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Abstract 
A virtual reality (VR) experience and an interactive 360 degree video game about the orientation and 
sterilization modules of a stainless steel bioreactor (30L) in an university-level biomanufacturing lab 
were developed using Adobe Illustrator, Autodesk Maya, Unity3D with Playmaker, and HTC Vive. 
Oculus Quest headset will be used for the VR experience. Instructional design of a hybrid course is 
underway to incorporate the VR experience and/or video games into existing curriculum. This design is 
intended to increase the effectiveness, flexibility, and availability of the spaced-out repeated practices 
for the students, aiming to improve the entire learning experience. 

Biomanufacturing is a type of manufacturing that utilizes biological systems to produce commercially 
important products (e.g., alcohol, biofuels, vaccines, monoclonal antibodies, industrial enzymes, etc.) 
for consumer usages and industrial applications. As an interdisciplinary field incorporating chemical 
engineering, biochemistry and microbiology, biomanufacturing plays imperative roles in a variety of 
fields, such as food, beverage, pharmaceutical and health. The biomanufacturing processes can be 
divided into upstream (the manufacture of the products) and downstream (the recovery and purification 
of the products) with the bioreactor or fermentor as the key equipment. 

Steam-in-place (SIP), using pure steam for in-situ sterilization of the equipment (e.g., bioreactor and 
connections) and medium, is critical of biomanufacturing to reduce the risk of product contamination. 
The SIP operation is very complicated for first-time users, especially for students from non-engineering 
backgrounds. In addition, limited equipment availability, complicated lab preparation, long cycle time, 
high cost, and so on make it impossible to offer pre-lab studying, extra practice or post-lab review 
opportunities for students. Therefore, teaching hands-on SIP operation in a university-level 
biomanufacturing lab face great challenges. But having an online video game or VR option will greatly 
aid the students.  

Interactive video games allow users to view and interact with the objects on computers and create 
unique interactive experiences. Virtual reality (VR) further allows a simulated physical interaction with 
the objects and immersion experience, thus has been used in public education and workforce training 
in many fields (e.g., manufacturing, food science, biopharmaceuticals, automotive, and logistics). 
Recent advancement in VR technology has opened up new possibilities to exploit these valuable tools 
to further efforts to deliver biomanufacturing workforce training and education, particularly the bioreactor 
orientation and SIP operation labs. Comparing to the video game, VR gives more immersive visual 
environment experiences that more closely to the “hands-on” experience in the real word. 

The objective of this study is to design a VR experience together with an interactive 360 degree video 
game about the Bioreactor Orientation and SIP Operation, incorporating it into the existing 
biomanufacturing labs to create a hybrid lab, thus to solve the challenges faced during the existing 
curriculum and enhance student learning experience. 
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1 INTRODUCTION 
Biomanufacturing, an interdisciplinary field with thousands of years of history, utilizes biological systems 
(e.g. cells or other living microorganisms) to produce a range of commercially important products for 
both consumer usage and industrial applications [1] and plays important roles in diverse fields, from 
food and beverage to pharmaceutical and health. The upstream biomanufacturing processes (the 
bioprocesses to manufacture the products) with the key equipment (e.g. bioreactor or fermentor) are 
taught in a variety of university curricula. Biomanufacturing Training and Education Center (BTEC) at 
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North Carolina State University (NC State) provides unique hands-on academic education and 
professional training on the biomanufacturing, including the Upstream Biomanufacturing Laboratory , an 
undergraduate/graduate-level cross-disciplinary bioprocess laboratory course taken by students from 
BTEC, Department of Chemical and Biomolecular Engineering, Department of Food, Bioprocessing and 
Nutrition Sciences, and more at NC State. It is an introduction to current good manufacturing practice 
(cGMP) used by biomanufacturing industries. Students obtain practical experience on key 
microbiological techniques and processes and study bioreactor design and operation using 30 liters 
stainless steel bioreactors. The lab modules include bioreactor orientation, scale-up design, cleaning, 
media preparation, sterilization, and fermentation (batch and fed-batch growth) of a recombinant E. coli 
for the production of green-fluorescent protein (GFP). However, students experience extraordinary 
challenges in the hands-on lab training environment because the extreme complexity of the bioreactor 
system and operation procedures as well as factors such as limited equipment/material/supportive 
personal availability, long cycle time, and high cost make it impossible to offer preview, after-lab practice 
or make-up of a missing lab session. One-time lab exercise is not enough for students to comprehend 
such complicated bioreactor operations [2] while researches have shown that space-out repeated 
practices is important for knowledge retention [3]. In addition, students are so afraid of making mistakes 
that they tend to observe the instructors to demonstrate the operations instead of executing the 
procedures themselves, jeopardizing the goal of “hands-on” operation and learning objectives of this 
course.  

Both interactive video games [9] and virtual reality (VR) [10] have been used in education and workforce 
training in many fields such as manufacturing, automotive, logistics, and medicine. Video games allow 
users to view and interact with the objects on computers while VR creates unique immersive interactive 
experiences that more closely to the “hands-on” experience in reality and even present information not 
attainable in the real world by integrating the human motion. Through synthetic representations of 
physical spaces, objects, and interactive mechanisms complex procedures can be simulated [11]. The 
integration of VR systems is a cost effective solution in many cases [12], and provides a more natural 
way of learning compared to consuming other media such as videos or animation [13].Those 
technologies not only make a complex topic attractive to users but also increase flexibility and 
accessibility in education and training. Recent advancement in them makes it possible to deliver 
biomanufacturing workforce training and education in virtual environment and enhance student learning 
experience in the bioprocess labs, providing more flexible and accessible practices in the virtual 
environment.  

The aim of this project was to create an immersive experience of bioreactor in virtual reality and video 
games for students to have an easier time acclimating to the lab bioreactors and familiarizing with 
individual components and operation procedures prior to their first time with the bioreactor in class as 
well as reinforce the learning objectives by reviewing the lab modules in virtual environment after the 
labs. The video game and VR design focused on the Bioreactor Orientation and Steam-in-place (SIP) 
Operation lab modules because the bioreactor orientation is the fundamental exercise for students to 
become proficient with the essential components of a cGMP 30 L bioreactor and ancillary systems while 
the SIP operation is the most complicated lab with highest student failure ratio that also negatively 
affects the subsequent labs among all lab modules in the Upstream Biomanufacturing Laboratory 
course. The Bioreactor Orientation module includes modeling both the bioreactor and ancillary 
equipment (air supply system, jacket temperature control system, water and steam supply, etc.), while 
the SIP module create interactions with both the bioreactor and the control panel. Students can walk 
around the bioreactor in the virtual environment, identify key elements of the bioreactor, locate ancillary 
equipment, and operate the SIP procedure to sterilize the bioreactor.  

Simulated virtual bioreactors with focus on the fermentation production data simulation and prediction 
of the fermentation results have been used to teach fermentation process [3-5]. But our virtual bioreactor 
focused on bioreactor design and interactive operation aspects in virtual environment, which is a novel 
direction. To our knowledge, there has been no cGMP 30 L stainless steel bioreactor system built in 
virtual reality for bioprocess lab education and training.    

2 METHODOLOGY 
The virtual bioreactor environment design includes two phases: video game design with 3D modeling of 
the bioreactor and VR design of the bioreactor. The aim was to be accurate and accessible.  
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2.1 Video Game Design 
A 3D model of the bioreactor was first constructed in Autodesk Maya after thorough documentation of 
the unit through photographs of the unit from multiple angles, including documentation focused on each 
connecting pipe and label, as described in detail in previous publications [2]. During the model process, 
the photographs were also used to determine comparable size and color in an effort to make the model 
as accurate as possible. The interactive elements of the project was built using Unity and the Playmaker 
asset, based on the step progression of the lab module.[2]  

2.1.1 Video Game for SIP Operation Module 
The SIP, a in-situ sterilization of the equipment with pure steam, is critical to reduce the contamination 
during bioprocess [6]. It includes equipment heat-up, sterilization (maintaining minimum temperature 
121°C for a specified time), and equipment cool-down, interacting with the bioreactor control panel and 
dozens of valves, which makes it very challenging for first-time users.  

Through the interactive script in the video game, the user is able to prompt the touchpad of the bioreactor 
control panel in the same fashion that would be presented to them in the lab. Animations were also built 
into the model, causing the knobs to turn when prompted to simulate the actions that will be taken during 
the sterilization protocol. Indicators were added, highlighting which components were necessary for the 
user to proceed in the process. A label was also given to each manual valve involved in the SIP on the 
bioreactor (Figure 1), replicating the tags on each valve of the original bioreactor. These labels are used 
in the protocol, and familiarity with the labels will greatly help the process of following the sterilization 
protocol.  

 
Figure 1. Bioreactor SIP manual valve labels. 

An interface was built so that the user could easily reference the available controls, instructions, and to 
exit the program. The controls referenced include the navigation keys, selection tool, and a crouch 
feature that was added so that the bottom of the unit could be viewed more easily. The instructions 
update as the user progresses through each stage of the sterilization module. At any point during the 
process, the user can easily select the instruction button from the menu and follow the guidance for the 
next step. For aspects of the interface that were commonly missed by users, including the specific 
highlighted buttons on the bioreactor computer screen and valves on the back of the unit, arrows were 
added to provide further clarity.  
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2.1.2 Video Game for the Bioreactor Orientation Module 
After the sterilization interaction was complete, a separate orientation interaction was built. This section 
of the game focuses on labeling each key component of the bioreactor system, based on the Bioreactor 
Orientation lab module protocol. Labels for the main components of the bioreactor, as well as utility 
pipes and components of the ancillary equipment behind the bioreactor unit were included. A counter 
was also added to show the user how many labels they have left to reference before the game is 
complete. As the user selects each component, it is highlighted, and the label is shown above it  
(Figure 2). 

This interaction was built with the user of Unity’s box collider system. Since the shape of the model was 
intricate and largely centered in one area, the unit was divided into boxed sections. When the user 
hovers over each section, the section within the eye line of the user is prompted. The objects that served 
the greatest challenger were the numerous pipes in the middle of the unit, overlapping with each other 
in the line of sight of the viewer. To be certain of each pipe, it will be necessary for the user to circle the 
unit to get close to each pipe. Another challenge was the small valves surrounding the bottom of the 
device. To get a clear view of each selected piece, the user will need to crouch close to the valves. If 
selected from far away, the small prompts are easily triggered together.  

The script used to build the Orientation interaction will allow for further development, including a game 
that will require the user to label each piece individually instead of having the label shown to them. 

 
Figure 2. Video game design for Bioreactor Orientation module:  

the display in the game when selecting pressure relief outlet. 

2.2 VR design 
The VR design is conducted in HTC Vive and will later be modified to be compatible in the Oculus Quest, 
a new PC-free VR headset scheduled to release in 2019. A standalone all-in-one VR headset will 
provide more flexibility for students to check out the headset to practice. The game aspects built during 
the initial game design largely translate over to VR.  

The challenge of VR is to create an intuitive interface that allows the user to select prompts without the 
use of a mouse. Further research was done through other VR examples, to understand how interactive 
menus had been accomplished in previous VR projects. Those examples often had a separate screen 
prompt close out the VR environment and switch to a single menu screen, or had a menu that was 
prompted by a gesture from the user. For this project, the solution was to enable the user to cycle 
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through the menu with a button on the Vive-HTC controller. This would not interfere with the selection 
tool of the controller, but would still allow easy access.  

With the development of VR in the project, several components of the original game conflicted with the 
VR set up. This included any click based interactions and the camera built in Unity to provide the game 
visuals to the user. A VR camera setup was needed instead to properly scale the model to the HTC Vive 
headset. For click based interactions, the selection will instead be tied to the movement of the Vive 
controllers. Since this will be tied to the user’s hand movements, it will be a much closer replication of 
the real world interaction with the bioreactor screens. Users will have a clear concept of the scale of the 
monitor and how to interact with it. 

3 RESULTS 
Both the video game and VR allow students to preview and review the topic without time limitation, 
extensively interacting with the virtual environment.  

3.1 Final video games of the SIP and bioreactor orientation modules  
Figure 3 illustrates the final bioreactor model in the video game. The video game version of the SIP 
Operation (Figure 4 and Figure 5) and Bioreactor Orientation (Figure 6) modules now has a running 
model, which can release to students after further testing. The game is built as two separate Unity 
scenes, one for each module. The game following the SIP protocol runs the user through the sterilization 
process by interacting with both the simulated control panel and the valves on the bioreactor and 
ancillary system. The game following the Orientation module is able to help the user locate and 
familiarize with the parts of the key bioreactor components listed in the original lab module in reality. 
The current Bioreactor Orientation game only includes the tutorial mode, i.e. using instructions to learn 
each bioreactor component). The future version will include the competition mode, i.e. fulfilling the tasks 
related to bioreactor orientation. For example, the game randomly generates names of components for 
students to locate and whoever use the shortest time to find all components correctly will become the 
winner of the class to earn extra credit. 

 
Figure 3. Final bioreactor system model, including the bioreactor, control unit, ancillary equipment, 

 and utility pipes, in the video game 
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Figure 4. The SIP Operation game in Unity: a sample screen of the control panel at the beginning of 

the SIP procedure 

 
Figure 5. The SIP Operation game in Unity: a sample scene of the manual valves highlighted for 

interactions (Valves that need to take actions (close or open) on are highlighted in red and changed to 
green color once correct actions are completed.)  
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Figure 6. The Bioreactor Orientation game: a sample scene when the pumps are selected in the game 

3.2 Final VR of the SIP and bioreactor orientation modules  
VR gives more immersive virtual environment experiences compared to the video game. The Virtual 
reality (VR) uniquely allows the experience of physically interacting with the bioreactor, giving users a 
much clearer understanding of the scale of the unit, and how to move while proceeding through the 
protocols (Figure 7). In a VR environment, certain controls are no longer necessary. The user moves of 
their own free will, and can easily step closer to get a better look at the components, or crouch down to 
see pieces that are out of the line of sight. Overall, the VR experience gives a much closer experience 
to the actual bioreactor lab, and prepare them for the module before stepping into the bioreactor lab. 

The VR hand controls are used by the user to engage with the 3D space. While the game version uses 
the mouse click to simulate physical interaction with the unit, VR is able to simulate the depth of real 
world interaction. The experience of the touch screen monitor is replicated by touching the controller to 
the button on the screen. The user is also able to user movement to their advantage when selecting 
components within the bioreactor. 

The benefits of this project have been the ability for students to run through the bioreactor protocol 
multiple times if needed, without the use of lab resources, of the extensive amount of time it takes to run 
the full SIP protocol in the bioreactor lab. Prior to entering the lab, students have the ability to be 
comfortable with the protocol and the physical components of the bioreactor. The Orientation module 
familiarizes students with the many components they will be handling in the lab. This familiarization 
helps keep students from being intimidated by the unit, so that they can instead focus on the process.   
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Figure 7. The bioreactor system in virtual reality  

3.3 User experience feedback on the beta version  
A beta version of the game design was tested with current lab students and professionals in instructional 
design and media design from DELTA (Distance Education and Learning Technology Applications) at 
NC State. Students and professionals were impressed by the likeness to the physical lab, and showed 
interest in the implementation of the project. Several features of the game were included after the initial 
student feedback, including clearer signifiers and a crouch feature. 

A challenge of the implementation of the game is in its file size. Several students had difficulty accessing 
the game when provided by a web server do to lag. For both the video game design and the VR design, 
the student will need to have a simple way to access the file without processing issues due to internet 
lag.  

Further user experience testing of the final version of both the video game and VR will be completed in 
the summer of 2019 with the final project to determine the best option of accessibility for students, and 
how well the students are prepared for the lab after experiencing the game system.  

3.4 Hybrid lab curriculum design 
In order to convert the Upstream Biomanufacturing Laboratory into a hybrid lab providing both hands-
on lab experiences and virtual training in both the video game and VR for review and practice, the course 
map template and online syllabus template provided by NC State are used to conduct an instructional 
design, focuses on the following steps: develop and update the Course Objectives matching with 
Bloom’s Taxonomy [8], identify course Modules, develop Module Objectives (MO) and indicate course 
objective alignment to each module objective, list Learning Activities, and add Assessments. A website 
that hosts all virtual bioreactor training materials is designed in Wordpress (https://virtualbioreactor. 
wordpress.ncsu.edu/), including not only the video game and VR for the virtual bioreactor practice, but 
also instructional information about the learning objectives, lab safety, and a 360 degree virtual tour to 
the BTEC facility. Students can follow the instructions on the website to complete Bioreactor Orientation 
and SIP Operation lab modules at flexible time and flexible learning pace to preview, review and 
repeated practice of the lab exercises. The immersive virtual environment is expected to help students 
perform lab activities virtually, prior and/or after the real life hands-on biomanufacturing lab, helping 
them to retain the concepts and operations as well as practice repeatedly to minimize mistakes. The 
hybrid Upstream Biomanufacturing Laboratory will become available for students in the fall semester of 
2019.   

3.5 Future work  
To evaluate the benefits and drawbacks of the video game and VR on students learning experience, 
design of learning outcome assessment using both qualitative and quantitative assessment methods 
are underway and data will be collected from both students and instructional team during the future labs. 
These results will further help to improve the design of the bioreactor in virtual environment.  

The long term goal is to develop more interactive virtual biomanufacturing lab modules using video 
games, VR, augmented reality (AR) and other technologies to eventually create either a hybrid 
Upstream Biomanufacturing Laboratory course with all the lab modules available both in virtual 
environment and reality or a standalone online virtual biomanufacturing laboratory course. By adding 
fermentation process simulation features [3-5] to the current bioreactor setup, the virtual bioreactor can 
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expand from the macro-level bioreactor operation lab exercise to micro-level simulation of microbial 
pathway and fermentation production. 

4 CONCLUSIONS 
In order to overcome the challenges faced by the instructor and students in an university-level 
bioprocess laboratory and enhance student learning experience, a cGMP 30 L bioreactor in virtual reality 
and interactive video game for the Bioreactor Orientation and SIP Operation lab modules are 
successfully designed to supplement the existing hands-on lab exercises. This project creates an 
environment that aims to accurately represent the physical bioreactor lab, providing a novel solution for 
the challenges of the bioprocess lab curriculum, allowing students to gain experience using the unit 
outside of the classroom. User experience feedback data and assessment data will be collected to 
evaluate the effectiveness of the virtual lab option in the hybrid lab curriculum. Future plans include 
further developing more virtual bioprocess lab modules using video games and VR in both macro-level 
bioreactor operation and micro-level fermentation pathway. The virtual labs can be used in other 
biomanufacturing courses in diverse disciplines including but not limited to (bio)chemical engineering, 
food science, and environmental engineering, allowing students to preview/review the labs and even 
practice operation modules that cannot fit into the regular lab time due to constraints of time, money, 
and support personnel. It will increase the effectiveness, flexibility, and availability of the bioprocess 
education and training for the students, and thus improve the entire learning experience.  
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