 13 only once;
the remaining two participants had used various systems
frequently before. All subjects provided written informed
consent.

We used the short version of the STAI [24] as a standard
check to measure trait anxiety. The questionnaire consists
of 10 items on a 8-point Likert-scale. The overall mean trait
anxiety was 34.9 (SD=14.9). The results were comparable to
the scores originally surveyed by Spielberg [69]. Hence, these
results indicate that the participants had no extraordinary
tendency to respond to situations perceived as threatening
with an elevation in state anxiety [57].

To identify and eventually exclude participants who ful-
fill the psychiatric criteria of acrophobia, we asked them to
answer the vHI questionnaire [30]. The vHI questionnaire
was only presented to the 16 participants who affirmed the
opening question; none of the users gave indications to suf-
fer from acrophobia. The average severity score was M=1.4
(SD=0.16).

4 RESULTS

In this section, we report the results gathered from the phys-
iological measurements and self-reports for the three con-
ditions of our experiment. First, duration of climbing and
the level of physical exertion is examined to ensure we only
compare homogeneous conditions later on. Then, we con-
tinue with the outcomes for stress and anxiety and, finally,
presence. Due to missing or corrupted data we excluded up
to 7 participants for when we performed our analysis. We
report the number of subjects, that were applied for each
statistical test.
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(d)

Figure 4: (a) Hand over a hand hold. (b) Screenshot of the resulting, masked infrared overlay. (c) Heel-mounted VIVE tracker.

(d) Virtual representation of the foot in VR.
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Figure 5: Duration per condition. The error bars indicate the
first and fourth quartiles.

Duration

We conducted a repeated measures analysis of variance
(ANOVA) to examine the effect of the condition on the time
that participants took to complete the tasks. The analysis
was performed with n=23. Regarding the duration per condi-
tions (Figure 5), there was a significant effect: F(2, 44)=9.092,
p<0.01. The effect has an observed power of 0.966 with
n§:0.292. A correction for sphericity was not necessary
(x?(2)=0.872,p=0.188). Pairwise Bonferroni tests showed sig-
nificant differences between Creq and Cprops (p<0.01), Creal
and Cey1 (p<0.05), but not between Cprops and Ceyl (p=0.575).

Physical Exertion

We recorded the vital signs HR and RR because they are indi-
cators for physical exertion. HR was measured using an ECG
in combination with a chest strap to obtain reference signal
less prone to motion artifacts. We conducted a repeated mea-
sures ANOVA to examine the effect of the condition on HR
for both sources. For ECG-based HR (n=23), Mauchly’s test
of sphericity indicated that the assumption of sphericity had
not been violated, y%(2)=5.866, p=0.320. There was a signif-
icant effect of condition on the HR: F(3, 63)=22.502, p<0.01.
The effect has an observed power of 1.0 with n§=0.517. For

Paper 183

Heart Rate: ECG vs Chest Strap per Condition
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Figure 6: Average heart rate (HR) measured before (Co) and
during the conditions (Cyeal, Cprops, and Cegy1) using ECG and
a chest strap. The error bars indicate the first and fourth
quartiles.

the recordings from the chest strap (n=22), Mauchly’s test of
sphericity indicated a violation of sphericity, y%(2)=12.653,
p<0.05 and therefore, a Greenhouse-Geisser correction was
used. There was a significant effect of condition on the
HR: F(2.192, 46.035)=92.877, p<0.01. The effect has an ob-
served power of 1.0 with n§=0.816. Pairwise Bonferroni tests
revealed a significant difference in HR between Cye, and
Cprops (p<0.05) for both sources. The results are shown in
Figure 6.

Since the RPE yields discrete, ordinal results, we used a
Friedman test to examine the effect of condition on self-
reported physical exertion. There was a significant effect of
condition on RPE, )(2:23.234, p<0.01. A pairwise Wilcoxon
signed ranks test showed a significant difference for Cye, and
Cprops (Z=-2.517, p=0.012), Cyeqt and Ceyy (Z=-2.34, p=0.019)
and Cprops and Cey) (Z=-3.817, p<0.01). The results are shown
in Figure 7.
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Figure 7: Average rating of perceived exertion (RPE) as re-
ported via visual analog scale (VAS) after each condition
(Creal> Cprops, and Cy1) on a scale from 6 to 20. The error
bars indicate the first and fourth quartiles.

Stress and Anxiety

For the analysis of anxiety, we used the ECG signal and de-
rived the mean R-R interval (mRRI) from it as a measure of
HRYV. Further, we measured EDA and derived the SCR-level
from it (Figure 8). To examine the effect of the condition on
each measure, we conducted a repeated measures ANOVA.
For mRRI (n=21), Mauchly’s test of sphericity indicated a
violation of sphericity, y%(2)=16.401, p<0.05 and therefore,
a Greenhouse-Geisser correction was used. There was a sig-
nificant effect of condition on mRRI: F(2.036, 40.719)=4.331,
p<0.05. The effect has an observed power of 0.725 with
n§=0.178. A pairwise Bonferroni test revealed only a sig-
nificant difference between Cy and Cpqps (p<0.01).

To examine SC, we looked at two of the non-specific re-
sponses (NSR): response-count and conductivity level [60].
The first was calculated from the rolling average of detected
peaks within a 20 s time-frame. Neither the response count
nor the level did show any patterns. Hence, unlike the HRV,
we could not find any significant differences between the
conditions for the EDA signals.

In contrast to RPE, the VAS anxiety thermometer (AT)
uses a continuous scale (Figure 9). We could conduct a re-
peated measures ANOVA without correction (y?(2)=0.692,
p=0.708). There was a significant effect of condition on self-
reported anxiety, F(2, 44)=5.364, p<0.05. The effect has an ob-
served power of 0.815 with q§=0.195. A pairwise Bonferroni
test of the conditions revealed that the mean AT response
for Cprops is significantly higher than for Cey (p<0.01).

Presence

In the VR conditions Cprops and Ceyi, the participants rated
their sense of presence through an IPQ questionnaire (n=27);
the results can be seen in Figure 10. To examine the effect
of the condition on presence scores, we conducted paired
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Figure 8: Mean R-R interval (mRRI) measured before (Co)

and during the conditions (Cyeal, Cprops, and Ceyy1) based on
ECG. The error bars indicate the first and fourth quartiles.
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Figure 9: Average anxiety as reported via visual analog scale
(VAS) after each condition (Cyeal, Cprops, and Ceyq) on a scale
from 0 to 10. The error bars indicate the first and fourth
quartiles.

t-tests. There only was a significant effect of the condition on
realness scale (REAL) with t(26)=2.621, p=0.014. The effect
has an observed power of 0.714 with qrz,=0.209. As suggested
by [50], we also examined the rolling average of the HR—
using a window of two respiration cycles—with no significant
differences between the conditions.

The authors of the IPQ offer a database with results from
multiple studies [32]. This dataset includes 37 records for
experiments with 3D graphics displayed via HMD. Consid-
ering these, we found higher scores than those in the data-
base on all scales. However, the differences were significant
only for spatial awareness (SP) and realness (REAL) in con-
dition Cprops (8sp=1.007, p<0.01; Srear=1.596, p<0.01) and
Cetrl (8sp=1, p<0.01; Spgar=1.328, p<0.01).
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Figure 10: IPQ scores for the conditions Cprops and Ceqyg on
the scales general presence (PRES), spatial awareness (SP),
involvement (INV) and realness (REAL). The error bars indi-
cate the first and fourth quartiles.

Qualitative Feedback

After each run, we asked the subjects to comment on what
they had just experienced. Here is a list of statements or-
dered by frequency: "It felt like being up there [on the high
platform]" (Cprops, 6 times), "Climbing [in VR] felt more real-
istic [than using the controllers]" (Ce, 6 times), "The scene
was very realistic" (Cprops, 5 times), "My feet were off a bit"
(Cprops, 4 times), "I was not sure if I can trust the [VR] tech-
nology" (Cprops, 3 times), "I was more anxious, because I was
not fixed to a rope [in VR]" (Cprops, twice), "Tracking was
lost" (Cprops, twice), "Thad a good feeling [when standing
on the high platform]" (Cprops, once), "I could not see my
hands, now and then" (Cpops, once), "I didn’t feel like being
up there [on the high platform] at all” (Cprops, once).

5 DISCUSSION

Our findings confirm the positive effect of props on pres-
ence [50], in particular for a VR sport climbing environment
in which the participants performed complex whole body
movements. As expected, both climbing conditions Cye, and
Cprops Were equally exerting. That is fully supported by HR
and partially by RPE since the latter shows significantly
higher scores for Creal and Cprops, compared to Cer1. We hy-
pothesize, a VR sport climbing environment is a useful tool to
train climbing situation, e.g., to overcome fear of falling. This
is also supported by the self-reports of our participants, as
the IPQ scale for realness showed a higher score for climbing
with props compared to climbing with controllers.
Regarding Hy, we assumed anxiety is a consequence of
the increased realness, measured on multiple scales: HRV,
SCR and AT. The AT score (M=2.43, SD=2.87) for real climb-
ing (Creal) Was consistent with that reported by Pijpers et
al. [56]. Further, in alignment with our hypothesis Hq, AT
was significantly higher for Cpqps than Cey, although we
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could not find evidence in the physical measurements. For
HRYV, only mRRI was significantly lower in Cpops compared
to Cy (initial resting), i.e., there is no significant difference
between the climbing conditions.

In contrast to HR, the RPE scores are higher in Cpqps than
in Creql. That difference may be attributed to increased anx-
iety in VR (not necessarily climbing-related) as observed
by Hardy and Hutchinson [26]. One subject (ID=4), who re-
ported slight offsets of tracking in Cprops, mentioned that
this experience was similar to climbing on brittle rock faces
outside the climbing gym, which requires extra care and fo-
cus. The levels of exertions we demanded from our subjects
were lower than those of Pijpers et al. [58]. In their experi-
ment, they measured HRs ranging from 133 bpm to 176 bpm
compared to 98 bpm to 108 bpm in our study.

From the qualitative feedback, we identified some notice-
able glitches and occasional tracking issues. Our participants
reported that particularly in a climbing scenario, a precise
tracking is needed as, e.g., the foot placement is a crucial
task in the climbing process.

6 LIMITATIONS & CHALLENGES

Most of our participants reported high immersion and en-
joyment during the VR climbing condition. However, experi-
ments in complex VR climbing environments are challenging
since climbers are used to very accurate hand and foot place-
ments on the holds. Therefore, a precise and robust tracking
of the climber’s movements is required to avoid a break of im-
mersion. Nevertheless, most comments were positive, and we
collected only a few statements regarding glitches and mis-
match problems. This assure us that our prototype worked
very well and provided a sufficient trust in our setup. Also,
the reports on high immersion indicate a small influence of
the glitches.

For security reasons and to avoid a break of immersion,
we deliberately decided not to show a virtual belay rope in
the VR conditions (Cprops, Ceurl)- This potentially affects the
comparability between the two physical climbing conditions
(Creal and Cpyops). Nevertheless, we argue that only two sub-
jects mentioned a missing rope in Cprops and the IPQ scores
are above average, indicating that the presence of the rope
has a minor effect on the overall experience and therefore,
all three conditions are comparable.

Surprisingly, the SCRs measures, response-count and con-
ductivity level, appeared to be utterly unaffected by the con-
ditions. There are several possible reasons for this: First, we
only looked at non-specific response (NSR) and not a specific
event like [9, 33]. Since the majority of our subjects climbs
regularly, they may be accustomed to height. Second, the
EDA electrodes on the shoulder could be affected by the
climbing movements. Therefore, we recommend further re-
search towards physiological measures of anxiety during
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complex physical activity such as climbing and encourage
the development of sensors that are suited for complex whole
body movements.

7 CONCLUSION & FUTURE WORK

We conducted an experiment to investigate whether real-
istic physical sensations are necessary to create an immer-
sive climbing experience (a complex whole body movement),
which often comes with a natural anxiety induced by a feel-
ing of height. We applied multiple measuring instruments,
including objective bio-signal measures as well as subjective
self-reports. This multimodal analysis showed a comprehen-
sive picture of the experience which would not be captured
with one of the instruments only. Our results are in align-
ment with earlier work by Insko [33] and Meehan [50], who
also found increased self-reported and measured presence
when using props. We extended the related work as climbing
is a "complex whole-body task" [56]. Thereby, we showed
that climbing free solo in VR results in increased stress and
anxiety as well as presence. Hence, we were able to repro-
duce height-induced anxiety in VR, as described by [26, 57]
for real climbing, and therefore our VR climbing environ-
ment could be a safe and effective training environment for
sport climbing. In the future, we aim to evaluate the VR
climbing environment in training with professional sport
climbers over a longer time period to get insights how such
a technology can be incorporated into an effective training
schedule.

In this paper, we tested novel approaches for interaction
mechanics throughout this experiment, which could be re-
fined in future work. On the one hand, the heel-mounted
trackers helped to work around loss-of-tracking-issues, but,
on the other hand, they turned out to be sensitive to shocks
and faulty calibration. Further, by employing a combination
of video-overlay and tracked hands, based on the Leap Mo-
tion system, we could create a realistic representation of
hands that allowed precise grasping and could compensate
for the occasionally incorrectly visualized feet.

Similar to the findings of Muender et al. [54], our results
show a strong connection between physical activity in VR
and tactile sensation. When designing training environments,
it is valuable to identify which components of the setup are
most effective. We conclude that physical props can sub-
stantially increase the degree of realism and significantly
strengthen the experienced presence. We argue that a VR
setup that employs full body interaction and simple physical
props can be used for safe and effective training environ-
ments. These findings support theories on embodied inter-
action [2, 16] and are of particular interest for designing
immersive VR experiences and VR-based training applica-
tions.
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