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Figure 1: (a) A participant during the experiment. (b) His point of view within the VR headset. (c) The original tool (left) and one of the
three replicas used with markers attached to it (right).

Abstract
As Virtual Reality (VR) applications continue to develop further, many questions persist regarding how to optimize user per-
formance in virtual environments. Among the numerous variables that could influence performance, the mass of the props used
within VR applications is particularly noteworthy. This paper thus proposes a user study to investigate the influence of the
mass of a prop (a tool replica) on users’ performance in a pointing task. A VR within-subject experiment was conducted, with
three different weighted replicas, to collect objective and subjective data from participants. Results suggest that the mass of the
prop can influence task performance in terms of error-free selection time, number of errors, and subjective perceptions such as
perceived difficulty and cognitive load. Indeed, performance was significantly better when using a lighter replica than a heavier
one, and subjective user-experience-related metrics were also significantly improved with a light replica. These results help
pave the way for additional research on user performance within virtual environments.

CCS Concepts
• Human-centered computing → User studies; Virtual reality;

1. Introduction

Virtual Reality (VR) has emerged as a transformative medium

across a variety of fields, such as surgery [ASB∗15] and indus-

try [RKC21, NSRL∗20], offering immersive experiences that can

enhance skills acquisition.

By offering on-demand repetitions and minimizing risks through

controlled environments, VR has demonstrated its effectiveness as

a training medium for acquiring procedural knowledge, which in-

volves understanding how to execute a task [APME21]. However,

as VR continues to evolve, understanding the various factors in-

fluencing task performance within these virtual settings becomes

increasingly important [TMN24].

Among those factors, the role of physical properties –such as the

weight of props– remains under-investigated. Given that prop mass

can potentially influence user dynamics, performance, and fatigue,

this study aims to examine how varying masses of tool replicas

affect task performance in a VR environment. Please be aware that
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this paper does not cover the issue of training outcomes transfer

from virtual reality to the real world.

A user study is thus proposed to investigate whether the mass of

a tool replica influences a user task performance in a virtual envi-

ronment. In this study, participants performed a pointing task in a

virtual environment, utilizing three different tool replicas. The only

difference among these replicas was their mass. The performance

metrics assessed in this study include task completion time and the

frequency of errors made during the task. Questionnaires were also

used to evaluate the overall user experience, thanks to subjective

metrics like perceived performance, perceived difficulty, perceived

tiredness, and perceived cognitive load.

Results from this study provide insights into the design and im-

plementation of props for immersive applications to enhance user

performance and potentially virtual training efficacy. Specifically,

the results indicated that a lighter replica significantly reduced both

the mean selection time and the number of errors compared to a

heavier one, suggesting improved performance with the lightest

prop. Additionally, participants reported lower perceived difficulty

and fatigue, as well as a decreased perceived cognitive load when

using the lightest replica. This indicates an overall better user ex-

perience when using a prop with a lighter mass.

The remainder of this paper is structured as follows: section 2

describes related work, section 3 presents the user study, while sec-

tion 4 presents the results. The discussion and conclusion are found

in section 5, and section 6 respectively.

2. Related work

2.1. Props in virtual reality

Over recent years, the quality of visual rendering in virtual envi-

ronments has significantly advanced, allowing for the creation of

highly realistic objects [GCM∗22]. However, interactions within

these environments frequently remain less realistic, confined to

using controllers or mid-air gestures, potentially undermining the

sense of presence experienced by users, and can lead to reduced

user performance [AOB19].

To mitigate this issue, employing appropriate tools for specific

tasks can enhance the experience, like using a hammer to drive a

nail [SDN∗20]. Utilizing tools enables users to interact in a manner

that closely resembles real-world scenarios [MSH21]. However,

physical tools can pose risks to users or damage their surround-

ings, and they also limit users to the functions defined by the base

tool [MSH21]. Thus, the integration of proxies that mimic the char-

acteristics of real objects is essential. We refer to these as haptic

proxies—props that replicate the haptic properties of their virtual

counterparts, such as shape, weight, and texture, to provide passive

haptic feedback [NZS21]. They can pose less risk to users while of-

fering more affordances than a dedicated tool, as a prop can serve

multiple functions. These proxies facilitate more seamless interac-

tion with the properties being manipulated [FBT∗20], serving as a

cost-effective and efficient alternative to enhance the sense of touch

in virtual reality [FBT∗20, SDN∗20].

In designing these props, one of the most straightforward ap-

proaches is to create 3D-printed models that accurately replicate

the shape and size of the original objects. Alternatively, Feick et al.

in their work with TanGi [FBT∗20] propose the use of basic geo-

metric shapes such as cubes or spheres. These primitive shapes can

be combined to assemble a form that closely resembles the virtual

object the user will interact with. Both of these methods have their

advantages and disadvantages, frequently leading to variations be-

tween the original tool and the produced replica, such as in the work

of Takano et al. where a thin tooth drill is emulated by a controller

attached to a stylus [TTF∗21]. One of those discrepancies is the

mass of the prop, which is often left aside during the conception

process or arbitrarily chosen [LKS∗20].

2.2. Mass of virtual reality props

Thanks to 3D printing techniques, props can replicate some prop-

erties of objects, such as their shape, affordances, or textures

[FDHK23]. However, these techniques perfectly illustrate the sig-

nificant mass differences that can arise between an object and its

replica, due to the typically low-density materials employed in their

manufacturing process, favoring the creation of lightweight repli-

cas [JCW∗22].

Thus, mass is often simulated. There are several techniques to

mimic the perception of an object’s weight. As our perception of

mass is largely influenced by our sense of force, factors such as

muscular fatigue can alter how we perceive lifting an object, lead-

ing to potential misjudgments about its mass [JH83]. Cognitive

factors, such as conceptual expectations and social influences, also

play a role in mass perception. For instance, a study manipulated

the weight of training golf balls to match those of regular golf

balls (golfers usually train with golf balls lighter than the regular

ones) [EL98]. They discovered that experienced golfers perceived

the training balls as heavier than standard ones, while novices did

not notice any difference. On the social influence front, another

study explored how dolls representing different genders, ages, and

body types, all filled to the same weight, were perceived [Dij08].

The findings indicated that female dolls were perceived as heavier

than larger male dolls, though this effect disappeared when partic-

ipants closed their eyes. These results underscore how past experi-

ences and social contexts can shape weight perception.

The way we grasp an object (using two fingers or an entire

hand) along with our sensorimotor memory, also affects mass

perception, as these can be influenced by prior physical exertion

[QRPC03]. Additionally, weight perception may be altered by an

object’s perceived characteristics, including its size [CHA91], ma-

terial [BCG09], mass distribution [SDN∗20], shape [Dre94], tem-

perature [KH20], color [DC17], or brightness [VRV19]. This im-

plies that visual properties are crucial in our assessment of an ob-

ject’s mass, which is why larger objects are often assumed to be

heavier [LYL∗21]. It is thus feasible to simulate weight using only

visual feedback. Such techniques are referred to as pseudo-haptic

or vision-haptic illusions [LCK∗00]. For example, modifying the

control-display ratio can create a scenario where, while lifting a vir-

tual bowling ball, the virtual hand movements do not match the real

hand’s movements, providing a sense of weight [RGGR18]. Simi-

larly, varying the speed at which a virtual object is moved can af-

fect weight perception. A user pulling an object that moves slowly

will perceive it as heavier, while a faster-moving object will seem
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lighter [RHVW15]. Using such software simulation techniques to

render the mass of objects enhances user comfort by eliminating the

need for cumbersome devices that may restrict movement. Props on

the other hand provide the user with real haptic feedback.

Haptic feedback allows for the simulation of weight by apply-

ing forces that distort skin or body parts and activate propriocep-

tive receptors. One method of enhancing the haptic experience is

through electric pulsation, which can contract muscles when users

are holding an object [LYC∗17]. It is essential to calibrate the in-

tensity of these signals to ensure they complement the intended

haptic feedback without overshadowing it [LYC∗17]. Another way

to convey weight perception is through vibrations. Users typically

expect stronger vibrations for heavier objects; however, in virtual

reality environments, these vibrations may need to be intensified

to accurately simulate specific weights [HS05]. Various physical

devices are described in the literature to facilitate the simulation

of changes in mass. For instance, props can replicate properties of

virtual objects, such as air resistance and inertia, through systems

like Drag:On [ZK19], liquid simulations for containers [CCC∗18],

or by adjusting an object’s center of gravity to create varied sen-

sations of weight [ZK17]. With a prop in their hands, users can

perform tasks within virtual environments.

2.3. Task performance and user experience in virtual reality

In Virtual Reality, task performance is a crucial aspect that directly

influences the effectiveness of simulations and applications. In the

context of this study, the definition of a task refers to the specific

objectives that users are expected to achieve within a virtual envi-

ronment. Commonly evaluated tasks include those that align with

Fitts’ Law, such as pointing tasks [BS21], as well as various in-

teractive activities like pick and place [RCO21, SFC∗03], path fol-

lowing [FKT02], and assembly tasks [DTIS23]. These tasks serve

as benchmarks for understanding how effectively users can interact

with virtual elements. Nevertheless, it is noteworthy that VR allows

the practice of more complex and industry-related tasks. Indeed,

studies dealing with more specific tasks abound in the literature,

such as the one of Cooper et al. where participants had to perform

a wheel change [CMC∗16].

Several metrics are typically employed to assess task perfor-

mance in VR. The most prevalent metrics include task completion

time and the number or frequency of errors made during the task

execution, such as in [RCO21, SFC∗03, CMC∗16]. Task comple-

tion time provides insights into the efficiency of user interactions,

while error metrics highlight areas where users may struggle, of-

fering a comprehensive view of performance. In a training context,

learning outcomes could also be evaluated. It has previously been

shown that the mass of a tool replica does not impact such out-

comes, under several conditions (industrial-like tasks, for masses

ranging between 400g 900g) [CPD∗24]. While objective metrics

like these are vital for evaluating task efficiency and accuracy, they

do not encompass the entire user experience. Thus, subjective met-

rics are also essential to consider.

User experience (UX) is defined as: user’s perceptions and re-
sponses that result from the use and/or anticipated use of a sys-
tem, product or service [Int12]. Within VR, UX encompasses users’

overall satisfaction and emotional response as they engage with vir-

tual environments. It reflects not only the perceived effectiveness

of task performance but also user subjective appreciation, such as

engagement and the feeling of presence. Metrics for assessing user

experience can include user satisfaction surveys [Bro96], perceived

ease of use, and various psychological scales that could measure

engagement and immersion. Together, these metrics contribute to

a more holistic understanding of how users interact with VR sys-

tems, illuminating both performance outcomes and the qualitative

aspects of user engagement.

To the best of our knowledge, the influence of the mass of a

replica on task performance and user experience in virtual reality

has never been investigated.

2.4. Research question and hypotheses

Regarding these previous works, we proposed the following re-

search question: does the mass of a tool replica influence task per-
formance in a virtual reality environment? As in his paper Fitts

[Fit54] implies that mass has no influence on speed and accuracy

for its well-known pointing task, we suppose that we won’t be able

to invalidate this hypothesis:

• H1: There is no difference regarding task performance between

each replica mass variant.

To investigate not only the user performance but also the overall

experience within this virtual context, we made some other hy-

potheses regarding the user feeling of performance, and the user

perceived difficulty for the pointing task. These hypotheses are for-

mulated this way:

• H2: A lighter replica results in a higher performance feeling.

• H3: A heavier replica results in a higher perceived difficulty.

They are based on the fact that the heavier the mass, the greater

the strength and effort to deploy, which according to us should lead

to an increasing perceived difficulty and a lower feeling of perfor-

mance.

To test these hypotheses, an immersive application dedicated to

performing a pointing task in virtual reality was designed with sev-

eral replicas of a tool with different masses.

3. User study

A user study was thus conducted to investigate the influence of the

mass of a prop on performance for a pointing task in an immer-

sive environment. To do so, a virtual environment dedicated to the

pointing task was built including a training mode to prepare the

participants for the task.

3.1. Participants

G*Power [FELB07] was used to perform an a priori sample analy-

sis, which recommended the inclusion of at least 30 participants. 32

volunteers were thus recruited thanks to internal mailing lists. One

was removed, for being an outlier taking too much time in task

completion. Indeed, this participant had an error-free mean selec-

tion time with a Z-score of more than 3 standard deviations from
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the average (Z − score = 4.09). Among the remaining 31 partic-

ipants (24 males, 7 females, Ages 20 to 54, M = 27, SD = 8.0),

14 wore glasses, 8 of whom used them with the VR headset and

1 participant had contact lenses. A Flanders laterality question-

naire [NTLG13] was used to determine participants’ handedness.

26 participants were right-handed, 3 were left-handed and the last

2 were ambidextrous. Participants were also asked for their famil-

iarity with VR, on a five-point Likert scale ranging from “1: I have

never used it” to “5: I use it for a living” (M = 2.6, SD = 1.0).

3.2. Experience design

This study is a within-subject experiment, with the mass of a drill-

like rotary tool replica as the main independent variable. This mass

has three values: 50%, 100%, and 150% of the mass of the original

tool (312g, 624g, 936g respectively), resulting in three tool replicas

overall. The original tool and one of the replicas can be seen in Fig-

ure 1. Our dependent variables are related to the performance of a

pointing task that participants were asked to undertake, they are de-

tailed in subsection 3.4. In a virtual environment, they had to use the

tip of a replica tool to select targets according to a seven-branch pat-

tern defined by the ISO 9241-411 standard [Int12], which defines

the order of appearance of the targets to be selected. These targets

have three different sizes (0.01m, 0.02m, 0.04m) and a common

distance to the pattern’s center (0.1m, 0.15m, 0.25m). An example

pattern is presented in Figure 2, as well as a representation of the

three distances used from the center of the pattern. A VR view of a

pattern during the experiment can be seen in Figure 1.

This leads to 3 (target sizes) × 3 (distances between targets) =

9 possible patterns. As stated, each pattern is made up of 7 targets

and will be repeated 4 times. That is 28 targets to select. In all, a

participant will have to sequentially select 3 (masses) × 9 (patterns)

× 7 (targets per pattern) × 4 (number of repetitions) = 756 targets.

This study design is inspired by McAnally et al. [MWW23].

3.3. Procedure

At first, participants were asked to read the participant information

sheet and then to read and sign a consent form. They were then

briefed regarding the experiment.

Participants were seated in front of a table (Figure 1), where the

targets to be selected were depicted. They were asked to select these

targets as quickly and accurately as possible. The target to select

was indicated thanks to a color change (all targets were in white,

except the one to be selected which was in red). They were allowed

to rest their elbow on the table during the task or use their available

hand to hold their wrist.

The experiment started with a training mode, where participants

had no time limit and were able to select as many targets as they

wanted with the number of errors not being taken into account. In

training mode, there were seven targets on the table as during the

main experimental mode, but they were larger (0.1m) and farther

away from the center of the table (0.3m). Furthermore, they did not

change either in size or distance.

When the participants said they were ready, the experiment be-

gan. They used a first replica and then, once they had made the 252

(a)

(b)

Figure 2: Top view of the table inside the virtual scene, with (a) a
representation of the seven-branch pattern used (the red target is
the one to be selected) along with (b) a representation of the three
distances used from the center of the table for the targets (yellow =
0.1m, cyan = 0.15m, green = 0.25m).

associated selections (3 (target sizes) × 3 (distance between targets) × 7
(targets per pattern) × 4 (number of repetitions) = 252), they proceeded

to the next 252 selections with another replica and finally com-

pleted the last 252 selections with the third replica. The order in

which replicas were used was defined by a Latin square of size 3.

Similarly, the order in which the 9 patterns of each three selection

phases were presented to each participant was randomized.

For every 28 targets, participants were offered a non-mandatory

pause of up to 30 seconds. These small pauses were limited to

30 seconds to not lengthen the duration of the study, and their

duration was determined thanks to a pilot study. They were kept

non-mandatory to prevent frustration from quick participants. A

longer mandatory pause was offered every 252 targets, whenever

the replica mass was changed. At all those times yellow circles ap-

peared on both sides of the participants. Those circles indicated ar-

eas where replicas could be put down, to allow participants to rest.

In addition, these areas served as a baseline zone for the study ex-

aminer to place the next replicas when they had to be changed. The

replicas remained unseen by the participants until the experiment

was completed.

During these longer breaks, participants were invited to remove

the virtual reality headset and answer two questionnaires. The first

© 2024 The Authors.
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was a user-experience-related questionnaire on how the user felt

during the experience (5-point Likert scale), asking for their opin-

ion on the perceived mass of the replica, their perceived perfor-

mance, difficulty, and tiredness during the experience. The second

questionnaire was a NASA-RTLX [HS88].

The experiment concluded after completing all the target selec-

tions with the three replicas. Participants were then required to fill

out one additional demographic information form.

The study workflow is presented in Figure 3.
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NASA RTLX — User-experience-related
questions — Demographic form — Debrief

Figure 3: Study workflow.

3.4. Dependent variables

Objective variables. The data collected during the VR phases were

the time between two target validations (ERROR-FREE MEAN SE-

LECTION TIME) and the number of errors on each try (NUMBER

OF ERRORS). This number refers to the count of collisions outside

a target. These two variables encompass the notion of performance

which is at the heart of H1. Another objective metric completes this

set, the INDEX OF DIFFICULTY, which is defined as:

ID = log2(
A
W +1) [Mac92]

where A is the distance between the targets and W is the size of the

targets.

Subjective variables. Perceptions of the user were collected thanks

to questionnaires. NASA-RTLX questionnaires were completed

by each participant to evaluate their cognitive load [HS88]. An-

other brief 4-question survey was also answered by each partici-

pant. All these questions were rated on a 5-point Likert scale to

measure PERCEIVED MASS of the replica, PERCEIVED PERFOR-

MANCE of the user, PERCEIVED DIFFICULTY of the task, and PER-

CEIVED TIREDNESS of the user. The questions were:

• How did the replica feel? (1: Light, 5: Heavy)

• How do you judge your performance on this task? (1: Weak, 5:

Excellent)

• Did this task seem difficult? (1: Very easy, 5: Very hard)

• Did this task seem tiring? (1: Not tiring, 5: Tiring)

All these subjective variables were used to investigate H2 and H3.

3.5. Apparatus

In this study, an HTC Vive VR headset coupled with an Optitrack

system (8 Flex 13 cameras, 120FPS) was used. The tracking sys-

tem was used to monitor the movements of the headset and the three

replicas of the drill-like rotary tool. Replicas were fabricated using

a 3D printer. Lead sheets served as ballast for weight distribution, a

specific attention was put on balance. The replicas were loaded with

three distinct masses: 312g (m=50%), 624g (m=100%, correspond-

ing to the original tool mass), and 936g (m=150%). Each replica

was equipped with six passive markers placed to avoid interference

with a pen-like grip. One computer (Windows 7 Pro, 24GB RAM,

Intel Xeon 2.80GHz) managed the Motive software (version 2.1.2)

used to control the Optitrack system, while a second computer was

used for participants to complete online surveys and to operate the

VR software created with Unity (2022.3.22f1). The application ran

at 90fps. The setup included a physical table (counterpart of the

virtual one) for passive haptic feedback when the tool entered into

contact with a target and a chair to allow participants to sit during

the study. To prevent hard clashes between the table and the repli-

cas, some pieces of foam were placed at their bits. The setup and

one of the replicas can be seen in Figure 1.

4. Results

4.1. Method

Statistical analyses were performed with Python (Mathplotlib, Pan-

das, Numpy, SciPy, Modelstats) and a significance level α = 0.05.

One-way repeated ANOVAs were used when the normality as-

sumption was met. When the normality assumption was not met, an

attempt was made to normalize the data through the use of a Nepe-

rian logarithm transformation. If it failed, the data was processed

using a Friedman test or a Kruskal-Wallis test when the measures

were not repeated. Tukey’s HSD post hoc tests were used when

the normality assumption was met. If normality could not be estab-

lished, Nemenyi tests followed Friedman tests, and Wilcoxon tests

were utilized for Kruskal-Wallis test settings.
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4.2. Objective results

4.2.1. Error-free mean selection time

Between the ERROR-FREE MEAN SELECTION TIME and the mass

of the replicas, an ANOVA analysis showed a significant effect

F2,60 = 15,2, p = 5.0×10−6< 0.001, η2
G = 0.06. Post-hoc tests with

Tukey’s HSD revealed a significant effect between light and heavy-

weighted replicas (p = 0.043), but not between light and medium

(p = 0.302) or medium and heavy-weighted replicas (p = 0.605).

Data are presented in Figure 4 and in Table 1.

4.2.2. Number of errors

Between the NUMBER OF ERRORS and the mass of the replicas, a

Friedman test showed a significant effect with a small effect size

(Q = 11.95, p = 0.003,W = 0.19). Post-hoc tests with Nemenyi’s

test revealed a significant effect between light and heavy-weighted

replicas (p= 0.002), but not between light and medium (p= 0.199)

or medium and heavy-weighted replicas (p = 0.199). Data are pre-

sented in Figure 4 and in Table 1.

(a) (b)

Figure 4: (a) Participants’ ERROR-FREE MEAN SELECTION

TIME and (b) total NUMBER OF ERRORS according to the mass
of the replica. ’*’ indicates significant difference with p < 0.05 and
’**’ indicates significant difference with p < 0.01.

Table 1: ERROR-FREE MEAN SELECTION TIME and NUMBER

OF ERRORS summary statistics.

Mass Variable Mean SD Median IQR

Light Time 0.816 0.124 0.797 0.170

Medium Time 0.870 0.150 0.861 0.117

Heavy Time 0.907 0.162 0.903 0.217

Light Errors 54.355 28.096 51 37.5

Medium Errors 56.903 28.923 58 30

Heavy Errors 66.806 36.576 58 30.5

4.2.3. Index of difficulty

A two-way repeated measures ANOVA was conducted to see if

there was an interaction between the ERROR-FREE MEAN SE-

LECTION TIME and the INDEX OF DIFFICULTY according to the

mass of the replica, but no interaction was found. However, the

test revealed a significant effect between the ERROR-FREE MEAN

SELECTION TIME and the INDEX OF DIFFICULTY F8,240 = 518.7,

p= 8.8×10−147<0.001, η2
G=0.72. Next, a linear mixed-effects model

was developed to determine if an increase in the INDEX OF DIFFI-

CULTY leads to higher ERROR-FREE MEAN SELECTION TIME,

with results grouped by the replicas’ mass. The model revealed

that the ERROR-FREE MEAN SELECTION TIME increased linearly

when the INDEX OF DIFFICULTY increased (coe f = 0.299, p <
0.001). The comparison between replicas’ mass showed that there

is an offset between light and medium masses (coe f =−0.062, p<
0.001) and between medium and heavy masses (coe f = 0.047, p <
0.001). Data are presented in Figure 5 and in Table 2.

(a) (b)

Figure 5: (a) Users’ ERROR-FREE MEAN SELECTION TIME ac-
cording to the INDEX OF DIFFICULTY grouped by replicas’ weight
and (b) users’ answer on the NASA-RTLX according to the mass
of the replicas. ’***’ indicates significant difference with p < 0.001
and ’**’ indicates significant difference with p < 0.01.

Table 2: ERROR-FREE MEAN SELECTION TIME according to the
INDEX OF DIFFICULTY summary statistics.

ID Mass Mean SD ID Mass Mean SD

1.807 Light 0.544 0.019 3.459 Light 0.895 0.023

1.807 Medium 0.574 0.022 3.459 Medium 0.979 0.029

1.807 Heavy 0.613 0.025 3.459 Heavy 1.011 0.032

2.248 Light 0.624 0.019 3.755 Light 0.994 0.024

2.248 Medium 0.669 0.026 3.755 Medium 1.046 0.031

2.248 Heavy 0.696 0.025 3.755 Heavy 1.125 0.037

2.585 Light 0.674 0.021 4.000 Light 1.008 0.028

2.585 Medium 0.727 0.020 4.000 Medium 1.095 0.032

2.585 Heavy 0.758 0.030 4.000 Heavy 1.152 0.035

2.858 Light 0.789 0.025 4.700 Light 1.305 0.043

2.858 Medium 0.845 0.036 4.700 Medium 1.379 0.044

2.858 Heavy 0.889 0.036 4.700 Heavy 1.427 0.042

3.087 Light 0.786 0.027

3.087 Medium 0.814 0.028

3.087 Heavy 0.856 0.029

4.3. Subjective results

4.3.1. Likert’s scale questionnaires

As normality assumptions were not met and measures not repeated,

Kruskal-Wallis tests were performed on the participants’ answers to

the questionnaires.

For the Likert scales questionnaires, Kruskal-Wallis tests showed

significant effects with large effect size on PERCEIVED MASS

© 2024 The Authors.

Proceedings published by Eurographics - The European Association for Computer Graphics.



L. Thomesse et al. / Prop Mass Influence on Performance in VR 7 of 10

(H = 47.7, p < 0.001,η2[H] = 0.51), on PERCEIVED DIFFICULTY

(H = 18.2, p < 0.001,η2[H] = 0.18) and on PERCEIVED TIRED-

NESS (H = 23.6, p < 0.001,η2[H] = 0.24). No effect was ob-

served regarding PERCEIVED PERFORMANCE. For PERCEIVED

MASS, a Wilcoxon’s post hoc test revealed a significant effect be-

tween light and medium masses (p < 0.001), between medium and

heavy masses (p = 0.008) and between light and heavy masses

(p < 0.001). Regarding the PERCEIVED DIFFICULTY, Wilcoxon’s

post-hoc tests indicated a significant difference between light and

medium masses (p = 7.7e−05) and between light and heavy masses

(p < 0.001). However, no significant difference was observed be-

tween medium and heavy masses (p = 0.22). Regarding the PER-

CEIVED TIREDNESS, a post-hoc analysis using Wilcoxon’s test in-

dicated a significant difference between light and medium masses

(p < 0.001), between medium and heavy masses (p = 0.016), and

between light and heavy masses (p < 0.001). All Likert scale ques-

tionnaire data are presented in Figure 6 and in Table 3.

(a) (b)

(c) (d)

Figure 6: PERCEIVED (a) MASS, (b) PERFORMANCE, (c) DIFFI-

CULTY, and (d) TIREDNESS according to the mass of the replicas.
’*’ indicates significant difference with p < 0.05 and ’**’ indicates
significant difference with p < 0.01 while ’***’ indicates significant
difference with p < 0.001.

4.3.2. NASA-RTLX questionnaire

Between the answer to the NASA-RTLX questionnaire and the

mass of the replicas, a Kruskal-Wallis test showed a significant

effect with a moderate effect size (H = 7.5, p = 0.023,η2[H] =
0.062). Subsequent analyses using Wilcoxon’s tests demonstrated

significant differences between light and medium masses (p <
0.001), medium and heavy masses (p = 0.003), and as well as be-

tween light and heavy masses (p < 0.001). Data are presented in

Figure 5 and in Table 4.

Table 3: PERCEIVED MASS, PERFORMANCE, DIFFICULTY, and
TIREDNESS summary statistics.

Prop Mass Perception Mean SD Median IQR

Light Mass 1.742 0.999 1 1

Medium Mass 3.613 0.919 4 1

Heavy Mass 4.129 0.885 4 1

Light Performance 3.806 0.792 4 1

Medium Performance 3.355 0.950 3 1

Heavy Performance 3.290 0.902 3 1

Light Difficulty 1.968 0.657 2 0

Medium Difficulty 2.742 0.815 3 1

Heavy Difficulty 2.968 1.169 3 2

Light Tiredness 2.129 0.957 2 2

Medium Tiredness 3.097 0.908 3 1.5

Heavy Tiredness 3.452 0.925 3 1

Table 4: NASA-RTLX summary statistics.

Mass Mean SD Median IQR

Light 6.753 2.923 6.833 3.667

Medium 8.124 3.250 8.333 4.250

Heavy 9.118 3.322 9.667 3.667

5. Discussion

The findings from the experiment present significant insights into

the impact of prop mass on user performance in VR environments,

highlighting the nuanced interplay between physical attributes of

tools and cognitive perception as well as motor task execution. The

study presented within this paper, framed around a Fitts-like task,

provides evidence that the mass of a tool replica can indeed influ-

ence performance, specifically in terms of error-free mean selection

time, number of errors, and subjective experiences related to per-

ceived difficulty, fatigue, and cognitive load.

Results indicate an advantage in both speed and accuracy when

participants utilized the lighter replica. The observed decline in

error-free mean selection times and number of errors with the

lighter replica, associated with the mass offsets regarding the pos-

itive linear relationship between the error-free mean selection time

and the index of difficulty do not support hypothesis H1 that there

is no difference regarding task performance between each replica

mass variant. These results would rather suggest that the mass of

a replica can influence task performance. This has to be nuanced,

as it might be related to the task performed, and to the values of

the masses used. This is supported by the results, as there is no sig-

nificant difference between the medium-weighted replica and the

two others regarding these performance metrics, suggesting that if

a relationship does exist between mass and task performance, it

would be non-linear and/or depending on other factors that were

not used as variables within this study. Investigating additional vari-

ables such as prop shape, texture, and balance could provide more

understanding of how these factors may interact with mass to in-

fluence performance outcomes. Also, further studies dealing with

more complex or industry-specific tasks are needed to ensure the

generalizability of those findings.
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Moreover, the results indicate no significant impact on perceived

performance. The second hypothesis H2 is thus invalidated. This

indicates that while there were significant differences in error-free

mean selection time and number of errors associated with the mass

of the replicas, this did not translate into an overarching perception

of improved ability or performance outcomes. This disassociation

calls for further exploration into the psychological aspects of per-

formance perception, specifically regarding how physical changes

impact self-efficacy in task-oriented environments. Future studies

could also investigate physiological data, in an attempt to correlate

them to subjective and performance-related metrics.

It is also noteworthy that there were significant differences re-

garding the perceived mass of the replicas, indicating that partici-

pants were able to distinguish the three masses, regardless of their

order of utilization. This is in line with just noticeable differences

present within literature [LYL∗21].

Further analysis revealed that lighter tools induced a diminished

feeling of difficulty, partially validating the third hypothesis H3.

This outcome may be correlated with the observed reductions in

number of errors and mean error-free selection time. The impli-

cations of this finding suggest a fundamental relationship between

the physical characteristics of tools and the psychological burden

they impose on users. This is in line with previous studies suggest-

ing that the physical learning environment (which includes tools

used) could be a causal factor for cognitive load [CvP14]. When

participants reported experiencing lower cognitive load with lighter

replicas, it highlights the significance of ergonomic considerations

in the design of virtual tools. Consequently, the design of replicas

used in various applications could benefit from an emphasis on re-

duced mass to enhance user performance and comfort.

Conversely, the heavier replica was associated with a stronger

perception of fatigability among participants. Several factors may

have contributed to this result such as the nature of the task, the

number of repetitions, and the mass itself. Additionally, the dura-

tion of the pauses may have been too short when using the heav-

ier mass. This inadequacy may have prevented participants, espe-

cially the physically weakest ones, from resting sufficiently before

continuing. Such findings are particularly consequential for appli-

cations requiring prolonged use of props, as the elevated feeling

of tiredness may impair sustained attention and performance over

time. This suggests that not only must we consider the effectiveness

of replicas in terms of task performance, but also the longer-term

implications on user well-being and engagement. Since VR appli-

cations typically require extended use, it would be advantageous to

investigate how fatigue and performance evolve over time with the

repeated use of heavier tools. Longitudinal studies examining the

effects of repeated exposure to different prop weights could also

shed light on the adaptation processes that users undergo, contribut-

ing to improved designs and user experiences.

6. Conclusion

The user study presented in this paper aims to investigate the influ-

ence of the mass of a prop on task performance within an immersive

virtual application. 31 volunteers used three tool replicas of varying

masses to perform a pointing task. Results indicate that the mass of

the replica can influence objective metrics used to assess perfor-

mance (error-free mean selection time and number of errors), as

a lighter replica led to a significant increase of performance com-

pared to a heavier replica. Furthermore, some subjective metrics

such as perceived cognitive load and task difficulty were also found

to be influenced by the mass of the prop used. Indeed, participants

experienced a significantly reduced overall user experience when

utilizing a heavier replica. Further research is needed to explore the

nuanced relationships between prop characteristics and user out-

comes, ultimately leading to the optimization of tool replica design

and functionality.
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