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Abstract: Visualization has always been a crucial part of the educational process. Implementing
computer algorithms and virtual reality tools into it is vital for the new generation engineers,
scientists and researchers. In the field of chemistry education, various software that allow dynamic
molecular building and viewing are currently available. These software are now used to enhance
the learning process and ensure better understanding of the chemical processes from the visual
perspective. The present short communication provides a summary of these applications based
on the NarupaXR program, which is a great educational tool that combines the functionality and
simple design necessary for an educational tool. NarupaXR is used with a companion application
“Narupa Builder” which requires a different file format, therefore a converter that allows a simple
transition between the two extensions has been developed. The converter sufficiently increases the
efficiency of the educational process. The automatic converter is freely available on GitLab The
current communication provides detailed written instructions that can simplify the installation
process of the converter and facilitate the use of both the software and the hardware of the VR set.

Keywords: Narupa; NarupaXR; converter; xml file; mol2 file; virtual and augmented reality; chem-
istry education

1. Introduction

Due to the rapid development of computer technologies, more attention is paid to the
areas of their intersection with chemistry, including infochemistry [1–4]. In order to prepare
the 21st century students to be successful researchers and engineers in emerging fields of
chemistry, informatics and programming, it is necessary to provide more educational tools
to ensure deeper understanding of the fundamental principles in the aforementioned areas.
Computer algorithms are available for working with geometric aspects of structural chem-
istry and materials science [4]. Unique platforms are accessible for the purpose of molecular
visualization and design as well as molecular viewing software where molecules can be
animated [5,6]. New interactive tools are being created in order to improve the quality of
teaching and open up plenty of opportunities for users to “interact” with real molecules
(gases), understand their behavior and computationally simulate dynamic processes [7–10].
Moreover, it has been recently reported in various studies that point atomic models in
electron microscopy and X-ray density maps were built using virtual reality [11]. Other
studies have reported that two major motivations for the use of computer technologies in
teaching process are (1) visualization of the molecular world and (2) dynamic simulation
of its behavior. Simulations that allow users to interact with molecules have recently
become technically available and already have been successfully applied in chemistry
education [12,13].

Currently, the most prominent programs for working with molecules in virtual reality
include UCSF ChimeraX [11,14], Molecular Zoo, AltPDB [11] and NarupaXR [15,16]. All
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of these programs are based on the Unity 3D video game engine, which does not itself
have a built-in support for molecules. However, there is a special library UnityMol, which
allows to display molecules in Unity3D. Regarding the programming languages, Molecular
Zoo and NarupaXR are written in C #, AltPDB is written in JavaScript, while ChimeraX is
written in a combination of Python and C ++.

AltPDB is not a dynamic platform; its main advantage is the possibility of an online les-
son with multiple people or a whole class present at the same time. Molecular Zoo is mainly
used to present simple and familiar biomolecules in dynamics, where several molecules
can be launched simultaneously, their collisions can be observed [11]. Although these two
programs can be successfully implemented into the chemistry education curriculum, they
lack complexity since students cannot build molecules and bonds from scratch.

From the user’s point of view, NarupaXR and ChimeraX share more similarities than
any other two programs, since they are both focused on molecular dynamics. NarupaXR
is a software for observations of molecular dynamics. Furthermore, Narupa Builder is a
separate application that allows building new molecules and should be used in combina-
tion with NarupaXR. ChimeraX is a versatile molecular modeling toolkit for interactive
visualization and analysis of molecular structures and related data, which was originally
intended to visualize, interpret and manipulate only atomic-scale data [17]. Now it is
also used for computational studies of molecules, macromolecular assemblies and their
dynamics. It is worth noting that ChimeraX was originally developed for more complex
tasks, such as analyzing molecular structures and electron and light microscopy data, while
NarupaXR is aimed at teaching school and university students [11]. Therefore, the main
advantage of NarupaXR is the absence of an overcrowded interface with many functions
that are not relevant for the students. NarupaXR presents the perfect combination of mini-
malism in design and high-quality functionality. Hence, NarupaXR is the most suitable
software for the particular purpose of this research.

The major challenge that NarupaXR users can face is the creation of their own simu-
lations, which has to be conducted in a different program. Narupa Builder, a companion
application to NarupaXR, which allows building, design and editing of molecules in VR
with the help of HTC Vive controllers. Narupa Builder has a convenient “minimization”
feature where, once the molecule is constructed, the distances between the atoms are
adjusted automatically. However, at the next step, the user has to perform a substan-
tial amount of manual programming to transform the mol2 files that mainly consist of
the atoms’ coordinates into lengthy xml files that can be loaded into NarupaXR to run
the simulations.

Thus, the goal of this work was to create an open access converter, which speeds up
the process of transforming raw mol2 files, obtained from Narupa Builder, into the final
xml files that are loaded into the NarupaXR environment. The current available converters
require additional extensions in order to convert between these two formats, therefore
creating a companion converter reduces the solutions of this problem to one step.

2. Hardware

The Narupa developers have shared some of their recommendations to make a per-
sonal VR lab for n-person (they have successfully tested it on a maximum of n = 7) class.

For an n-person VR lab it is necessary to have n PCs and n HTC Vive (or alternatively
HTC Vive Pro) headsets with the controllers. The instructions on how to connect all parts
of the HTC Vive with PC are available in the package or via the official website.

The list of the necessary hardware is presented below:

1. An 8-port network switch such as: NETGEAR GS208-100UKS 8 Port Gigabit Ethernet
Desktop Switch, only needed for WiFi connection less than 300 mb/s and more than
one-person VR lab.

2. One computational server, which will operate as the “force field engine” and equipped with

a. GPU, for example, an NVIDIA 1080Ti;
b. CPU, for example, an AMD Ryzen 7 1700X sAM4 3.8 GHz;
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c. disk space for storing real-time trajectory data;
d. n + 1 LAN cables.

More detailed information regarding the setup is available via the following link (https://
gitlab.com/intangiblerealities/narupaXR/blob/master/DocumentationSource/UserGuide/
UserGuide.md (accessed on: 1 January 2020)).

3. Software Tools and Functionalities

To work with molecules in virtual reality, it is necessary to install Narupa Builder and
NarupaXR front end. To use the programs, downloaded files must be unzipped into one
folder. For HTC Vive to work, the nVidia driver needs to be updated to the latest version,
it is recommended to download the HTC Vive driver from the official website. If the Steam
and Steam VR software are not installed, download these programs to launch the HTC
Vive. It is necessary to have a Steam login, which can be used on all computers in case of
multiple users. In order to enable VR, Steam needs to be activated. Steam VR does not
need to be launched separately, it will be launched automatically.

After installing motion sensors and starting Steam, the user will be automatically
promoted to calibrate the equipment. The system describes the calibration process step
by step in a simple and accessible way at the point of installation. To connect to the main
server through which the latest version of NarupaXR will be launched, the developers
recommend downloading launcher “itch” p).

We recommend downloading Visual Studio Code to create xml files, which are used
to run simulations and install IntelliJ IDEA to run the special converter from the GitLab.

4. Materials and Methods

The starter version of NarupaXR offers only a few standard simulations (buckyballs,
nanotube and methane, 17-alanine: knotted protein MJ0366 and H7N9 neuraminidase
and Tamiflu). Some molecules have been built by developers and uploaded to the server,
other molecules were built by us and are available via GitLab. In order to work with other
structures that are not available on any of the aforementioned platforms, the user has to
create them from scratch with the help of NarupaBuilder.

NarupaBuilder is a companion application to NarupaXR where molecules can be built
(by adding new atoms, bonds), moved in space and the distance between them can be
adjusted. It can be conducted with the use of special HTC controllers.

After unzipping the required file, Narupa Builder program can be launched by clicking
on the icon. Since this is a local constructor, it does not require additional connection to
servers, which allows building molecules without Internet connection. After launching
the program, VR headsets and VR controllers can be put on. Initially, a grey screen will be
visible; to build the molecules the controller has to be used.

Using the controllers, students can add and remove new atoms and bonds, as well
as move molecules and their components in relation to each other. These actions are not
difficult to perform, since each controller has its own menu, where the desired atom can be
selected as well as the actions, which can be applied to it.

First, the right controller will be described. To see the menu with the available actions,
one needs to click on the bottom part of the circular panel (there is a wrench), the menu
with tools is presented in Figure 1A,B.

By holding down this button, one can hover over various functions to see their name
and functionality. The available tools are: Delete—deletes a single element that is chosen
by hovering over it; Rotate—rotates some molecules relative to others; Move—moves
atoms; Build Fragment—a previously saved fragment can be added by moving the desired
fragment to the Users Fragments folder and choosing this option; Build Atom—opens a
panel for selecting the atom to build; Connect—builds chemical bonds between individual
atoms or fragments of the molecule; Bond Order—creates double bonds, triple bonds, etc.

Moreover, there is a very useful function, which shows where the chemical bond
can be created in green and the bonds that are not available or chemically correct in red.

https://gitlab.com/intangiblerealities/narupaXR/blob/master/DocumentationSource/UserGuide/UserGuide.md
https://gitlab.com/intangiblerealities/narupaXR/blob/master/DocumentationSource/UserGuide/UserGuide.md
https://gitlab.com/intangiblerealities/narupaXR/blob/master/DocumentationSource/UserGuide/UserGuide.md
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One more function is to choose an atom from the Subtools menu, which is available when
holding down the top button on the circle panel. The Subtools menu is presented in
Figure 1D.
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Now the functions of the second controller will be described. More specifically, when
the bottom part of the circular panel of the left controller is clicked (there are three horizontal
stripes), a menu appears: Figure 1C,E.

By holding down this button and hovering over various functions, one can see their
names and understand what they are used for accordingly. The available functions are:
Export—saves data; Minimize—reduces or increases bond lengths between atoms to the
required size; Balance Hydrogens—aligns hydrogen bonds; Show/Hide Hydrogens—
hides/shows hydrogens for a better view of other atoms and bonds; Toggle Image—opens
up a folder with necessary pictures, which show the detailed structure of the desired
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molecule and can be used as a hint when building molecules; Delete All—removes all
atoms and bonds that have been built.

After the molecule is completed, the file should be exported with the help of the left
controller. As a result, the mol2 file with code of molecule will be obtained, but in order to
run it in the NarupaXR, first it should be converted to xml format.

For more detailed video tutorials with the description of NarupaXR functions one
can visit the developer’s website (https://vimeo.com/intangiblerealities (accessed on
1 January 2020)).

Let us consider ethane as an example. The initial code that can be retrieved from
Narupa Builder (after the export) is:

@<TRIPOS>MOLECULE
narupa builder molecule
8 7 0 0 0
SMALL
GASTEIGER
@<TRIPOS>ATOM
1 C1 -6,165 0,925 -6,713 C.3 1 N1
2 C2 -5,555 0,741 -5,798 C.3 1 N1
3 H1 -7,070 0,516 -6,599 H 1 N1
4 H2 -5,711 0,516 -7,504 H 1 N1
5 H3 -6,261 1,910 -6,857 H 1 N1
6 H4 -4,737 0,221 -6,042 H 1 N1
7 H5 -6,096 0,221 -5,137 H 1 N1
8 H6 -5,287 1,615 -5,394 H 1 N1
@<TRIPOS>BOND
1 2 1 1
2 8 2 1
3 7 2 1
4 6 2 1
5 5 1 1
6 4 1 1
7 3 11

5. Results and Discussion

In the xml file, which can be run in NarupaXR, it is necessary to type all coordinates,
temperature, types of bonds and other structural information into a new xml file. For
simple molecules it is fast to do by hand but with larger structures it takes a lot of time.
Although, molecules as large as glucose or caffeine can be assembled and optimized
manually, larger molecules are extremely time-consuming to assemble in this way and yet
it is not guaranteed that the simulation will eventually work, due to a high possibility of a
misspelling. These difficulties prompted the creation of new automatization strategies for
the most optimal and user-friendly experience with Narupa Builder and NarupaXR. The
results of this research is an open access converter, which sufficiently speeds up the process
of transforming the raw mol2 files, obtained from Narupa Builder, into the final xml files
that are loaded into the NarupaXR environment. The code was created for the purpose of
research, engineering and especially education. The converter is publicly available via the
following link (https://gitlab.com/teamSCAMT/converter_mol2_to_xml.git (accessed on
1 August 2020)).

The converter reported in the present paper is a standalone code (however, it is not an
executable); hence, in order to use it, several simple steps need to be taken. Further, these
steps will be described in detail. For an illustrative guide it is recommended to address a
brief illustrative description in the Supplementary Materials (The following are available
online at www.mdpi.com/article/10.3390/jimaging7060097/s1).

https://vimeo.com/intangiblerealities
https://gitlab.com/teamSCAMT/converter_mol2_to_xml.git
www.mdpi.com/article/10.3390/jimaging7060097/s1
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First of all, one needs to create an account on a GitLab platform. Next, find the
account “teamSCAMT” and the project called “converter_mol2_to_xml”. Then click on the
“Fork” button.

To run the code, install the development environment. The recommended environ-
ment is the “IntelliJ IDEA”.

After installation, open the program and create a new project from version control.
After that, paste the copied link in the URL line. In order to run the code with the help
of IntelliJ IDEA application, one needs to open all the three classes of the code: “Reader”,
“Beliviks” and “Writer”, this can be performed by clicking on them.

As a result, the folder with the converter code will appear on the desktop. Next, add
all Narupa Builder mol2 files, which require conversion to the folder with the converter
code. If everything is conducted right, the necessary mol2 file will appear in the IntelliJ
IDEA between “Writer” and “README.md” classes.

Next, open class “Writer” and specify the name of the file, which requires conversion.
An example is in Figure 2 in bold green (“ATP.mol2”).
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Finally, run the code and the resulting xml code will appear in the output file. The
converted into final xml file code is presented below in Figure 3.

In the final xml file code, there are parts, which the user needs to fill in manually.
These are responsible for the assignment of bond type and are given in bold as can be seen
in an example below. In order to assign the bond type, one needs a glossary provided in
the mm3.xml file in the \server\Assets\Data\folder.

<MM3AtomMapping AtomPath = “0” Type = “ ”/>
<MM3AtomMapping AtomPath = “1” Type = “ ”/>
. . .

<MM3AtomMapping AtomPath = “7” Type = “ ”/>
. . .

<LennardJonesAtomMapping AtomPath = “0” MM3Type = “ ”/>
<LennardJonesAtomMapping AtomPath = “1” MM3Type = “ ”/>
. . .

<LennardJonesAtomMapping AtomPath = “7” MM3Type = “ ”/>
Before starting simulations, it is necessary to transfer the converted data file after

Narupa Builder to the «Simulations» folder, which is located in the main folder containing
all the unzipped files. To find it, open the folder: Server/Assets/Simulations.

There are two ways to launch NarupaXR program: local and via the international
server. To launch locally, simply open the application and follow the launch instructions
above. When choosing this method, there is a possibility to connect several people in one
simulation, and this is possible even without using the Internet. This type of launch will be
faster, but will not support the latest updates of this program, which, on the other hand,
will be visible and available for use when launched through an international server.

To run through a remote server, open the previously downloaded launcher “itch”,
sign in or register there and find NarupaXR in the search bar in the store section. Make
sure that NarupaXR is added to one’s game library. Click on the NarupaXR in the game
library and then on the button “Launch”. After this the program will provide several ways
to start the server, so click on the top option such as “Launch Server and VR” and quickly
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choose a desired simulation (from your computer, which you want to start) among folders
on a personal computer. It is recommended to choose the simulation quickly (in less than a
minute), otherwise the NarupaXR will start without any simulations and will have to be
reloaded NarupaXR. A schematic diagram of the described installation process is presented
on Figure 4.
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Once the application is launched, and the data is received from the Narupa Builder
app, it needs to be converted. Then it is necessary to launch the created simulations directly
in NarupaXR. To perform this, the server called “narupa-server” (application) needs to be
started, which is located in the folder “Server”. Then in the main unzipped folder, open the
“NarupaXR” folder and start the “narupaXR” application. After that, a menu will appear
on the screen (and in the headsets) in which one needs to first select “Browse Servers” and
then “narupa-server” with the laser pointer on the right controller.

Following that the headset can be put on, and the virtual box will appear with a yellow
button on the left controller, which is visible when the eyes are moved towards the left
hand. This button can be pressed to open the menu, then select the bottom button with the
gears drawn on it and press “load simulations”, after that select the desired simulation.
On the top of this menu the view option of the molecules can be chosen. The view option
presented in the current paper is “Ball and Stick”, however others such as “Skeleton”,
“VDW” are also available in the simulation. With the options in this menu, the user can
pause, play and restart the simulations. An example of the simulation is presented on
Figure 5.



J. Imaging 2021, 7, 97 9 of 10

J. Imaging 2021, 7, 97 9 of 10 
 

 

folder, open the “NarupaXR” folder and start the “narupaXR” application. After that, a 
menu will appear on the screen (and in the headsets) in which one needs to first select 
“Browse Servers” and then “narupa-server” with the laser pointer on the right controller.  

Following that the headset can be put on, and the virtual box will appear with a yel-
low button on the left controller, which is visible when the eyes are moved towards the 
left hand. This button can be pressed to open the menu, then select the bottom button with 
the gears drawn on it and press “load simulations”, after that select the desired simula-
tion. On the top of this menu the view option of the molecules can be chosen. The view 
option presented in the current paper is “Ball and Stick”, however others such as “Skele-
ton”, “VDW” are also available in the simulation. With the options in this menu, the user 
can pause, play and restart the simulations. An example of the simulation is presented on 
Figure 5. 

 
Figure 5. An example of the VR environment in NarupaXR showing d-glucose molecule. 

6. Conclusions 
In the present short communication we have developed a converter between mol2 

and xml formats of the Narupa Builder and NarupaXR applications accordingly. The con-
verter is freely available via GitLab. It can significantly improve the efficiency of the edu-
cational process using these two programs and avoid systematic human errors. The con-
verter automates and facilitates the process of creating customized molecules, which oth-
erwise would take hours. It allows customization of the laboratory course, with using not 
just molecular structures provided by the software, but also creating new ones. It could 
be used by the teaching assistant in preparation for the VR labs or by the students them-
selves. Moreover, we have provided a detailed description for the use of NarupaXR soft-
ware, the converter and the VR headset, which makes implementation of these techniques 
as straightforward as possible. Virtual and augmented reality will inevitably change the 
way chemistry education is approached at the moment and enhance the process with vis-
ualizing concepts that are otherwise difficult to grasp. The converter presented in the cur-
rent communication is a ready-to-use tool, which can accelerate these changes and make 
the field more modern, whilst ensuring effective teaching process. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. A brief 
illustrative description of how to use the converter. List of links for the discussed hardware and 
software (PDF). 

Figure 5. An example of the VR environment in NarupaXR showing d-glucose molecule.

6. Conclusions

In the present short communication we have developed a converter between mol2 and
xml formats of the Narupa Builder and NarupaXR applications accordingly. The converter
is freely available via GitLab. It can significantly improve the efficiency of the educational
process using these two programs and avoid systematic human errors. The converter
automates and facilitates the process of creating customized molecules, which otherwise
would take hours. It allows customization of the laboratory course, with using not just
molecular structures provided by the software, but also creating new ones. It could be
used by the teaching assistant in preparation for the VR labs or by the students themselves.
Moreover, we have provided a detailed description for the use of NarupaXR software,
the converter and the VR headset, which makes implementation of these techniques as
straightforward as possible. Virtual and augmented reality will inevitably change the
way chemistry education is approached at the moment and enhance the process with
visualizing concepts that are otherwise difficult to grasp. The converter presented in the
current communication is a ready-to-use tool, which can accelerate these changes and make
the field more modern, whilst ensuring effective teaching process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jimaging7060097/s1. A brief illustrative description of how to use the converter. List of links
for the discussed hardware and software (PDF).

Author Contributions: Conceptualization, N.K., P.P. and M.K.; Investigation, N.K. and P.P.; Project
Administration, M.K.; Resources, M.K.; Supervision, M.M. and M.K. Validation, N.K. and P.P.;
Writing—original draft, P.P.; and Writing—review and editing, P.P., M.M. and M.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation, grant no. 20-78-10135.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/jimaging7060097/s1
https://www.mdpi.com/article/10.3390/jimaging7060097/s1


J. Imaging 2021, 7, 97 10 of 10

References
1. Eriksen, K.; Nielsen, B.E.; Pittelkow, M. Visualizing 3D Molecular Structures Using an Augmented Reality App. J. Chem. Educ.

2020. [CrossRef]
2. Nenashkina, A.; Koltsov, S.; Zaytseva, E.; Brunova, A.; Pantiukhin, I.; Skorb, V.E. Storage of Information Using Periodic

Precipitation. ACS Omega 2020, 5, 7809–7814. [CrossRef] [PubMed]
3. Skorb, V.E.; Semenov, S.N. Mathematical Analysis of a Prototypical Autocatalytic Reaction Network. LIFE-BASEL 2019, 9, 42.

[CrossRef] [PubMed]
4. Abraham Morales-Vidales, J.; Alejandro Sandoval Salazar, S.; Jacobo-Fernández, J.M.; Tlahuice-Flores, A. Platonic Solids and

Their Programming: A Geometrical Approach. J. Chem. Educ. 2020, 97, 1017–1025. [CrossRef]
5. MacDougall, P.J.; Henze, C.E.; Volkov, A. Volume-rendering on a 3D hyperwall: A molecular visualization platform for research,

education and outreach. J. Mol. Graph. Model. 2016, 70, 1–6. [CrossRef] [PubMed]
6. Cass, M.E.; Rzepa, H.S.; Rzepa, D.R.; Williams, C.K. The use of the free, open-source program Jmol to generate an interactive web

site to teach molecular symmetry. J. Chem. Educ. 2005, 82, 1736–1740. [CrossRef]
7. Sweet, C.; Akinfenwa, O.; Foley, J.J. Facilitating Students’ Interaction with Real Gas Properties Using a Discovery-Based Approach

and Molecular Dynamics Simulations. J. Chem. Educ. 2018, 95, 384–392. [CrossRef]
8. Fisher, A.A.E. Developing the Chemist’s Inner Coder: A MATLAB Tutorial on the Stochastic Simulation of a Pseudo-First-Order

Reaction. J. Chem. Educ. 2020. [CrossRef]
9. Amabilino, S.; Bratholm, L.A.; Bennie, S.J.; Vaucher, A.C.; Reiher, M.; Glowacki, D.R. Training Neural Nets To Learn Reactive

Potential Energy Surfaces Using Interactive Quantum Chemistry in Virtual Reality. J. Phys. Chem. A 2019, 123, 4486–4499.
[CrossRef] [PubMed]

10. Martino, M.; Salvadori, A.; Lazzari, F.; Paoloni, L.; Nandi, S.; Mancini, G.; Barone, V.; Rampino, S. Chemical promenades:
Exploring potential-energy surfaces with immersive virtual reality. J. Comput. Chem. 2020, 41, 1310–1323. [CrossRef] [PubMed]

11. Goddard, T.D.; Brilliant, A.A.; Skillman, T.L.; Vergenz, S.; Tyrwhitt-Drake, J.; Meng, E.C.; Ferrin, T.E. Molecular Visualization on
the Holodeck. J. Mol. Biol. 2018, 430, 3982–3996. [CrossRef] [PubMed]

12. Bennie, S.J.; Ranaghan, K.E.; Deeks, H.; Goldsmith, H.E.; O’Connor, M.B.; Mulholland, A.J.; Glowacki, D.R. Teaching Enzyme
Catalysis Using Interactive Molecular Dynamics in Virtual Reality. J. Chem. Educ. 2019, 96, 2488–2496. [CrossRef]

13. Ferrell, J.B.; Campbell, J.P.; McCarthy, D.R.; McKay, K.T.; Hensinger, M.; Srinivasan, R.; Zhao, X.; Wurthmann, A.; Li, J.; Schneebeli,
S.T. Chemical Exploration with Virtual Reality in Organic Teaching Laboratories. J. Chem. Educ. 2019, 96, 1961–1966. [CrossRef]

14. Rodríguez-Guerra Pedregal, J.; Maréchal, J.-D. PyChimera: Use UCSF Chimera modules in any Python 2.7 project. Bioinformatics
2018, 34, 1784–1785. [CrossRef] [PubMed]

15. O’Connor, M.; Deeks, H.M.; Dawn, E.; Metatla, O.; Roudaut, A.; Sutton, M.; Thomas, L.M.; Glowacki, B.R.; Sage, R.; Tew, P.;
et al. Sampling molecular conformations and dynamics in a multiuser virtual reality framework. Sci. Adv. 2018, 4. [CrossRef]
[PubMed]

16. O’Connor, M.B.; Bennie, S.J.; Deeks, H.M.; Jamieson-Binnie, A.; Jones, A.J.; Shannon, R.J.; Walters, R.; Mitchell, T.J.; Mulholland,
A.J.; Glowacki, D.R. Interactive molecular dynamics in virtual reality from quantum chemistry to drug binding: An open-source
multi-person framework. J. Chem. Phys. 2019, 150, 220901. [CrossRef] [PubMed]

17. Goddard, T.D.; Huang, C.C.; Meng, E.C.; Pettersen, E.F.; Couch, G.S.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX: Meeting modern
challenges in visualization and analysis. Protein Sci. 2018, 27, 14–25. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.jchemed.9b01033
http://doi.org/10.1021/acsomega.9b03954
http://www.ncbi.nlm.nih.gov/pubmed/32309690
http://doi.org/10.3390/life9020042
http://www.ncbi.nlm.nih.gov/pubmed/31137534
http://doi.org/10.1021/acs.jchemed.9b00751
http://doi.org/10.1016/j.jmgm.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27639086
http://doi.org/10.1021/ed082p1736
http://doi.org/10.1021/acs.jchemed.7b00747
http://doi.org/10.1021/acs.jchemed.0c00051
http://doi.org/10.1021/acs.jpca.9b01006
http://www.ncbi.nlm.nih.gov/pubmed/30892040
http://doi.org/10.1002/jcc.26172
http://www.ncbi.nlm.nih.gov/pubmed/32058615
http://doi.org/10.1016/j.jmb.2018.06.040
http://www.ncbi.nlm.nih.gov/pubmed/29964044
http://doi.org/10.1021/acs.jchemed.9b00181
http://doi.org/10.1021/acs.jchemed.9b00036
http://doi.org/10.1093/bioinformatics/bty021
http://www.ncbi.nlm.nih.gov/pubmed/29340616
http://doi.org/10.1126/sciadv.aat2731
http://www.ncbi.nlm.nih.gov/pubmed/29963636
http://doi.org/10.1063/1.5092590
http://www.ncbi.nlm.nih.gov/pubmed/31202243
http://doi.org/10.1002/pro.3235
http://www.ncbi.nlm.nih.gov/pubmed/28710774

	Introduction 
	Hardware 
	Software Tools and Functionalities 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

