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ABSTRACT. The study of insect morphology has recently benefited greatly from the 
emergence of new digital imaging and analysis technologies such as X-ray Micro-
computed tomography (μ-CT), digital 3D reconstruction, and animation. Through 
interactive gaming and virtual reality, the external morphology of insects can be studied 
by a broad audience of both entomologists and non-specialists. EntomonVR is a serious 
game designed to investigate the external morphology of insects with adequate quality 
for the virtual reality platform. In this research, we discuss the advantages of virtual 
reality, introduce the EntomonVR new educational game, and conclude about future 
perspectives, validations, and cost-effectiveness. We tested this game on 25 participants 
with an entomological background for assessment and improved it based on their 
feedback. This study demonstrates the efficacy of virtual reality technology for an 
experimental learning environment in teaching the morphology of insects and the 
crucial need for advancing an efficient and interactive educational program. 
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INTRODUCTION

Insect morphology was a burgeoning discipline in the 20th century, with eminent works by insect 
researchers at many institutions (Snodgrass, 1939; Matsuda, 1970). From the beginning of the 21st 
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century, entomologists have increasingly employed modern digital imaging, processing, and analysis 
techniques with the aim of generating detailed 3D reconstructions of specimens. The most prevalent 3D 
imaging technologies used by biologists are X-ray microcomputed tomography (Micro-CT) (Faulwetter 
et al., 2013; Garcia et al., 2017; van de Kamp et al., 2018) and photogrammetry (Nguyen et al., 2014; 
Gutiérrez-Heredia et al., 2015; Qian et al., 2015; Gontard et al., 2016; Sosa et al., 2016; Ströbel et al., 
2018). The emergence of 3D visualisation tools has further contributed to the availability of virtual 3D 
specimens. Experiential learning is probably the most important method in the process of 
entomological education (Campo & Dangles, 2020). While it is based on physical specimens, hands-on 
experiments for students are generally rare. Virtual Reality (VR) is a cutting-edge technology that 
facilitates experiential learning (Piovesan et al., 2012) by allowing interaction with a simulated virtual 
world (Hamrol et al., 2013; Zilverschoon et al., 2017). A Virtual World is an artificial world made up of 
interactive graphical 3D models. This environment is accompanied by immersive visualisation 
techniques and tools for interaction and manipulation instantly in this artificial world (Bergmann et al., 
2017; Jensen & Konradsen, 2018). Virtual reality systems come in many different types, for example, 
commercial and business systems available to the public, or more advanced systems that only some 
research centres and large companies have access to (Jensen & Konradsen, 2018). 

Many educational programmes employ virtual reality technologies to overcome the limitations of 2D 
content in education and provide appropriate content for professional practice (Calvelo et al., 2020; Cao & 
Cerfolio, 2019; Cassidy et al., 2020; Ferrell et al., 2019). The interactive computer-generated experience can 
educate students by displaying things that are difficult or even impossible to observe, such as 
microscopic objects or the behaviour of organs in biological systems. This allows users to interact with an 
otherwise inaccessible environment in real-time. Additionally, virtual reality can be beneficial in education 
and learning for people with lower visual-spatial abilities (Cui et al., 2017; Molina-Carmona et al., 2018). 

In this study, we designed an interactive VR game in the field of entomology to provide an 
intuitive and attractive tool for students in the field of biology to enhance the learning experience. 
EntomonVR will be a useful tool for specialists and the non-specialist community. This allows experts 
to better investigate the external anatomy of insects and will be a visually striking and knowledge-
based representation of insects in the virtual world for non-specialists. It also allows curators and 
communication programme coordinators in natural history museums to share informative 3D insects 
with students and the public. 

MATERIAL AND METHODS 
Hardware. The game framework uses the Oculus Rift CV1 headset to create a user environment in a 3D 
space for interaction within game activities. Technical specifications of the computer system for testing 
in the project were as follows: An Asus Rog G20BM mini-tower PC with a 770k Quad Core processor 
3.50 GHz, Graphic Card Asus PH-GTX 1050 TI, and 16 GB RAM. 
Species 3D data availability. Details for each 3D data used on this platform are given in Table 1. The 
Micro-CT images were reconstructed in FEI Amira 6.1 software (Amira Software, 2016). In Amira, the 
polygon of the models was generated by the Isosurface plugin and Extract surface tools. Afterwards, 
the extracted models were imported into MeshLab software (Cignoni et al., 2008) for post-processing. 
The post-processing steps followed the method of Garcia et al. (2017) and subsequently, reassembling 
was done in Blender 2.82 software (Blender3D software, 2018). To optimise the models for the best 
performance and adequate details, 3D models with different ranges of polygons were developed  
(Fig. 1). The 3D models reconstructed from CT volumes were painted based on their surface reference 
colour with Vertex-Paint in Blender 2.82 (Fig. 2) (Pasandideh Saqalaksari & Talebi, 2018). 
Game development. Using the Unity3D 2018 game engine, the EntomonVR game was developed in the 
early prototype stage in which the player makes a journey through a designed level and interacts with 
different species. The digital 3D surface models were designed with Blender; the images were created 
with Adobe Photoshop CC 2018 (Adobe Photoshop software,  2018).  
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Table 1. List of insect data used in the Basic version of EntomonVR. 
Scientific Name Family Order reference Shown in Data 

Types 
Aleiodes arnoldii Braconidae Hymenoptera Pasandideh Saqalaksari et al. (2020) Supplementary data1: Fig. S.1 Micro-CT  

Hormius moniliatus Braconidae Hymenoptera Pasandideh Saqalaksari et al. (2020) Supplementary data1: Fig. S.2 Micro-CT  

Macrocentrus bicolor Braconidae Hymenoptera Pasandideh Saqalaksari et al. (2020) Supplementary data1: Fig. S.3 Micro-CT  

Gromphadorhina portentosa Blaberidae Blattodea (Lösel et al., 2020) Supplementary data1: Fig. S.4 Micro-CT  

Strumigenys anorak Formicidae Hymenoptera Sarnat et al. (2019) Supplementary data1: Fig. S.5 3D Mesh 

Strumigenys artemis Formicidae Hymenoptera Sarnat et al. (2019) Supplementary data1: Fig. S.6 3D Mesh 

Strumigenys avatar Formicidae Hymenoptera Sarnat et al. (2019) Supplementary data1: Fig. S.7 3D Mesh 

Strumigenys gunter Formicidae Hymenoptera Sarnat et al. (2019) Supplementary data1: Fig. S.8 3D Mesh 

Strumigenys oasis Formicidae Hymenoptera Sarnat et al. (2019) Supplementary data1: Fig. S.9 3D Mesh 

Strumigenys parzival Formicidae Hymenoptera Sarnat et al. (2019) Supplementary data1: Fig. S.10 3D Mesh 

Anthaxia nitidula Buprestidae Coleoptera Ströbel et al. (2018) Supplementary data1: Fig. S.11 3D Mesh 

Carabus auronitens Carabidae Coleoptera Ströbel et al. (2018) Supplementary data1: Fig. S.12 3D Mesh 

Cicindela campestris Carabidae Coleoptera Ströbel et al. (2018) Supplementary data1: Fig. S.13 3D Mesh 

Cryptocephalus sericeus Chrysomelidae Coleoptera Ströbel et al. (2018) Supplementary data1: Fig. S.14 3D Mesh 

Typhaeus typhoeus Geotrupidae Coleoptera Ströbel et al. (2018) Supplementary data1: Fig. S.15 3D Mesh 

Tytthaspis sedecimpunctata Coccinellidae Coleoptera Ströbel et al. (2018) Supplementary data1: Fig.S.16 3D Mesh 

Formica sp. Fromicidae Hymenoptera Richter et al. (2020) Supplementary data1: Fig. S.17 Micro-CT  

Evaniella semaeoda Evaniidae Hymenoptera Zimmermann and Vilhelmsen (2017) Supplementary data1: Fig. S.18 Micro-CT  

Gasteruption tarsatorius Gasteruptiidae Hymenoptera Zimmermann and Vilhelmsen (2017) Supplementary data1: Fig. S.19 Micro-CT  

Neoplatyura modesta Keroplatidae Diptera Taylor et al. (2020) Supplementary data1: Fig. S.20 Micro-CT  

Pison Chilense Crabronidae Hymenoptera Zimmermann and Vilhelmsen (2017) Supplementary data1: Fig. S.21 Micro-CT  

Sapyga pumila Sapygidae= Hymenoptera Zimmermann and Vilhelmsen (2017) Supplementary data1: Fig. S.22 Micro-CT  

Stigmatomma pallipes Formicidae Hymenoptera Zimmermann and Vilhelmsen (2017) Supplementary data1: Fig. S.23 Micro-CT  

Orthogonalys pulchella Trigonalidae Hymenoptera Zimmermann and Vilhelmsen (2017) Supplementary data1: Fig. S.24 Micro-CT  

Pristaulacus strangaliae Aulacidae Hymenoptera Zimmermann and Vilhelmsen (2017) Supplementary data1: Fig. S.25 Micro-CT  

Afterwards, the model has been exported to Unity3D (Unity Software, 2018). C# programming 
language was used to create the EntomonVR. The information such as 2D images and features 
description was gathered from different repositories and references (Beutel & Leschen, 2016; Bolton, 
1994; Yoder et al., 2010). An overview of the morphological characters of some insects examined in this 
study has been demonstrated in Figures 3–5. The current framework was developed through a series of 
interviews with students and scientific staff. All interested groups understood the concept and issued 
specific requirements like intangible characters and simple UI to facilitate the operations. Students with 
an entomological background were selected for preliminary tests. These volunteers provided their 
feedback about the game to the technical team for the necessary development. 
Prototype assessment. To evaluate and improve the EntomonVR game, 25 participants (10 males, 15 
females with an age range of 21 to 30 years old) with entomological knowledge from Tarbiat Modares 
University, University of Tehran, Shahid Beheshti University and Guilan University were asked to play 
the game and to complete the post-study questionnaire about their experiences. Three of the 25 
participants had previous VR gaming experience. The participants completed an integrated 
questionnaire about their perceptions of the technology, object reality, and scientific information as 
feedback for possible improvements of the game-based framework. The questionnaire consisted of 30 
questions based on a 5-star rating (Supplementary data 2). 

https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
https://zenodo.org/records/11082316
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https://zenodo.org/records/11090208
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Figure 1. Surface rendered with different range of polygons for optimisation in virtual reality platform.  
A. Aleiodes arnoldii Tobias, 1976 (Hymenoptera: Braconidae); B. Sapyga pumila Cresson, 1880 (Hymenoptera: 
Sapygidae); C. Pristaulacus strangaliae Rohwer, 1917 (Hymenoptera: Aulacidae). 

 
Figure 2. Hormius Moniliatus Nees, 1811 (Braconidae: Hormiinae) presented as an optimised 3D mesh 
model for virtual reality. A. Volumetric surfaces rendered model and B. Vertex painted colorised model 
from standard specimen images. 
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Figure 3. Details in 3D model of Aleiodes arnoldii Tobias, 1976 (Braconidae: Rogadinae). A. Lateral 
habitus; B. Thorax lateral view; C. Head frontal view; D. Head lateral view; E. Abdomen lateral view. 
Abbrevations: ARI, antennal rim; ATP, anterior tentorial pit; BTA, basitarsus; CEY, compound eye; Cox, 
coxa; CLY, clypeus; ESU, epistomal sulcus; FC, face; FEM, femur; FR, frons; GEN, gena; LAA, lateral 
axillar area; LAB, labium; LML, lateral mesoscutal lobes; MES, mesepisternum; MML, median 
mesoscutal lobe; MND, mandible; MPF, metanotal propodeal fissure; MSO, mesonotum; MSP, malar 
space; MTN, metanotum; OCA, occipital carina; OCL, ocellus; OSU, ocellar suture; PNO, pronotum; 
PPO, propodeum; PSF, parascutal flange; RAD, radicle; S3–S7, abdominal sterna 3–7; SCP, scape; T1+2, 
abdominal tergum 1+2; T3–T8, metosomal tergum 3-8; TEG, tegula; TIB, tibia; TRO, trochanter; TRU, 
protrochantellus; TSP, tibial spore. 
 

RESULTS 

The EntomonVR is available for free on Mendeley Data (https://doi.org/10.17632/jfx5zsypxf.1) and is 
compatible with all VR headsets. EntomonVR allows users to experience 3D models of insects. The 
current version features 25 species from four different orders of insects (Table 1). The virtual 
entomology lab was implemented, where models of all 25 species were placed and users select which 
species to look at using the specimen selector button. The models can be grabbed using the controller, 
scaled and moved around individually (Fig. 6A). For getting a good overview of body parts, info-boxes 
have been set for each body segment to show information about each part in the virtual tablet (Fig. 6B).  

https://data.mendeley.com/datasets/jfx5zsypxf/2
https://doi.org/10.17632/jfx5zsypxf.1
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Figure 4. Details in 3D model of Cicindela campestris Linnaeus, 1758 (Coleoptera: Carabidae, 
Cicindellinae); A. Whole body, frontal view; B. Whole body, dorsal view; C. Head, lateral view. 
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Figure 5. Details in 3D model of the head Formica sp. (Hymenoptera: Formicidae). 

By scaling the models, the smaller characters appear with info-rings. Users can interact with these and 
view related information on the tablet (Fig. 6C). For navigation in the virtual lab, a new teleport 
navigation scheme is selected with hand controllers, the VR-controller joystick (Fig. 7) and during this 
process, a green arc is displayed that enables movement to the desired point in the environment (Fig. 6D). 
A video demonstrating the features and user guide of EntomonVR is available from the online version of 
this article on YouTube. The majority of participants had no experience in VR gaming which led to the 
development of a tutorial guide. Three participants had previous VR gaming experience in the VR clubs 
and the 23 other participants encountered problems with the game and performed with technician 
assistance. 

Overall, all the answers were within the high score that 33.75% of the answers were five stars, 30.56% 
of the answers four stars, 14.72% of the answers three stars, 2.78% of the answers two stars and 1.11% of 
the answers were one star. This means that volunteers were attracted to the framework, and they 
provided our research team with some suggestions for colouring the insect models, adding more insects 
from different orders to the game, and more interactable insect elements (such as internal organs and 
parasitic organisms). Moreover, adding instructions in the gameplay and tutorial level to familiarise with 
the VR technology were suggested and some participants suggested the Q & A step in the game. The 
majority of the participants were happy with the game-based framework and believed it perfectly 
showed the insect body parts. Two participants wanted to make storyboards for upcoming developments 
and an entire game scenario. The academic staff stated that students would be excited about the use of 
virtual reality within the laboratory setting. 50% of the participants stated the option to interact with 
different parts of each insect increased the quality of learning noticeably. They also provided ideas for 
further development of specific game challenges. 

https://youtu.be/sP2gGsmjxqo
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Figure 6. Screenshots demonstrate the EntomonVR app. The EntomonVR is available for free on 
Mendeley Data and is compatible with all VR headsets. A video demonstrating the features and user 
guide of EntomonVR is available in the online version of this article (Supplementary data 3) and on 
YouTube. A. 3D view of the cyber specimen; B. InfoSet and InfoRing are demonstrating the 
morphological characters; C. Virtual tablet displaying characters images and related information; D. 
The teleporter in the virtual lab. 

 
Figure 7. Illustration of the VR controller buttons with different functions (Oculus Touch Controller). 
https://zenodo.org/uploads/11081014 - suppl. 01 

https://doi.org/10.17632/jfx5zsypxf.1
https://zenodo.org/records/11090232
https://youtu.be/sP2gGsmjxqo
https://zenodo.org/uploads/11081014
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DISCUSSION 
With the increasing expansion of virtual reality headsets and VR learning games, EntomonVR provides 
a new option for virtual reality learning to immerse users in touch, feel the insect's body and get to 
know more about these organisms. Interaction is an integral part of game-based learning for students 
with varying intractable objects (Plass et al., 2015). Along with the significant improvement of game 
engines such as Unreal Engine and Unity3D, more appropriate tools are available for developers to 
create convenient and stable virtual environments. Traditional methods used in entomological 
education and learning are associated with some potential issues as they can provide a limited 
understanding obtained from oral lectures and restricted anatomical dissection (Leonard & Penick, 
2000). 3D reconstruction and modelling have enabled us to visualise structures from different 
viewpoints, change the size, and annotate explorative details and thus have opened up a new view for 
education (Brenton et al., 2007). In this study, these issues are overcome by innovative imaging 
technologies involving micro-computed tomography and other three-dimensional visualisation 
methods. By changing to the utilisation of 3D technologies in learning, it is also becoming necessary to 
align these technologies to accepted assessment methods (Bogomolova et al., 2021). While the shift in 
education has transposed from a two-dimensional nature to three-dimensional methods, there is a need 
to change assessment methods in a parallel direction and proceed towards using three-dimensional and 
emerging technologies. Virtual reality can deliver real-world experiences into any place like schools, 
homes or social centres (Dorward et al., 2017). The results show that EntomonVR can be used by 
entomology students to recognise and understand the structures and characters, enabling them to 
obtain knowledge and better understand insect morphology by interacting within a virtual world. 
Among other advantages, this immersive technology provides the possibility to modify sizes in virtual 
space, whereas this would be impossible to accomplish in reality (Johnston et al., 2018). The decrease in 
the number of vertices and faces in a 3D model is based on the reduction level that is the reduced 
percentage of vertices (Low & Tan, 1997). The purpose of this work is to prepare 3D scanned models for 
virtual reality and game engines. The proposed method significantly reduces the size of the model by 
maintaining the topology with high accuracy of faces. The reduction in the number of polygons in the 
models with sculpted surfaces is evident at high levels and causes the loss of some delicate structures 
such as setae and ommatidia. Nevertheless, in the models with smooth surfaces, this reduction can be 
achieved up to high levels with the minimal amount of loss of details. 

Many methods for the 3D digitisation of insect specimens have been developed, for example, based 
on multiple photography (Ströbel et al., 2018) and computed tomography (Greco et al., 2008). Both 
approaches have some advantages and disadvantages. 3D reconstruction using photogrammetry 
obtains both shapes and textures simultaneously, but it is challenging to reconstruct concave structures 
(Nguyen et al., 2014). Computed tomography provides full anatomy accurately even if a specimen has 
concave structures (Greco et al., 2008). However, X-ray imaging cannot process surface colours, and 
surface texturing is a difficult action. Adding colour to 3D models can improve the engagement of the 
non-scientific audience and even researchers. Ijiri et al. (2018) presented a technique for digitising 
insects by combining Micro-CT scans and photogrammetry to create 3D textured models. Although 
360-degree image-based techniques are suggested, using these methods for hymenopteran winged 
specimens reveals obvious drawbacks described by Ströbel et al. (2018). Therefore, in this study, the 
vertex-paint method was used and the participants found it satisfactory. 

Despite difficulties with controllers, game-based learning is supported by initial users and a list of 
comments for improvement of insect realistic elements is suggested (Supplementary data 2). Special 
interactions need new types of user interfaces. In this study, the specimen selector button was 
implemented to show the 3D models in the virtual lab and virtual tablet to browse the information of 
each character. We recommend using real-world interaction plans such as VR gloves and haptics in the 
VR environment to make the user's learning process more comfortable. Virtual reality (VR) offers a 
range of new opportunities, particularly in the field of studying 3D cyber-specimens. The use of VR 
models, such as those of braconid wasps, can greatly enhance understanding of insect anatomy 
through precise and visually engaging representations. Additionally, the VR software can be utilised 

https://zenodo.org/records/11090208
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for educational and training purposes. This study illustrates the significant impact that advancements 
in computer graphics technology are currently making and will continue to have on insect science. 
There are plans to further develop EntomonVR into a virtual insect laboratory, featuring a wider range 
of species and disciplines. VR headsets are powerful tools for visualizing 3D objects, providing high-
quality and engaging scientific visualization. 
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فناوري مطالعه ریخت  چکیـده:  از ظهور  اخیراً  تصاویر  هاي جدید تصویربرداري دیجیتال و تجزیه  شناسی حشرات 
از  .  است  مند شدهبهره   پویانمایی، بازسازي دیجیتال سه بعدي و  (μ-CT) اي اشعه ایکسریز رایانه  نگاري برش مانند  

بازي  مجازي،  طریق  واقعیت  و  تعاملی  می   شناسیریختهاي  گسترده خارجی حشرات  مخاطبان  توسط  از  تواند  اي 
غیر حشره و  گیردشناسان  قرار  مطالعه  مورد  بازي   EntomonVR.  متخصصان  براي   جدي   آموزشی  یک  که  است 

براي    شناسیریختبررسی   مناسب  کیفیت  با  است  سکوي خارجی حشرات  طراحی شده  مجازي  این .  واقعیت  در 
و در   نمودهرا معرفی   EntomonVR ، بازي آموزشی جدیدقراردادهبحث  را مورد  مزایاي واقعیت مجازي    ماپژوهش،  

  با استفاده از  آموزشی  این بازي .  کنیم گیري می هاي آینده، اعتبارسنجی و مقرون به صرفه بودن نتیجهمورد دیدگاه
با پیش شرکت   25 بازخورد    گرفتقرار  ارزیابی  مورد  شناسی  زمینه حشرهکننده  . ارتقا داده شد  ،کاربران و بر اساس 

براي یک محیط یادگیري تجربی در آموزش    پژوهشاین   حشرات و    شناسیریختکارایی فناوري واقعیت مجازي 
 .دهدنیاز اساسی به پیشبرد یک برنامه آموزشی کارآمد و تعاملی را نشان می 

 اي، واقعیت مجازي، تجسم نگاري ریز رایانهبرششناسی حشرات،  آموزش، ریخت   : کلیدي   واژگـان 
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