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Tetraederskärning  
Fördelar och begränsningar med att använda virtual 

reality för att visualisera skärning av tetraeder 

Sammanfattning 
Forskare försöker skapa algoritmer för att optimalt skära komplexa 3D          
former i flera tetraeder för att simplifiera simuleringar. Det är svårt att            
skapa en mental representation av 3D figurerna när dom blir mer           
komplexa. En virtual reality visualisering skulle kunna hjälpa till att          
skapa denna mentala 3D representation. Genom att skapa ett verktyg          
för en dator med 2D monitor och ett verktyg som använder VR och             
därefter jämföra dem i en kontrollerad användarstudie med upprepade         
försök, visade det sig att VR gav en bättre förståelse av 3D objekten.             
Det var dessutom mer intuitivt och njutbart. Dock minskade det inte           
tiden som behövdes för att avsluta studiens uppgifter och trots att           
användarna uppfattade att dom var mer pricksäkra i VR så påvisade           
den observerade datan att användare gjorde mer träffsäkra skärningar         
i verktyget utan VR. 
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ABSTRACT
Finite element method researchers aim to create algorithms
for optimally cutting complex 3D shapes into several tetra-
hedra for computational efficiency in simulations [5]. It is
difficult to create a mental representation of the 3D shapes
as they increase in complexity. Our hypothesis is that a
virtual reality (VR) visualization could help with creating
this mental 3D representation. In this thesis, a desktop tool
using a 2D monitor and a virtual reality tool were compared
in a controlled within-subject user study. The findings show
that VR gave a better understanding of the 3D objects. Par-
ticipants reported VR to be more intuitive and enjoyable
than the 2D monitor. However, it did not improve the time
it took to complete the study tasks and, although it made
the users perceive that they were more accurate, the obser-
vational data suggests that more accurate cuts were made
using the desktop tool.

Keywords
Virtual Reality, Tetrahedra, 3D-cutting, Spatial comprehen-
sion

1. INTRODUCTION
Ever since the rise of commercial VR products like the Ocu-
lus Rift and the HTC Vive, VR is becoming increasingly
common as a means to improve visualization. It can also
provide a safe and economical mechanism for doing dan-
gerous or expensive enterprises by creating a VR model or
simulation. Models and simulations need to represent real-
ity to a degree of practical detail without incurring in in-
surmountable computational costs. The models need to be
as simple as possible while still retaining the necessary ac-
curacy. At the core of physics-based simulation, we have
discrete geometric models, for example, in the form of tetra-
hedral meshes.

Tetrahedra are the simplest forms of 3D volumes, having
only four faces and four vertices (see Figure 1).

These tetrahedral meshes are used to model physical phe-
nomena such as the deformation of the blades of a rotating
wind turbine. As these meshes deform, it becomes increas-
ingly difficult to compute the simulation, to the point that
it is impossible once the mesh is too distorted. A way to
fix this problem is to cut the deformed mesh into the sim-
pler tetrahedral meshes. Finite element method researchers
are looking into creating algorithms to optimally cut these
meshes into tetrahedra. A great difficulty, however, is that

Figure 1: A tetrahedron, the most primitive 3-
dimensional volume.

as the meshes get more complex, it is difficult to create a
mental 3D image of the problem. Furthermore, beyond hav-
ing an intuitive understanding of the 3D meshes, researchers
must be able to communicate their findings. A VR solu-
tion could help with creating a mental representation and
improve the understanding of the object’s geometry by im-
proving the spatial visualization of the problem.

1.1 Research Question
This thesis explores how the user experience differs between
a desktop program and a Virtual Reality (VR) program for
cutting simple 3D meshes into tetrahedra. It aims to answer
the following question:

What are the affordances and limitations of using virtual
reality to augment the task of cutting tetrahedra as part of
the practices in computational modeling and simulation re-
search?

2. RELATED WORK
Virtual Reality (VR) first appeared during the 1960s with
the first head mounted display appearing in 1968 [10], but
the development of VR technology stagnated because the
hardware at the time was not on par with the needs of im-
mersive VR. Decades later, progress was made for example
in the form of the CAVE (CAVE Automatic Virtual Envi-
ronment) in 1992 [1]. This was a box with three rear projec-
tion screens for walls and a down projection screen as a floor.
A user’s head and hands were tracked and the user had a
pair of glasses that separated the alternating frames from



the screens to create stereoscopic 3D for the user. Products
like the CAVE were, however, expensive and cumbersome.
It was not until recently, in the 2010s, that low-cost VR
became available [4, 7]. The appearance of Oculus Rift,
HTC Vive, and other head mounted VR headsets has made
it much easier and cheaper to do research on the subject of
VR.

Because of the recent introduction of low-cost VR headsets,
there is still a lot of research to be done concerning the effects
of VR. There have been studies that have investigated these
effects like the study done by Lee and Wong [6], however,
these have often employed older VR technology.

Several studies have shown positive effects when introduc-
ing VR technology in learning environments. Lee and Wong
[6], as well as Dalgarno and Lee [2], did studies that in-
vestigated how VR affects spatial learning and knowledge.
In both studies, it was found that VR enhanced the spa-
tial cognition of the users. In their study, Lee and Wong
confirmed the hypothesis that users could use ability as a
compensator. This means that subjects with a higher spa-
tial ability could better compensate for the lack of a VR
visualization through mental visualization. Consequently,
people with greater spatial ability did not benefit as much
from the VR visualization.

Witmer and Singer [13] have created a standardized ques-
tionnaire for measuring presence in VR using Likert scale
questions. Having a standard for testing VR could help with
evaluating the effects of VR and make it easier to compare
results from different studies.

VR technology has often been applied to medical fields. This
is likely because of research like Lee and Wong’s [6] and Dal-
garno and Lee’s [2] that suggests that it enhances spatial
cognition. A study has been conducted which investigated
how a VR tool for learning anatomy would affect the stu-
dents’ learning [8]. The program could highlight different
anatomical regions in a virtual body. A majority of the stu-
dents deemed the program to be equal to, better or a lot
better for learning than the charts found in recommended
anatomy literature and anatomy lectures.

Furthermore, VR has been used for education in neuro-
surgery. Pelargos et al. [7] did an exhaustive literature
study of medical literature concerning VR and neurosurgery.
One point that is made is that neurosurgeons use 2D infor-
mation from CT scans and MRI scans to produce a mental
3D representation of the patient’s anatomy. As such, VR
should be suitable to help with producing this mental 3D
model through an actual 3D visualization.

Van Dam et al. [12] express in their progress report that
more research needs to be done on using immersive VR for
scientific data visualization. They state that immersive VR
has the potential to show visualizations that are beyond
what can be represented with desktop monitors, that natu-
rally interacting with the data in immersive VR could reveal
new patterns using our 3D perception, navigation, and ma-
nipulation skills. Donalek et al. [3] also supported that
immersive VR tools have the potential to provide a data
visualization with easy and natural exploration and stated

that immersion leads to a more intuitive data understanding
and makes it easier to remember the perceived relationships
in the data.

Hoffman, Holm, and Richter [5] proposed a method of using
a finite element method for cutting 2D triangular meshes
in 2016. They wrote that they would like to extend their
method to 3D meshes, in the form of tetrahedra. A problem
with this is that it is more difficult to create a mental image
of the 3D mesh. Therefore, a VR implementation could ease
the mental load. The basis of my thesis is that VR should
ease the process of creating a mental 3D model.

It is difficult to find much research about using VR for cut-
ting, editing or deforming 3D meshes. A tool that does
something related to 3D mesh editing has, however, been
integrated by Epic Games into their game engine, Unreal
Engine [11]. This tool is called the Unreal Engine VR Ed-
itor. Unreal Engine is primarily a game engine, however, it
has also been used for simulations, and visualizations [9].
The integrated tool for this engine is made for creating VR
environments in VR. The tool allows the user to easily add
objects to the scene in VR and place them in the position
and orientation that the user wants them, as well as scale
the objects to the desired size.

3. METHOD
Two programs were created for this study in order to deter-
mine the effects of using VR in the task of cutting tetrahe-
dra. The two share similar features yet on different inter-
active platforms. One uses an HTC Vive for all visualiza-
tion and Vive controllers for all interaction while the other
uses mouse and keyboard input for the interaction and a 2D
monitor for the visuals. To avoid any confounding factors,
there were no haptics or sound effects included in either of
the programs. A user study was conducted after the imple-
mentation of these programs. The study used the desktop
version as a control experiment and compared the two both
in quantitative and qualitative measures to find the affor-
dances and limitations of using VR for this task.

3.1 Program Description
The programs in this study are made for users to interact
with simple 3D models and have automatic detection for if
the models are tetrahedral meshes. If a model is a tetrahe-
dron, it will be colored green. Otherwise, it will be colored
red (see Figure 2).

Both programs start with a single 3D model in front of the
user. This model can be changed between a tetrahedron and
a cube at the press of a button for the purpose of the user
study. The model can be grabbed by the user and trans-
formed in terms of translation, rotation and uniform scale.
The user can also slice the model into two submeshes with
a cut. These two pieces of the model can then be grabbed
and transformed in the same way as the original model. If
the cut is done close enough to a corner on the model it will
snap to that corner and precisely cut that corner. Any of
these actions can also be undone and redone at the press of
a button. The controls for these actions are summarized in
Table 1.

The user can also change the translucency of all models.



Figure 2: This shows the desktop version of the pro-
gram with one model that is a tetrahedron (left) and
one that is a non-tetrahedron (right).

Although it is not a central feature for the study, it was
implemented in order to add flexibility. Translucency lets
the user see points on the other side of the mesh, which
helps during a cut if the intention is to cut a vertex on the
other side of the mesh. By default, the objects had a 50%
translucency.

3.1.1 Desktop Version
In the desktop program, the controls for interaction are
inspired by 3D modeling programs such as Maya and 3ds
Max. The user can rotate the camera around the original
model’s origin by clicking the right mouse button somewhere
in empty space and holding it down while moving the mouse.
The user can also zoom in and out by using the mouse scroll
wheel.

The user holds onto an object by clicking and holding the
right mouse button on the object. The user will then be
able to move the object by moving the mouse. While hold-
ing an object, the user can rescale it by using the mouse
scroll wheel. The object can also be rotated while holding it
by pressing ctrl, which makes mouse movements rotate the
object instead of translating it.

Cuts are made with the mouse. Pressing down the left mouse
button starts a cut while letting the mouse button go will
end the cut. The cut is represented by a light blue line that
shows how the cut will be made as seen in Figure 3. If the
cutting plane is closer than a certain threshold to one, two
or three corners, the cutting plane will be snapped to those
corners to cut them precisely.

The user can undo any transformation or cut by pressing ctrl
+ z. The user can then redo actions by pressing ctrl + y.
Although there is often a graphical interface for this in other
programs, only the key combinations were implemented in
this program.

The user can change the translucency of the objects in the
scene by holding ctrl and scrolling the mouse scroll wheel.

3.1.2 VR Version
In the VR program, all camera movement is controlled through
the Vive headset position and orientation. As such, the user
needs to move around the scene if they want to get a differ-
ent perspective.

Figure 3: A cut done in the desktop version. The
light blue line on the left is drawn by the user and
shows how the cut will be made. To the right is the
result of the cut after the two pieces were moved
apart.

Figure 4: The sequence of a cut made using the VR
tool. The light blue line is used as a knife edge to
cut through the object.

To hold onto an object the user holds down the trigger on
one of the controllers. The object that will be held onto
will be the one with the closest center to the controller’s
position. When the user holds an object like this, the object
will move and rotate along with the controller. The user can
also hold an object with two hands by pressing the trigger
on both controllers. In this case, the object will move along
with both controllers and can be rescaled by pulling the
controllers away from each other or pushing them towards
each other, similar to how two fingers are used to zoom in
and out on a touchscreen.

Cuts are made with one of the Vive controllers by pressing
the center of the touchpad button. This extends a virtual
line from the controller. While holding this button, the cut
is made in a similar way to using a knife in real life (see
Figure 4). In order to allow cutting through vertices, the
cutting line would snap to a vertex if it was close to it. If
one vertex had been snapped to, the cutting line was still
completely controlled using the controller. If a second vertex
was snapped to, the cutting line was projected onto the plane
defined by the two vertices and the controller’s position. If
three points were snapped to, those points were used for
defining the plane which the cutting line was then projected
onto.

The user can undo transformations or cuts by pressing the
left-pointing arrow on the left side of the touchpad button.
To redo an action, the user presses the right-pointing arrow



Figure 5: The interface on the left and right Vive
controllers.

on the right side instead (see Figure 5).

On the other controller, there is a slider that controls the
translucency of all objects as seen on the left in Figure 5.

Table 1 shows the controls that were used for both the VR
program and the desktop program. A list of these interac-
tions was made and was part of the introduction for users
during the user study.

Action Desktop controls VR controls

Move camera right mouse
button + move
mouse

move head

Select object hold right mouse
button on object

hold trigger but-
ton close to ob-
ject

Move object
(when object is
selected)

move mouse move controller

Rotate Object
(when object is
selected)

hold ctrl + move
mouse

rotate controller

Scale object
(when object is
selected)

scroll wheel select with object
with both hands
and change dis-
tance between
hands

Cut left mouse button scissors icon on
right touchpad

Undo/redo ctrl + z, ctrl + y arrow icons on
right touchpad

Reset spacebar menu button

Object translu-
cency

ctrl + scroll wheel slider on left
touchpad

Table 1: The controls used for both programs.

3.2 Software Development
Both programs were created with the game engine, Unity,
and all code was written in C#. The VR program also used
the steamVR package for easy implementation of the HTC
Vive.

I created and iterated upon the VR program first, using
continuous testing throughout the process with two different
users to make sure that the program was intuitive and simple
to use.

When the VR version was at a point where it was good
enough for the study experiment, I started production of
the desktop version. Most of the code was simply copied
from the VR version but the code for all input and the code
for calculating the cut had to be rewritten. The desktop pro-
gram was not user tested as much, only having one smaller
user test to make sure that no apparent bugs were present.

3.3 Study Design
A controlled within-subject design was used for the study,
letting every participant try both the desktop version and
the VR version of the program.

The study was aimed at adults between 18-50 who have nor-
mal corrected vision (better than 20/60 vision acuity). It
was also essential that the participants have stereoscopic vi-
sion and have experience with 3D-environments on 2D mon-
itors. Experience with VR was not required. The partici-
pants were asked to fill in an entry survey which made sure
that they were part of the target group. They were asked to
sign a consent form to make sure that they agreed to take
part in the study and they were given an introductory text
which gave them the context of the experiment.

The participants were given up to 10 minutes for each pro-
gram to familiarize themselves with the controls. During
this time they were asked to try all controls and to cut the
original tetrahedral mesh into a few pieces. After that, the
participants were asked to perform two tasks in one program
(see 3.3.1 and 3.3.2). They then did the same two tasks in
the other program as well. I used counterbalancing, alter-
nating between starting with the desktop tool or the VR
tool, to reduce fatigue and learning effects.

One controller was used for doing cuts in the VR program
and the participants were asked to use that controller in
their dominant hand.

After completing the tasks, the participant answered a ques-
tionnaire.

3.3.1 Task 1 - Tetrahedron to Subtetrahedra
The participants were asked to cut a tetrahedron into 4
smaller tetrahedra. They had 5 minutes to complete this
task. The task was completed correctly when there were
exactly 4 tetrahedra in the scene, without any other shapes
present. If they could not complete the task in the allot-
ted time, they were interrupted and it was not counted as a
completed task.

3.3.2 Task 2 - Non-Tetrahedron to Tetrahedra
The participants were instructed to cut a cube into as few
pieces as possible where every piece is a tetrahedron. They
had 15 minutes to complete this task. The task was com-
pleted correctly when there were exactly 5 tetrahedra in the
scene and no other shapes were present. If they could not
complete the task in the allotted time, they were interrupted



and it was not counted as a completed task. It was also not
counted as a completed task if they cut the cube into more
than 5 tetrahedra.

3.3.3 Questionnaire
After performing all of the tasks, the users were asked to
fill in a questionnaire with Likert scale questions and free
text questions about both the VR version and the desktop
version. They were also asked which program they would
rather use for a similar but more complex task.

The Likert scale questions were formulated such that a higher
score suggested a better user experience. Question 1 to
Question 10 were scaled 1 to 7 where 1 was marked âĂIJ-
Completely disagreeâĂİ and 7 was marked âĂIJCompletely
agreeâĂİ. Question 11 to Question 15 were also scaled 1
to 7, but 1 was marked âĂIJLowest scoreâĂİ and 7 was
marked âĂIJHighest scoreâĂİ. The Likert scale questions
in the questionnaire were:

1. I am confident that I completed the first task correctly

2. I am confident that I completed the second task cor-
rectly

3. The first task was easy to perform

4. The second task was easy to perform

5. In the first task, the program was helpful for envision-
ing and finding what the correct solution was.

6. In the second task, the program was helpful for envi-
sioning and finding what the correct solution was.

7. It was easy to understand the shape of the objects in
the environment

8. The controls were intuitive and natural

9. Learning the controls was easy

10. I could accurately perform the actions that I wanted
to do

11. How well could you examine objects from multiple
viewpoints?

12. How well could you move or manipulate the objects in
the scene?

13. How proficient in moving and interacting with the en-
vironment did you feel at the end of the experiment?

14. How well could you concentrate on the assigned tasks
rather than on the mechanisms used to perform those
tasks?

15. How much did you enjoy using the program?

The first 4 Likert scale questions were about the perceived
difficulty of the tasks and the participants’ confidence that
they solved the tasks correctly. The participants were asked
about their how confident they were to see if their spatial
understanding was good enough to feel confident that their

solution solved the task. They were asked about the diffi-
culty to find if the participants found it easier to complete
a task with one program than with the other program.

The next 6 questions were about: spatial understanding of
the objects, the helpfulness of the program, the intuitiveness
of the controls and how accurately the user could perform
actions. Research has shown that VR improves spatial un-
derstanding [6, 2] and has suggested that it improves learn-
ing [8]. These questions were asked to find if this was true
in the task of cutting tetrahedra. They were also meant to
explore if one program was a better aid than the other pro-
gram in terms of letting the participants do the actions they
wanted.

The 4 questions after that were from the presence question-
naire defined by Witmer and Singer[9] that were relevant
for this study. These questions concerned immersion and
how well the user could interact with the environment. Fi-
nally, the last Likert scale question asked about the user’s
enjoyment when using the programs.

The users were also asked which program version they would
prefer to use if they were to do a similar but more complex
task. Then they were asked why they would choose that
version.

3.4 Data Gathering and Analysis
For each task, the time to task completion was measured and
if they were unable to complete the task, that was noted as
well. The number of cuts that the user reverted was counted.
These reverted cuts were also categorized into one of three
categories: explorative, unintended or wrong button clicked.
An unintended cut was counted when the user undid a cut
and immediately tried to do a cut that started in the same
way. A button was counted to have been wrongly clicked
when the user immediately undid a cut and then did a dif-
ferent action than a cut, such as moving the camera or an
object. All other undone cuts were counted as explorative.
These reverted cuts were counted to get an approximation
of how easy it was to do the action that you wanted to
do. I divided the reverted cuts into the categories while I
conducted the first test with a participant, as it became ap-
parent that not all reverted cuts were reverted because they
were inaccurate. Comments from the users and any appar-
ent difficulties found through direct observation during the
use of the programs were also written down during the tests.

The statistical significance of the differences in results was
found using a t-test with a 95% confidence interval. This was
used both for the analysis of the time to task completion and
the analysis of the likert scale questions in the questionnaire.

4. RESULTS
The study was done with a total of 15 participants. One
participant withdrew in the middle of the test, however, and
has therefore been removed from the results.

4.1 Questionnaire
In every question except the first one, the VR program got
a higher average score than the desktop program as seen in
Figure 6 and Table 2.



Figure 6: The average response to the Likert scale
questions in the questionnaire. Statistically signifi-
cant differences are marked with a *.

Question 1 2 3 4 5 6 7 8

Desktop 6,71 3,93 5,86 3,21 5,21 4,43 5,36 4,21

VR 6,64 5,14 6,29 4,14 6,00 6,00 6,71 6,21

Question 9 10 11 12 13 14 15

Desktop 5,36 4,57 5,14 4,93 4,71 4,71 4,29

VR 6,43 5,79 6,64 6,64 6,36 5,86 6,79

Table 2: The average results of all Likert scale ques-
tions in the questionnaire. The results on questions
where the difference between desktop and VR was
statistically significant with a 95% confidence inter-
val are shown with a bold font.

Table 3 shows that the difference in answers for the different
questions in the questionnaire was statistically significant
for questions 6-15 but not for questions 1-5 (with p-value <
0.05). The following statements are based on which average
value is higher and if the difference is statistically different.

Question 1 2 3 4 5 6 7 8

p-value 0,82 0,10 0,37 0,16 0,11 0,02 0,01 0,00

Question 9 10 11 12 13 14 15

p-value 0,01 0,02 0,00 0,00 0,00 0,02 0,00

Table 3: The p-value from t-tests between the desk-
top version and VR version for every Likert scale
question in the questionnaire. Columns with bold
font are statistically significant with a 95% confi-
dence interval (p-value < 0.05).

The 1st and 2nd question asked about how confident the
users were that they completed the tasks correctly. The par-
ticipants were less confident in their solution for the second
task but there was no statistically significant difference in
confidence between desktop and VR. There was also no sta-
tistically significant difference between the version for ques-
tion 3 and question 4, which inquired about how difficult
the tasks were. Furthermore, question 5 did not show a sta-
tistically significant difference, showing that both programs
were equally helpful for envisioning and finding the correct

solution in task 1. Unexpectedly, the difference was statis-
tically significant in the same question but for task 2, in the
6th question.

All of the remaining questions showed a statistically signif-
icant difference between the desktop version and the VR
version. The VR version was better for understanding the
shape of objects according to question 7 and the results for
question 8 and 9 show that VR was more intuitive and easier
to learn. People also thought they could perform the actions
they wanted more accurately in VR according to the results
of question 10. As expected, It was easier to examine and
manipulate objects in VR as shown by the answers to ques-
tion 11 and 12.

Users felt more proficient, in VR than on desktop, in mov-
ing and interacting with the environment at the end of the
experiment according to their answers to question 13. Ques-
tion 14 showed that they also found it easier to concentrate
on the tasks rather than the controls when using VR. Fi-
nally, the 15th question showed that people enjoyed the VR
version significantly more than the desktop version.

4.2 Task Completion
Table 4 shows the task completion rate of the two tasks. One
participant was unable to complete the first task using the
desktop program under the time limit. This user completed
the task in VR first but could not recreate the solution on
desktop before running out of time. Every user was able to
complete the first task using the VR program. The second
task was more difficult, seeing only 4 people completing it
optimally (cutting the cube into 5 tetrahedra) in the desktop
version and 6 people in the VR version. Every participant
who completed the task in desktop also completed it in VR.
The two people who completed the task in VR but not on
desktop did the desktop version and VR version in different
orders. One started with VR and completed the task, but
was unable to recreate the same solution on desktop. The
other did not complete the task in desktop but was then
able to do a better solution in VR, completing the task.

Task Completion

Desktop VR

Task 1 93% 100%

Task 2 29% 43%

Table 4: The percentages of participants who com-
pleted the tasks in the allotted time.

Figure 7 shows the average time it took to complete the
tasks. Only the instances where the participant completed
the task were used for these results. The average time to
completion for Task 1 was 53.8 seconds (Desktop) and 46.4
seconds (VR). For Task 2, the average time to completion
was 131.3 seconds (Desktop) and 149.7 seconds (VR).

Neither of the differences in time to task completion for
the tasks was statistically significant with the condition p
< 0.05. The p-value for the first task was 0.30. The p-value
for the second task was 0.64.

Depending on which version the participant used first, the



Figure 7: Time in seconds taken to task completion
and error bars showing the standard error of the
mean.

Figure 8: Time in seconds taken to complete Task 1
depending on if a program was used first or second.
The error bars show the standard error of the mean.

time taken to complete the tasks were different. Figure 8
and Figure 9 shows the average time it took to complete a
task depending on the program version was used first or
second.This shows the learning effect that occurred from
solving the task with one version before solving it again with
the other. The charts in Figure 8 and Figure 9 both show
that it was faster to use a program second.

T-tests showed that the time difference between using the
desktop version first compared to using it second was not
statistically significant, having a p-value of 0.59 for Task 1
and 0.12 for Task 2. The same was found for VR, for which
the p-value was 0.15 for Task 1 and 0.09 for Task 2.

The time difference between using the desktop version com-
pared to the VR version when both were used first was not
statistically significant either, having a p-value of 0.99 for
Task 1 and 0.45 for Task 2. The same was found when both
programs were used second, for which the p-value was 0.37
for Task 1 and 0.88 for Task 2.

Table 5 shows the sum of the ineffective cuts made by all par-
ticipants. This shows that more explorative cuts were made
in the desktop version than in the VR version and more un-
intended cuts were made in VR than on desktop. Only one
cut from clicking the wrong button was done in VR whereas

Figure 9: Time in seconds taken to complete Task 2
depending on if a program was used first or second.
The error bars show the standard error of the mean.

desktop had 33 such cuts. The reason for this according
to some of the participants was having habits from other
programs where the left mouse button is used for object
manipulation or camera movement rather than for cutting.

Total number of ineffective cuts

Explorative Unintended misclick

Desktop 32 45 33

VR 18 57 1

Table 5: The total number of cuts in the study that
were not productive towards the task completion.

Some participants commented that it was difficult, in the
desktop version, to set up the object the way they wanted
when they wanted to cut through 3 corners. This was also
observed during several of the tests where the user often
seemed to spend more time on lining up the object for the
cut than on drawing the actual cut. In comparison, users
seemed to be able to transform the object the way they
wanted more quickly in VR. Instead, they were more careful
and slow during the actual cutting action. Two participants
stated that they thought it was more difficult to do the ac-
tual cut in VR, while it was easier to move the objects to
where they wanted them. One participant also stated that
they found themselves in positions where cut they wanted
to do was difficult to execute.

Some participants came up with techniques to be able to cut
three corners easily in the desktop version. These techniques
were to line up one corner with the edge between two other
corners. Another technique was to set two corners right on
top of each other, then cut from them to a third corner.

One participant noted that the snapping in the VR program
did not feel as good as the snapping in the desktop program.
This was observed in other tests as well where the program’s
method for snapping in the VR version occasionally had the
effect of changing the direction of the cutting line in ways
that the user did not expect. This problem preceded several
of the unintended cuts in VR that are presented in Table 5.

Several participants expressed awe and wonder when first



using the VR version, exclaiming âĂIJSo cool!âĂİ and âĂIJ-
wow, this is amazingâĂİ. Several users also expressed that
it felt very natural and much easier to move around in VR
compared to using mouse and keyboard. Some users also
commented during the experiment that it was easier to ma-
nipulate the objects in the environment.

Every participant answered that they would choose to use
the VR version if they were to do a similar, but more com-
plex, task. 7 of the participants said that their reason for
their choice was that the interaction was more intuitive. 4
other participants reasoned that it was easier to understand
the geometry in VR. Others simply thought that VR felt
more fun.

5. DISCUSSION
The discussion of the results has been categorized into 7
categories: task completion, accuracy, spatial understand-
ing, intuitiveness, enjoyment, confidence and task difficulty,
and result credibility. These categories will be discussed in
the following subsections. After that, there will be a brief
discussion about future work.

5.1 Task Completion
More participants were able to complete the tasks in VR
than on desktop. Furthermore, everyone who completed a
task on desktop also completed it in VR. This shows that
VR was adequate to complete a task if it could be completed
on desktop. It also enabled people to complete a task that
they were unable to complete using the desktop version. One
user completed Task 2 using VR but then could not repeat
the performance on desktop. As such, they knew the solu-
tion but were unable to repeat the performance. The same
happened for one user on Task 1. This suggests that the
interaction on desktop was too difficult to use effectively.

The difference in time to completion was not statistically
significant between the desktop version and the VR version.
Although they were equally fast to use for completing the en-
tire task, some interactions seemed to take different amounts
of time depending on the program. Although not measured,
the time it took to make a cut (from clicking the button to
start it until the cut was made) seemed to be longer in VR.
This was supported by the comments of two participants
during the tests who suggested that it was more difficult to
do the actual cut in VR. On desktop, it instead seemed to
take more time to line up the object correctly before starting
the cut. These differences either were too small to matter for
the overall time to completion, or they were similar enough
to cancel each other out.

Very few participants completed Task 2 correctly and this
could be one reason why the difference in time to completion
for Task 2 was not statistically significant. Several of the
participants thought that they would not be able to cut the
cube in fewer pieces than 6 which made them stop at that
point. To get more people to complete the task, I could
have told them that the optimal number of pieces was 5.
This would have increased the relevance of the time results
as it would have increased the sample size. However, this
would have defeated the purpose of the study. The purpose
of using VR is to aid in finding an algorithm for finding

the optimal number of cuts, which is not necessarily already
known.

It seemed obvious that there was a learning effect when look-
ing at the average completion times when a program was
used second rather than first. When used second, the av-
erage times for both programs were lower than the average
times of both programs when they were used first. However,
the differences were found to not be statistically significant
using a t-test, which would mean that the learning effect was
minimal or non-existent. The reason for this was probably
the small sample size since it effectively uses half of the par-
ticipants’ results and compares them to the other half. This
makes the learning effect very uncertain, considering that
only 6 participants completed Task 2 which means that 3
participants’ results are compared to 3 other participants’
results. Any learning effects that may have been present
were mitigated for the overall results by alternating the or-
der in which the participant used the programs. This may
have increased the variance of the results but should also
have stabilized the mean.

5.2 Accuracy
In terms of the accuracy of actions in the programs, the
objective and subjective results differed. The questionnaire
showed that people felt more accurate using VR. But during
the study, it was found that there were more unintended cuts
made using VR, suggesting a lower accuracy.

The reason why the questionnaire result was higher could be
that VR made the user less sensitive to their mistakes. An-
other reason could be that the questionnaire question con-
cerned accuracy of any action, while the unintended cuts
were only looking at cuts. When observed during the tests,
people seemed very comfortable with any action concerning
transforming the objects in VR. It is possible that they did
not need to be as precise when they manipulated objects in
VR. If the transformation was offset by a few centimeters
or degrees, they could easily move into position without the
need for any further object manipulation. In comparison,
the transformations on desktop seemed to be less comfort-
able. If participants included the accuracy of transforma-
tions, I believe it would have had the effect that can be
seen in the results: VR scoring higher on accuracy in the
questionnaire.

There were participants that rated their accuracy higher
with desktop than with VR. They stated that the program
snapped wrong but also that it was difficult to execute a
straight line. One participant also commented that they
found themselves in positions where it was difficult to make
the cut they wanted to do. This leads me to think that the
VR interaction requires more skill from its users. This is
understandable considering that you have more degrees of
freedom when you do the cut in VR. On desktop, you draw
a 2D line to create the plane which will cut the mesh, while
you have to draw in 3D to create the plane in VR. Using a
mouse also gives you stability since you can rest your hand
on it when you use it. When you use the Vive controllers,
you move in the air and you are not able to rest your hand
at a fixed position.

The problem with the desktop version that several partici-



pants had, was that they struggled to get three vertices on
the object to line up properly so they could be cut in a
single cut. Therefore, their unintended cuts were done by
not orienting the object properly. When it was rotated the
right way, however, they had no problem doing the cut they
wanted. Some participants came up with techniques that
solved this problem. One technique was to line up two ver-
tices so they were on top of each other and then a line could
easily be drawn from those two vertices to a third vertex.
another technique was to line up one vertex on the edge be-
tween two vertices which allowed a straight line to be drawn
through the three vertices.

In VR a part of the unintended cuts came from the VR
program redirecting the cutting line in ways the user did
not expect. Had the program done this better, it might
have been equal to or better than the desktop program in
terms of effective cuts.

5.3 Spatial Understanding
The VR version was rated more helpful for envisioning the
correct solution in Task 2 than the desktop version, but
there was no difference in Task 1. I believe this is because
the participants felt that the first task was easy enough that
they did not need as much help with envisioning the solution.

The participants felt that it was easier to understand the
shape of objects in VR than on desktop. They also thought
that they could interact with and examine the environment
better. This suggests that VR gave a better spatial under-
standing of the virtual environment.

This is also supported by the number of explorative cuts
that was made in each version. When using the VR version,
participants made fewer explorative cuts which I would at-
tribute to a greater understanding of the object which allows
the user to reject bad cuts without having to try them.

5.4 Intuitiveness
According to the participants, the controls were both more
intuitive and easier to learn in VR. They could also focus
better on solving the tasks in VR without getting distracted
by the controls and they felt more proficient in using the
VR program at the end of the experiment. I credit this to
the controls being similar to interaction in real life which
make them natural to learn. Furthermore, it generally took
less time to explain the controls for VR than for desktop.
This was not something that I thought to measure before
the study but the difference was apparent. Some things also
never needed to be explained in VR. For example: moving
around in the environment, moving, rotating and scaling
objects. Only the buttons for grabbing, cutting, resetting,
undoing and redoing had to be explained.

In the desktop version, there were much more misclicks than
in the VR version. Several participants stated that they
did this because they use different controls in other pro-
grams where they interact in similar ways. These habits
from other programs caused them to press the wrong but-
ton unless they thought about which button to press. This
shows that the controls may have been unnecessarily unin-
tuitive for the desktop program. You cannot make sure that
it is the same as all other programs but maybe more time

and tests should have gone into making sure that the but-
tons in the desktop version were as intuitive as they could
be. Before the study, more time was spent on testing the VR
interaction than the desktop interaction. However, the dif-
ference in intuitiveness, according to the questionnaire, was
only second to the difference in enjoyment. the intuitiveness
of the desktop controls would have to greatly increase in
order to close the big gap between desktop and VR. Alter-
natively, I could have let the users define their own buttons
for the interaction. This would, however, have made the en-
vironment of the experiment less controlled and there could
have been differences depending on how well the users set
their own button.

5.5 Enjoyment
The VR version was perceived as more enjoyable than the
desktop version by 13 of the 14 participants. The 14th par-
ticipant found both to be equally enjoyable. However, Every
participant said that they would rather use the VR program
than the desktop program if they were to solve similar, but
more complex, tasks.

VR has a novelty value which makes people more inclined to
like it. Several participants expressed excitement just from
putting on the VR headset. For now, this is not bad as it
does increase the engagement of the user, however, It might
lose its novelty value in the future, making it less effective.
In fact, the participant who rated their enjoyment to be
equal for both programs had very much previous experience
using VR. As such, it is possible that people enjoyed using
VR more because it was a new experience.

5.6 Confidence and Task Difficulty
There was no difference in how confident the users were that
they completed the different tasks. In hindsight, this is no
surprise as the users had tried both versions when they an-
swered these questions. This makes the variables dependent
on each other as they would have known if they did better in
one version than they did in the other. If they did a similar
solution for both program versions they would also proba-
bly be equally confident in those solutions. This question
would have been more appropriate if between-group design
had been used for the study as they would only have had
one reference point.

The difficulty of the tasks was not perceived as different for
the different programs. I believe this could also be because
the difficulty depended on if you had already done the task
in one program. The task would be seen as easier when you
do it a second time and how much easier it would be would
depend on how well you did the task last time.

5.7 Result Validity
When participants know that the mediator had a part in
the creation of a product they tend to describe the prod-
uct more positively to the mediator. This could possibly be
disregarded in this case as I was the maker of both the pro-
grams that were tested. Thus they both would have gained
the positive effect. In my discussion and results only look at
which program got rated higher, without reflecting on what
the actual rating was. Therefore, it should not matter too
much if the scores are higher than they should be for both
programs as long as they were both affected equally.



There is also the possibility that the users perceived that
they should think that the VR version is better and thus
scored it higher. This could be a concern but during the
observation of the study, the participants appeared to enjoy
themselves more using the VR version. It was also apparent
that the controls were more intuitive because they under-
stood them faster.

Users were granted 10 minutes to familiarize themselves with
the each program. None of the users used the full 10 minutes,
however. Although they were required to try every type of
interaction, It is possible that they stopped too early and
as such did not get as familiar with the programs as they
should have gotten in order to complete the tasks effectively.

There were a few minor flaws with the programs. The
biggest of these flaws was how the snapping occasionally
would behave in VR, making the cutting line go in unex-
pected directions. This sometimes resulted in an unintended
cut for the user which could make the tasks take a few sec-
onds longer and lowered the accuracy of cuts in VR.

5.8 Future Research
A similar test could be done again using between-group de-
sign with more participants in the study. This would make
every test more relevant as the participants would never
know the solution for a task when using one version but
not know it for the other version.

More development iterations could be done to remove the
behaviors that resulted in unintended cuts and make the
interaction using the desktop version more intuitive by con-
tinuously testing it with the relevant target group.

The VR tool should be adjusted in a way that lets it be
directly compared to the current tools of the finite element
method researchers who are working on creating algorithms
for optimally cutting meshes into tetrahedra. The program
could potentially add functionality to automatically cut a
mesh optimally. Then a similar study should be carried out
again.

6. CONCLUSION
Although there was no statistically significant time differ-
ence between using desktop and VR for the tasks in this
study, everyone who completed a task on desktop also com-
pleted it in VR, with some users only able to complete a
task in VR.

The users in this study perceived that their accuracy was
higher when using VR but the observational data suggested
the opposite. This could suggest that VR made the users
care less about their mistakes, making their impression dif-
ferent from the data. It is also possible that the users re-
garded other things than just cuts as part of their accuracy.

VR gave people a better understanding of the shapes and
the geometry in the environment than a regular 2D moni-
tor. It also engaged the user more and made the experience
more enjoyable. Part of this could be because VR has a
novelty value for people who have not used it much before,
which makes them inclined to like it more. This is not bad
as it does increase the engagement of the user, however, It

might lose its novelty value in the future if VR becomes more
commonly used.

Using Vive controllers in VR makes the controls more in-
tuitive and easier to learn than using mouse and keyboard
input with a 2D monitor. It makes the interaction with the
environment better, giving the user a natural way to exam-
ine and interact with objects.

VR was more natural to use but seemed to also require more
skill from its users. Drawing a plane in 3D was more diffi-
cult to execute than drawing a line on a 2D monitor that
represents a plane.

Although VR may have required more skill, every partici-
pant in this study preferred using the VR version over the
desktop version.
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Appendix A - Questionnaire Results 

Desktop Results 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 
Averag

e 

Question 1 7 7 7 7 6 7 7 7 7 7 7 7 4 7 6.71 

Question 2 4 3 4 1 3 4 1 7 7 5 7 3 4 2 3.93 

Question 3 5 5 6 7 5 7 7 7 7 6 7 3 3 7 5.86 

Question 4 3 2 2 2 4 1 1 6 5 5 6 3 4 1 3.21 

Question 5 5 5 4 7 4 4 7 7 7 6 5 4 4 4 5.21 

Question 6 5 5 4 7 5 2 1 7 7 6 4 3 4 2 4.43 

Question 7 7 4 7 7 6 2 7 6 7 6 5 3 4 4 5.36 

Question 8 2 4 5 3 3 3 7 6 7 4 4 4 4 3 4.21 

Question 9 4 6 5 3 5 6 7 6 7 5 6 6 4 5 5.36 

Question 10 4 6 5 2 6 3 4 6 7 6 4 5 4 2 4.57 

Question 11 5 6 5 6 6 4 5 6 7 5 5 5 4 3 5.14 

Question 12 5 5 5 5 5 3 7 6 7 5 5 6 4 1 4.93 

Question 13 4 6 5 4 4 5 6 5 7 6 5 4 4 1 4.71 

Question 14 5 4 7 3 3 5 5 7 6 5 3 5 4 4 4.71 

Question 15 5 4 5 6 3 2 5 5 7 3 3 5 4 3 4.29 

 
VR Results 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 
Averag

e 

Question 1 7 7 7 7 6 7 7 7 7 7 7 7 6 4 6.64 

Question 2 4 2 4 6 5 6 2 7 7 5 7 5 5 7 5.14 

Question 3 6 7 7 7 5 7 7 6 7 7 7 6 5 4 6.29 

Question 4 2 3 2 4 5 3 2 5 5 4 7 5 5 6 4.14 

Question 5 6 5 7 7 5 5 7 7 7 6 7 7 4 4 6 

Question 6 6 6 7 7 6 5 2 7 7 7 7 7 4 6 6 

Question 7 7 6 7 7 6 7 7 7 7 7 7 7 6 6 6.71 

Question 8 6 7 7 5 6 5 7 5 7 7 7 7 6 5 6.21 

Question 9 6 7 7 6 6 5 7 6 7 7 7 7 7 5 6.43 

Question 10 6 5 7 5 6 6 4 5 5 7 7 7 6 5 5.79 

Question 11 6 7 7 7 6 5 7 7 7 7 7 7 6 7 6.64 

Question 12 6 7 7 7 6 6 7 5 7 7 7 7 7 7 6.64 

Question 13 6 6 7 6 6 6 7 6 7 7 7 6 5 7 6.36 

Question 14 6 6 7 6 5 4 6 6 6 7 7 7 5 4 5.86 

Question 15 7 7 7 7 6 5 7 7 7 7 7 7 7 7 6.79 

 



 
 
Appendix B - Study Instruction 

Introduction 
Tetrahedra are the simplest forms of 3D meshes, having only four faces and four vertices  

 
A tetrahedron, the most primitive 3-dimensional mesh. 

These tetrahedral meshes are often used to model physical phenomena such as the             
deformation of the blades of a rotating wind turbine. As these meshes deform, it becomes               
increasingly difficult to compute the simulation, to the point that it is impossible once the               
mesh is too distorted. A way to fix this problem is to cut the deformed mesh into the simpler                   
tetrahedral meshes. Finite element methods researchers are looking into creating algorithms           
to optimally cut these meshes into tetrahedra. As seen in the images below, not all possible                
cuts of a tetrahedron result in two tetrahedra. For example, the only cut in the images below                 
that resulted in two tetrahedra is the bottom left cut. 

 
A difficulty is that as the meshes get more complex, it is difficult to create a mental 3D image                   
of the problem. Virtual reality could help with creating this mental representation by             
improving the spatial visualization. 
 
During this experiment, you will be using two different programs: one using a regular monitor               
with mouse and keyboard input, one using an HTC Vive virtual reality headset and Vive               
controllers. These will be used for two different tasks.  

 



 

Controls 
Desktop controls 
RMB - Move object/rotate camera 
ctrl+RMB - Rotate object 
RMB+scroll wheel - Scale object 
ctrl+scroll wheel - object translucency 
LMB - Cut 
ctrl+z - undo 
ctrl+y - redo 
Spacebar - Reset 
Scroll wheel - Zoom camera 

VR controls 
Trigger button - Grab (move/rotate/scale) 
Left touchpad - Object translucency 
Right touchpad - Cut/undo/redo 
Menu button - Reset 

 

  



 

Tasks 
Entry Survey 
Answer the first part of the survey. 

Task 1 
Given a tetrahedron, cut it into exactly 4 different pieces where every piece is a tetrahedron. 
Any object that is a tetrahedron will be colored green. Other objects will be colored red. 
 

 

Task 2 
Given a cube, try to optimally cut it into only tetrahedra. That is, cut it into as few pieces as 
possible where every piece is a tetrahedron. Any object that is a tetrahedron will be colored 
green. Other objects will be colored red. 
 

 

Exit Survey 
Continue the survey. The test will be over when you are done answering the survey. 
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