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Abstract: The intricate design of real complex injection molds poses significant challenges. Mold 12 

design validation often falls to operators with tool-handling experience but limited CAD profi-13 

ciency. Unlike other industries, injection mold fabrication's scale and costs hinder prototyping be-14 

fore production. Virtual Reality (VR) emerges as a revolutionary solution offering a safe, immersive, 15 

and realistic experience and accessible using QR codes. This paper presents a new multimodal vir-16 

tual environment tailored to validate mold design complexities. Integrating knowledge-enriched 17 

visual tools like interactive 3D models and dynamic visualizations enable users to explore complex 18 

mold designs. Statistical analyses, including the Wilcoxon test, unveil significant differences in in-19 

terference detection, internal topology tracking, and validation of assembly and disassembly acces-20 

sibility for both small and large mold components when comparing validation conducted through 21 

traditional means using solely CAD systems versus the utilization of multidimensional validation 22 

methods. Efficiency gains in using VR devices for mold design validation in a hybrid environment 23 

in the analysis of relative frequencies. The present study surpasses the state of the art illustrating 24 

how VR technology can substantially reduce manufacturing errors in injection molding processes, 25 

thereby offering important advantages for manufacturers emerging as an essential tool for this im-26 

pact industry in the next years. 27 
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 29 

1. Introduction 30 

Plastic injection molding is currently the most widespread plastic transformation 31 

process globally, being crucial in the manufacturing of a wide range of consumer prod-32 

ucts. It is estimated that more than 70% of these products include components produced 33 

using this technology [1]. In 2020, the global injection molded plastic market reached 34 

$265.1 billion, with a forecast annual growth of 4.6% until 2028 [2]. This production pro-35 

cess is distinguished by its rigorous specifications, demanding resistant and long-lasting 36 

tooling to guarantee the production of high-quality parts in an optimal time. The geomet-37 

ric complexity of plastic parts manufactured by injection molding, with free shapes, clips, 38 

bosses and stiffeners, implies challenges in demolding, requiring sophisticated mechani-39 

cal systems composed of multiple pieces of various materials that must function in a syn-40 

chronized manner [3]. Furthermore, given the high pressure during the process, molds 41 

usually divide the cavity into interchangeable parts to avoid deformations in small part 42 

details due to bending stresses that would require changing the entire cavity [4]. In the 43 

field of plastic part manufacturing, molds play a crucial role, comprising various fixed 44 

and movable components [5]. This complexity demands a thorough understanding and 45 
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detailed examination of both internal and external surfaces within the assembly, which 46 

poses challenges in design and review validation. Additionally, manufacturing injection 47 

molds involves significant costs and lengthy production times, which limit prototyping 48 

options before mass production [6]. Validating design injection molds is a critical process 49 

that ensures the accuracy and functionality of the mold before widespread use [7]. The 50 

globalization of injection mold manufacturing further complicates this issue, as molds are 51 

often designed in different countries, requiring comprehensive design reviews to prevent 52 

communication breakdowns during production. Furthermore, ensuring there is no inter-53 

ference among mold components is crucial to prevent damage during manufacturing and 54 

maintain the quality of the parts [8-10]. Validation of assembly and disassembly, along-55 

side component arrangement within the mold, is essential to the design and manufactur-56 

ing process [11]. A poorly designed or difficult-to-disassemble mold can increase injection 57 

machine downtime and impede production line efficiency. Ensuring accessible mold com-58 

ponents for inspection, maintenance, and repair is vital, especially for critical elements 59 

like ejection mechanisms. Improper assembly or layout can increase the risk of premature 60 

mold damage or wear, leading to costly downtime and a shortened mold life. Thus, pri-61 

oritizing accessibility and implementing efficient maintenance procedures are crucial for 62 

optimizing mold performance and minimizing production disruptions [12]. 63 

Virtual Reality (VR) has emerged as a promising tool for revolutionizing the valida-64 

tion process of injection molds [13]. By creating immersive virtual environments that ac-65 

curately replicate mold operations, VR enables users to visualize and analyze internal 66 

components with exceptional precision [14]. It has therefore been decided to share the 67 

experience through dissemination channels with access via QR codes. This resource sub-68 

stantially improves the interpretation of the CAD model and its operation. Therefore, dif-69 

ferent operators will be able to access in an immersive and intuitive way through the 70 

aforementioned VR resource for the compression of the mould, identification of problems 71 

and facilitating their information by accessing in an easy way. Moreover, VR provides a 72 

safe testing environment, resulting in significant cost and time savings compared to tra-73 

ditional methods [15]. In contrast to the limitations of Computer-Aided Design (CAD) 74 

programs, VR offers a more intuitive and dynamic experience. While 2D and 3D CAD on 75 

screens have been widely used, they often fall short in functional and ergonomic valida-76 

tion [16]. CAD software lacks the intuitive interface necessary for users without CAD or 77 

computer science experience [17, 18, 19]. Conversely, VR introduces innovative possibili-78 

ties for data interaction, enabling engineers to visualize projects in 3D and gain deep in-79 

sights into their functionality. Interactive assembly and disassembly simulations facili-80 

tated by VR simplify the comprehension of complex processes [20]. This capability allows 81 

engineers to engage with their designs more effectively, leading to improved understand-82 

ing and optimization of mold functionalities. 83 

For highly complex injection molds, particularly those with over 300 components, 84 

depending on interactivity within VR environments may prove inadequate. Exploring ad-85 

ditional methods is essential when addressing mold designs, as VR, while promising, may 86 

have limitations, especially with complex designs. Therefore, designing multimodal envi-87 

ronments tailored to mold complexities is crucial for achieving effective outcomes. One 88 

approach involves creating multiple scenarios analyzing various design and functionality 89 

aspects. Integrating knowledge-enriched visual tools is vital for deeper understanding. 90 

Recognizing VR's limitations highlights the need for a comprehensive approach [21]. 91 

Tools like interactive 3D models and dynamic visualizations enable users to explore de-92 

signs, identify issues, and experiment with solutions. This holistic approach is essential 93 

for meeting the multifaceted comprehension requirements of highly complex injection 94 

mold designs. 95 

Several researchers have made contributions to understanding and applying virtual 96 

reality in various industrial contexts. Their studies explore the use of virtual prototypes 97 

for various applications, such as product communication, feature evaluation and factory 98 
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planning. For instance, Bordegoni et al [22] investigated the use of virtual prototypes, in-99 

corporating visual, haptic, and acoustic elements, as an alternative to physical prototypes 100 

for communicating new products and assessing their features. Ferrise et al. [23] conducted 101 

case studies on interactive virtual prototypes that replace physical models in conceptual-102 

ization and product design activities. In the context of factory planning, Gebhard et al. 103 

[24] developed a VR application that facilitates factory design through realistic tours in 104 

digital models. On the other hand, Sampaio et al. [25] focused on creating virtual models 105 

to support decision-making in construction management and maintenance. Lastly, Boton 106 

[26] proposed the inclusion of the construction process in 4D models for constructability 107 

analysis. By contextualizing these studies within the broader landscape of VR applica-108 

tions, it becomes evident that VR technology holds significant promise for various indus-109 

trial processes, including those within the injection molding sector. However, despite 110 

these advancements, there remains a notable gap in research regarding the direct applica-111 

tion of VR to the geometric and functional validation of complex injection molds. To date, 112 

the only recognized study in the domain of injection molding is the research conducted 113 

by Sun et al. [27]. Their work concentrates on developing a virtual training simulation 114 

platform for injection molding machines, aimed at enhancing safety through comprehen-115 

sive training programs. Unfortunately, this study focuses only on training for injection 116 

machines, neglecting considerations related to mold tooling. 117 

Given the highlighted gaps, there is a clear absence of research focusing on the com-118 

prehensive validation of design injection molds, surpassing the limitations of conven-119 

tional CAD systems. The influence of specific parameters on the validation processes, as-120 

sessed through quantitative statistical analysis with expert involvement, remains largely 121 

unexplored. This presents an area with significant potential for advancing understanding 122 

and refining injection mold manufacturing processes, especially given the anticipated im-123 

pact of this technology in the future. This underscores the need for further exploration 124 

and innovation, particularly in leveraging VR to address the complex challenges inherent 125 

in mold design validation and production efficiency. Despite existing literature and re-126 

views, significant research gaps persist regarding the application of VR in industrial con-127 

texts [28-29]. The research presented in this paper surpasses the state of the art aiming to 128 

bridge this gap by evaluating the effectiveness of multidimensional CAD-virtual valida-129 

tion methods compared to traditional CAD systems. Through animated VR representa-130 

tions, the research enhances comprehension and validation of mold functionality, demon-131 

strating its capability to streamline processes effectively. The objective is to showcase the 132 

efficiency enhancements achieved through VR devices in mold design validation, com-133 

pared to conventional CAD methods. Ultimately, the goal is to illustrate how VR technol-134 

ogy can substantially reduce validation times and manufacturing errors in injection mold-135 

ing, thereby offering transformative advantages for manufacturers and emerging as an 136 

essential tool in the industry. 137 

2. Materials and Methods 138 

This research work focuses on addressing the application of novel VR techniques and 139 

tools, compared to the traditional use of CAD tools in the field and industrial sector of 140 

plastic injection molds. Through this research, we delineate the disparities and parallels, 141 

along with the advantages and drawbacks, arising from the comparison between tradi-142 

tional techniques used in the industrial sector of injection molds and the application of 143 

new VR tools. The presented work specifically focus on significant areas such as CAD 144 

geometric design, comprehensive analysis of assembly functionality, detection of design 145 

flaws and component interferences, and validation of assembly and disassembly opera-146 

tions within injection mold processes. This section provides a complete description of the 147 

implementation and development process of the proposed methodology. 148 

Presently, there exists an extensive array of commercial software designed to inte-149 

grate and operate with VR devices and technology. However, their compatibility and in-150 

tegration with CAD-type tools remain limited. Generally, VR tools lack support for CAD 151 
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file formats and offer restricted interaction with 2D and 3D geometric entities and opera-152 

tions. That is why, for the methodology proposed in this manuscript, the free software 153 

Blender 4.0 is used as an intermediate resource to the commercial software Aurora VR 154 

[30] (see Figure 1) as a link between the VR environment and operations and the geometric 155 

entities modelled in the CAD environment. Aurora VR does not allow importing indus-156 

trial components and assemblies in CAD format into the VR environment directly. With 157 

this in mind, a series of operations are available that allow the user to interact with the 158 

imported geometry, including: cutting plane, rotation/translation movements in space, 159 

scaling, annotation, measurement and animation (refer to Figure 2). On the other hand, 160 

for the 3D CAD modelling of the components analyzed in this manuscript, the commercial 161 

software CATIA V5 R21 [31] has been used. The VR integration in this methodology em-162 

ploys HP Reverb G2 VR glasses and a VR-ready GPU-equipped PC (Core i5, 3.60 GHz, 163 

and 16 GB RAM), as illustrated in Figure 3. 164 

 165 

Figure 1. Definition of the VR software used. 166 

 167 

Figure 2. VR Aurora work environment. 168 
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 169 

Figure 3. CAD – VR devices and environment. 170 

2.1. 3D CAD Modelling 171 

The advancement of commercial 3D CAD modeling software has progressed along-172 

side the evolving demands of various engineering sectors. However, the integration of VR 173 

technology, which is currently experiencing rapid growth, with 3D CAD geometric mod-174 

eling processes still faces significant technical challenges. One of the primary obstacles is 175 

the format incompatibility between CAD geometric files and their integration into VR en-176 

vironments or software. To avoid this, all the 3D CAD models analysed in this research 177 

were transformed from CATIA V5 R21 to STL format (STereoLithography - Standard Tri-178 

angle Language). This STL meshing or faceted format allows the topology of the compo-179 

nents to be preserved without influencing the precision or geometric details of the com-180 

ponents. Next in Blender 4.0 we will export to *.GLB format adapted and compatible with 181 

the Aurora VR Software tools Figure 3. 182 

The methodology detailed in this manuscript aims to establish a multidimensional 183 

environment utilizing interactive VR technology. Its objective is to enhance and stream-184 

line the recognition and comprehension of injection mold design through various visual-185 

ization tools. These tools assist in detecting interferences between components, identify-186 

ing design errors, and providing support for assembly, disassembly, and maintenance 187 

operations. 188 

To accomplish this objective, the manuscript presents 3D CAD models of three injec-189 

tion molds used in industrial plastic part manufacturing for the automotive industry. As 190 

shown in Figure 4, these molds display design errors and interferences among their com-191 

ponents. In the industrial sector of injection molds, maintaining a safety distance between 192 

all mold components and systems is a critical design requirement. For example, complex 193 

elements of the cooling system often fail to meet the minimum safety distance, or elements 194 

of the ejection system may interfere with certain main mold plates. 195 

Conducting these inspections in a CAD environment is laborious and time-consum-196 

ing for designers. Moreover, the complexity of conventional injection mold mechanisms 197 

and components is substantial, and 3D CAD modeling environments lack real-time visu-198 

alization and interaction operations with three-dimensional models, hin-dering compre-199 

hensive design understanding. Figure 4 shows examples of common errors made during 200 

the design of the main elements and systems of the injection mold. Two main design errors 201 

were identified. On the one hand, the minimum safety distance, Dsafety (see Figure 4), is 202 

not maintained between the components of the injection mold. Typically, the industrial 203 

sector of plastic injection molds establishes a safety distance, Dsafety (see Figure 4), which 204 

is equal to 10 mm, to maintain the structural integrity of the injection mold. On the other 205 

hand, interference may occur between them. Hence, this research evaluates whether VR 206 

technology can significantly advance the industrial sector of injection molds. 207 
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 208 

Figure 4. Injection mold 3D CAD model. Design errors detection and interferences. 209 

2.2. VR interaction and integration 210 

Traditionally, designers interact with 3D CAD models within the CAD software en-211 

vironment using its built-in visualization operations, along with the available PC hard-212 

ware. Despite efforts by CAD application developers to enhance this interaction using 213 

traditional tools, technical obstacles persist, impeding real-time manipulation and visual-214 

ization of designs. These limitations directly impact geometry review operations. Partic-215 

ularly when assessing complex geometric assemblies with injection molds, the interaction 216 

becomes challenging. To enhance and streamline this process, this methodology proposes 217 

leveraging the advantages and versatility offered by VR technology and devices for real-218 

time analysis and inspection operations of injection molds. Additionally, it aims to evalu-219 

ate the extent of improvement and satisfaction that this technology can bring to the indus-220 

trial sector. 221 

Firstly, as illustrated in Figure 1, Figure 2, and Figure 3, the software utilized as the 222 

VR interaction environment is Aurora VR (Invelon, Ingroup, Gipuzkoa, Spain) [30], 223 

paired with the HP Reverb G2 VR glasses. The HP Reverb glasses feature two 2.89-inch 224 

LCDs with a resolution of 2160 x 2160, DIP adjustment, a 90 Hz frequency, and four inte-225 

grated tracking cameras. The VR device calibration is configured at 60mm and operates 226 

at a frequency of 90 Hz. 227 

The integration of the VR device is straightforward and doesn't require an additional 228 

configuration process. The Aurora VR software automatically detects the device and sets 229 

it up for immediate use. Regarding the import of the geometry of the analyzed injection 230 

molds, it's performed using the STEP-neutral CAD compatibility format. 231 

The VR environment prioritizes essential factors such as immersion, visual quality, 232 

and smooth real-time interaction. The primary objective of the workspace in the VR envi-233 

ronment is to attain adaptability, enabling the understanding of geometrically complex 234 

sets like injection molds. This immersive environment allows for a detailed evaluation of 235 

the scale, proportions, and layout of the design within three-dimensional space. 236 

As shown in Figure 2, once the CAD model is imported, the system detects the user's 237 

movements and facilitates interaction with the VR environment and the imported models 238 

through the operations palette. Utilizing the operations palette doesn't require program-239 

ming skills. Users can execute various operations by simply selecting icons, including: 240 
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 Separate: This function enables users to adjust the positioning of components within 241 

three-dimensional space. Typically, it's utilized to interact with assemblies compris-242 

ing diverse components that share positional relationships. As demonstrated in Fig-243 

ure 5, it facilitates the step-by-step disassembly of the assembly. This simulated and 244 

virtual disassembly process enables access to interior and inaccessible parts of the as-245 

sembly, offering significant utility and potential application in plastic injection molds. 246 

Indeed, these components are typically heavy and impractical to manipulate individ-247 

ually without auxiliary mechanisms. Moreover, this operation aids in planning the 248 

assembly and disassembly of the entire injection mold, adapting it to the real work-249 

space and the injection machine. Furthermore, it enhances understanding of the lay-250 

out and position of each mold component, facilitating maintenance or repair tasks. 251 

Lastly, after any modification, selecting this operation again restores the assembly 252 

components to their original positions. 253 

 254 

Figure 5. Separation and disassembly operation of assemblies applied to injection molds 255 

 Cutting plane: this operation, as shown in Figure 6, allows cutting from a plane de-256 

fined, interactively, by the user. In this way, each component of the assembly can be 257 

accessed and viewed, maintaining its assembly position. In particular, this operation 258 

is useful to perform an analysis of interferences between components or detect if 259 

there is any design or assembly error between components. 260 

 261 

Figure 6. Plane cutting operation applied to injection molds 262 
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 3D transform: through this operation, the geometry can be oriented through transla-263 

tion movements along the three main axes of three-dimensional space, rotation 264 

movements about these axes and movements with all degrees of freedom. Likewise, 265 

three-dimensional models can also be uniformly scaled interactively. 266 

 Annotate: This operation, as shown in Figure 7, allows to annotate and add infor-267 

mation in the VR environment. 268 

 269 

Figure 7. Plane cutting operation applied to injection molds 270 

 Measurements: As shown in Figure 6 and Figure 8, this tool empowers users to di-271 

rectly measure the spatial separation between selected points, defined via controllers 272 

associated with the VR device. Consequently, the accuracy of the obtained measure-273 

ments hinges upon the precision with which users specify the initial and final points 274 

on the analysis geometry. When executed correctly, without deviations from the pro-275 

posed geometric elements, the resulting measurements are devoid of errors. Moreo-276 

ver, it's noteworthy to underscore the virtual measurement's sensitivity, which oper-277 

ates within the millimeter magnitude range. This sensitivity aligns with typical de-278 

sign errors encountered during the modeling process of primary injection mold sys-279 

tems. 280 

 281 

Figure 8. Measurement operation applied to injection molds 282 

 Animation: View animations or motion studies defined before importing the model 283 

into the VR environment. From this operation, the simulation of the breakdown of 284 

an assembly or the representation of an exploded view of all its components can be 285 

programmed (see Figure 9). 286 

 287 

Figure 9. Exploded view of the geometry of an injection mold in VR. 288 
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 Displacements: through this operation, the user can move to any position in the VR 289 

environment (see Figure 10). 290 

 291 

Figure 10. User movement operation throughout the VR environment. 292 

2.3. Application of VR technology to an industrial activity  293 

After outlining the VR environment and user interaction capabilities concerning in-294 

jection molds, the following section details the proposed activity aimed at evaluating this 295 

technology within a realistic industrial context. 296 

To achieve this goal, two injection mold design evaluation sessions were conducted 297 

in collaboration with an engineering company highly specialized in the industrial and 298 

automotive sectors (refer to Figure 11). Renowned for its expertise in designing highly 299 

complex plastic parts, this company excels in crafting advanced injection molds, produced 300 

both in-house and through external suppliers via subcontracting. 301 

Within the company, the mold design review sessions were conducted by injection 302 

mold manufacturing experts with vast experience in the sector. These meetings serve as 303 

validations of the work conducted by the mold design development team and provide 304 

recommendations for enhancing the design. Furthermore, they aim to impart specialized 305 

information to suppliers, facilitating efficient decision-making whenever feasible. 306 

 307 

Figure 11. Development of injection mold design verification activities with VR technology 308 

The sessions were conducted in small groups, with no more than three participants, 309 

who reviewed the designs and shared their experiences from various perspectives. 310 

In the initial phase, an experienced mold maker specializing in CAD design within 311 

the company selected three complex injection molds for evaluation. The injection molds 312 

(refer to Figure 12) were chosen based on design, size, and complexity criteria.  313 
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Subsequently, a list of 8 common defects in the design of injection molds was com-314 

piled. These defects were derived from real situations and the extensive experience of the 315 

company. It's noteworthy that although the defects may be similar in different case stud-316 

ies, they rarely coincide in the same location of the mold. The errors or defects in the pre-317 

sented molds were classified into the following groups: 318 

 Sizing errors in the cooling and ejection system. 319 

 Accessibility problems for assembling the parts in the mold. 320 

 Interferences between the different parts of the mold. 321 

 Deficiencies in the logic of the cooling layout. 322 

 Absence of parts or poor placement of small elements, such as sealing gaskets. 323 

 Misalignment of mold components. 324 

 Lack of robustness in critical areas of the mold. 325 

These defects represent key areas that require attention and correction during the 326 

injection mold design and manufacturing process 327 

 328 

Figure 12. Injection molds used for the development of the activity 329 

A total of 22 participants were involved in the development of this methodology, 330 

distributed in 7 work teams. These review teams were formed in a heterogeneous manner, 331 

ensuring that each member contributed a different vision, based on her professional ex-332 

perience. For each group, a period of 40 minutes was assigned to complete the activity in 333 

its entirety. During this, the two design review approaches were explored on various 3D 334 

CAD models. The process of the proposed activity and its evaluation was developed as 335 

follows: 336 

• Introduction: 15 minutes. 337 

• Design review using VR or Catia V5 support in 3D model. 338 

• Second Review: 15 minutes. 339 

• Design review using the alternative method (not used in the previous step) on the 340 

3D model. 341 

• Quiz: 10 minutes (see Table 1) 342 

In the introduction phase, the procedural details were outlined, and participants 343 

were prompted to identify potential design flaws in the 3D molds provided. Teams initi-344 

ated the review process by utilizing the VR tools as described earlier (refer to Figure 3). 345 

All participants utilized the HP Reverb G2 VR devices. While one team member engaged 346 

with the VR devices for the review, the remaining team members observed the transmit-347 

ted images from the VR software on a designated monitor (refer to Figure 11). Following 348 

this, after 20 minutes, the group shifted to utilizing CAD modeling software to examine 349 

the second injection mold model. During this phase, one team member operated the CAD 350 

modeling software while the remaining members observed the screen. Similar to the prior 351 

examination, all individuals within each group engaged with the CAD modeling soft-352 

ware. To offset any potential learning bias, the activity alternated the start between the 353 

VR and CAD phases among successive groups. Upon identification of a defect by a group 354 

member and subsequent agreement by the team, a note documenting the identified issue 355 
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was recorded. Following this, each participant filled out a questionnaire assessing both 356 

mold design review sessions using a Likert scale ranging from 1 to 7 points (refer to Table 357 

1). 358 

Table 1. Survey carried out to assess the application of VR technology in the injection 359 

mold industrial sector. 360 

Questions Likert scale – Limits value 

Detection of dimensional 

errors 

Q1. Evaluate the conventional CAD software envi-

ronment in operations to identify dimensional de-

sign errors in complex injection molds 

1 – Very dissatisfied 

7 – Very satisfied 

Q2. Evaluate the VR environment in operations to 

identify dimensional design errors in complex injec-

tion molds 

1 – Very dissatisfied 

7 – Very satisfied 

Functional error detection 

Q3. Evaluate the level of clarity and ease of acquir-

ing information provided by the conventional CAD 

software environment during the functional error 

review of injection mold design. 

1 – Very dissatisfied 

7 – Very satisfied 

Q4. Evaluate the level of clarity and ease of acquir-

ing information provided by the VR environment 

during the functional error review of injection mold 

design. 

1 – Very dissatisfied 

7 – Very satisfied 

Design Understanding 

Q5. Evaluate the level of efficiency of the conven-

tional CAD software environment to help under-

stand the concept or detailed design of a complex in-

jection mold 

1 – Very dissatisfied 

7 – Very satisfied 

Q6. Evaluate the level of efficiency of the VR envi-

ronment to help understand the concept or detailed 

design of a complex injection mold 

1 – Very dissatisfied 

7 – Very satisfied 

Assembly and disassembly 

validation 

Q7. Evaluate the help offered by the conventional 

CAD software environment in validation operations 

for the assembly and disassembly of the injection 

mold design. 

1 – Very dissatisfied 

7 – Very satisfied 

Q8. Evaluate the help offered by the VR environ-

ment in validation operations for the assembly and 

disassembly of the injection mold design 

1 – Very dissatisfied 

7 – Very satisfied 

Influence on the training pro-

cess 

Q9. Evaluate the influence of the conventional CAD 

software environment on the training process of 

new professionals, without prior experience, in this 

industrial sector. 

1 – Very dissatisfied 

7 – Very satisfied 
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Questions Likert scale – Limits value 

Influence on the training pro-

cess 

Q10. Evaluate the influence of the VR environment 

in the training process of new professionals, without 

previous experience, in this industrial sector. 

1 – Very dissatisfied 

7 – Very satisfied 

Satisfaction degree 

Q11. Evaluate the level of satisfaction with the use 

of VR technology in the field of injection mold de-

sign 

1 – Very dissatisfied 

7 – Very satisfied 

Q12. Evaluate the level of satisfaction with the use 

of VR technology in the assembly and disassembly 

of injection molds 

1 – Very dissatisfied 

7 – Very satisfied 

2.3. Participants 361 

As previously outlined, the activity conducted in this research involves expert pro-362 

fessionals with extensive experience in the design and manufacture of injection molds. 363 

Specifically, as depicted in Table 2, these professionals have been categorized into three 364 

groups: engineers, mold technicians, and designers. Additionally, relevant aspects and 365 

prior knowledge pertinent to this research have been defined for each participant. These 366 

aspects include the level of familiarity with the use of VR technology, the experience level 367 

in CAD design within the injection mold field, and expertise in assembly and disassembly. 368 

All of these aspects are assessed using a Likert scale, with extreme values ranging from 1 369 

to 7. Table 2 provides a summary of the main aspects characterizing the participants in 370 

the proposed activity. 371 

Table 2. Sample demographics. 372 

Parameters Number of people % 

Professional profile   

Engineer 14 63.6 

Mold technician 4 18.2 

Designer 4 18.2 

Previous VR technology experience   

1 – 2 19 86.4 

3 – 4 3 13.6 

5 – 6 0 0.0 

7 0 0.0 

Previous CAD design experience   

1 – 2 2 9.1 

3 – 4 8 36.4 

5 – 6 7 31.8 

7 5 22.7 

Previous experience in mold assembly and disassembly   

1 – 2 5 22.7 

3 – 4 5 22.7 

5 – 6 9 40.9 

7 3 13.6 
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As evident, the majority of participants lack previous experience in the use of VR 373 

technology, with 84.6% considering themselves novices in this regard. Conversely, over 374 

50% possess significant prior knowledge in designing complex injection molds using 375 

CAD-type software, along with previous experience in their assembly and disassembly 376 

processes. Therefore, the selected sample population for conducting the proposed activity 377 

aligns with the requirements and premises established to evaluate the influence and im-378 

pact of virtual reality technology on the plastic industrial injection molding sector. 379 

To ensure the adequacy of the selected population size for subsequent statistical anal-380 

ysis of the conducted survey, an initial population calculation is performed using the 381 

GPower statistical calculation software (version 3.1, University of Düsseldorf, Düsseldorf, 382 

Germany) [32,33]. Considering that the survey's objective, included in the conducted ac-383 

tivity, involves comparing and evaluating the influence of VR technology versus conven-384 

tional CAD environments, a T-Test type comparative analysis is proposed. Table 3 out-385 

lines the magnitude and selection of parameters established in the GPower statistical cal-386 

culation software for calculating the initial population. 387 

Table 3. Parameters defined for the statistical calculation of the initial population 388 

Input Parameters Selection 

Test family T – Test 

Statistical test 
Means: Difference between two dependent means 

 (matched pairs) 

Type of power analysis A priori: Compute required simple size 

Tail Two 

Effect size dz 0.80 

α err prob 0.05 

Power (1 – β err prob) 0.95 

Where Staistical test establish the type of statistical test to perform. In particular, for 389 

the present statistical analysis “Difference between two dependent means” had been used 390 

since is a very common option to compare the average between two independent groups. 391 

Type of power analysis represents the statistical power of the research. Since the calcula-392 

tion of the initial population has been carried out prior to carrying out the experiment, the 393 

“A priori” option has been defined. Tail determines whether the type of contrast is unilat-394 

eral or bilateral, Effect size dz determines the size of the effect in the hypothesis made that 395 

may exist in our research work and α err prob / Power (1 – βerr prob) represents the power 396 

statistics or confidence level for our research work. In this way, a bilateral contrast has 397 

been defined given that, a priori, the hypothesis is raised that the results obtained in the 398 

evaluation of VR technology will be different from the results in the evaluation of conven-399 

tional CAD environments. A value of 0.65 has been defined as the effect size, given that 400 

the effect size is considered between medium (0.5) and large (0.8). Furthermore, for the 401 

statistical power or confidence level, a standard statistical magnitude equal to 0.05 and 402 

0.95 has been determined. 403 

Finally, Table 4 shows the results obtained from the statistical analysis of the initial 404 

population carried out. As can be seen, the minimum size of the initial population pro-405 

posed for activity is 21 individuals. Which, in turn, is lower than the size of the population 406 

finally established equal to 22. Therefore, in this way, the size of the population estab-407 

lished for the activity proposed in this research work is validated. Moreover, other pa-408 

rameters are essential to ensure the validity and reliability of the research findings. The 409 

non-centrality parameter (δ) indicates the effect size, representing the difference between 410 

the null hypothesis and the true population mean. In our analysis, δ was calculated as 411 

3.8951, indicating a substantial effect size. 412 
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The critical t-value (2.0860) was used as the threshold for determining statistical sig-413 

nificance. This helps assess whether the observed differences are likely due to chance or 414 

represent true differences in the population. With a degree of freedom (Df) of 20, which 415 

accounts for the variability in the sample, and a total sample size of 21, our study had 416 

adequate statistical power to detect meaningful effects. The calculated actual power of 417 

0.9592 indicates the likelihood of detecting the true effects when they exist. 418 

Table 4. Parameters defined for the statistical calculation of the initial population 419 

Output Parameters Selection 

Non-centrality parameter δ 3.8951 

Critical t 2.0860 

Df 20 

Total simple size 21 

Actual power 0.9592 

3. Results and discussions 420 

The statistical analysis of the results obtained from the proposed survey (see Table 1) 421 

is carried out using the statistical calculation program IBM SPSS Statistics (version 27, 422 

IBM, Armonk, United States) [34]. Firstly, to evaluate the validity of the questions pro-423 

posed for the survey, Cronbach's Alpha test was used. Cronbach's Alpha test evaluates 424 

the interrelationship and reliability of the responses, indicating the internal consistency 425 

and coherence of the questions and Likert scales defined in the survey carried out. As 426 

shown in Table 5, the value obtained in the Cronbaches Alpha test equals 0.749. This result 427 

confirms that the defined Likert scale and the global structure of the survey, proposed in 428 

the activity carried out, are consistent. The Cronbach's Alpha result is within the limit 429 

values for this test, that is, between 0.70 and 0.9. This validation is important to reinforce 430 

the reliability of the statistical analysis and to guarantee that the results serve as a solid 431 

basis for subsequent interpretation. Table 5 shows the results obtained from the 432 

Cronbach's Alpha test. 433 

Table 5. Alpha de Cronbach test results. 434 

Alpha Cronbach Alpha Cronbach base on standardized items Nº Likert questions 

0.749 0.749 12 

Next, before proceeding to carry out any operation or statistical comparison test, it is 435 

necessary to determine if the distribution of the responses obtained, for the survey carried 436 

out, maintains a normal distribution. This normality analysis determines the type of com-437 

parison tests or T-tests that best fit the distribution presented by the data obtained. The 438 

normality test used in this research work is the Shapiro–Wilk test, given that the popula-439 

tion size is less than 50. Table 6 shows the results obtained from the normality test. 440 

Table 6. Normality test results for the proposed survey questions. 441 

Questions p – values 

Detection of dimensional errors 
Q1 – CAD 0.042 

Q2 – RV 0.000 

Functional error detection 
Q3 – CAD 0.002 

Q4 – RV 0.000 

Design Understanding Q5 – CAD 0.045 
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Questions p – values 

Design Understanding Q6 – RV 0.000 

Assembly and disassembly validation 
Q7 – CAD 0.048 

Q8 – RV 0.000 

Influence on the training process 
Q1 – CAD 0.078 

Q2 – RV 0.000 

Satisfaction degree 
Q11 0.002 

Q12 0.000 

As can be seen, the results obtained from the normality test (see Table 6) show that 442 

the data obtained from the survey carried out do not fit a normal distribution, with a level 443 

of significance or confidence p-value < 0.05. Therefore, it is necessary to use non-paramet-444 

ric tests to carry out the subsequent statistical tests comparative to the T–Test. 445 

Next, based on the results obtained, contextualized in the proposed Likert scale, a 446 

descriptive statistical analysis is carried out for each of the questions defined in the survey 447 

carried out (see Table 1). This analysis provides, based on the mean, standard deviation 448 

and variance values, information about the central tendency and dispersion of the data 449 

obtained. Table 7 shows the results obtained for this descriptive statistical analysis. 450 

Table 7. Results obtained for the descriptive statistical analysis 451 

Questions Mean Standard. deviation Variance 

Detection of dimensional errors 
Q1 – CAD 4.86 1.207 1.457 

Q2 – RV 6.09 0.610 0.372 

Functional error detection 
Q3 – CAD 5.36 1.217 1.481 

Q4 – RV 6.27 0.883 0.780 

Design Understanding 
Q5 – CAD 5.14 0.990 0.980 

Q6 – RV 6.36 0.727 0.529 

Assembly and disassembly validation 
Q7 – CAD 5.00 0.926 0.857 

Q8 – RV 6.73 0.550 0.303 

Influence on the training process 
Q1 – CAD 4.82 1.053 1.109 

Q2 – RV 6.64 0.658 0.433 

Satisfaction degree 
Q11 6.09 0.921 0.848 

Q12 6.59 0.666 0.444 

Likewise, as shown in Figure 13, Figure 14 and Figure 15, an analysis of relative fre-452 

quencies has been carried out for each of the questions evaluated using a Likert scale for 453 

the proposed survey. Figure 13 shows the comparison of results obtained when detecting 454 

dimensional design errors using VR technology and conventional CAD environments (see 455 

Table 1). As can be seen, the results of the survey show that dimensional errors, such as 456 

poor sizing of injection mold systems or interference detection, are detected more effi-457 

ciently using VR technology. A significant majority, 86.37%, have positively evaluated the 458 

application of this technology in detecting dimensional errors, scoring above 6 on the Lik-459 

ert scale. Likewise, Figure 13 also compares the results obtained when detecting design 460 

functional errors using VR technology and conventional CAD environments (see Table 1). 461 

Once more, the survey results indicate that functional errors, such as inadequate layouts 462 

of injection mold systems or the absence of fundamental components, are more efficiently 463 

detected using VR technology. In particular, 59.09% have positively valued, scoring above 464 

6 on the Likert scale, the application of this technology in the detection of functional errors. 465 
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Similarly, the trend of these assessments is maintained for the rest of the questions asked 466 

(see Figure 14 and Figure 15). However, in areas related to the understanding of the design 467 

and functionality of injection molds, the validation of their assembly and disassembly 468 

tasks and the influence on the learning and training process for future professions in this 469 

sector, the evaluations obtained by applying VR technology they stand out significantly 470 

compared to the use of conventional CAD modelling environments. In particular, 50%, 471 

77.27% and 72.73% of the mold experts value very positively, with a score of 7 on the 472 

Likert scale, the application of VR technology for the understanding of the design and 473 

functionality of injection molds, the validation of assembly and disassembly tasks and the 474 

influence on the learning and training process for future professionals in this sector, re-475 

spectively. 476 

 477 

Figure 13. Responses frequency obtained for the error detection questions 478 

 479 

Figure 14. Responses frequency obtained for design compression and assembly and disassembly 480 

validation questions. 481 

Finally, as depicted in Figure 15, the satisfaction level regarding the application of 482 

VR technology in the injection molding industrial sector is assessed through two ques-483 

tions. Firstly, the satisfaction level with the utilization of VR technology in injection mold 484 

design processes is evaluated. It's observed that molding experts, with a cumulative rela-485 

tive frequency of 72.72%, positively appraise the application of VR technology in injection 486 

mold design processes, indicating a Likert scale score. Furthermore, the satisfaction level 487 

with the application of VR technology to assembly and disassembly tasks of injection 488 

molds is also assessed. It is evident that mold experts, with a relative frequency of 90.91%, 489 
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highly appreciate the application of VR technology in these tasks, indicating a Likert scale 490 

score greater than 6. 491 

 492 

Figure 15. Responses frequency obtained for the influence on training process and the satisfaction 493 

in the use of VR technology questions. 494 

Next, to analyze the impact associated with the application of VR technology in the 495 

injection molding industrial sector, it is proposed to perform a non-parametric compari-496 

son test W Wilcoxon signed-rank test. This non-parametric test examines whether the uti-497 

lization of VR technology has significantly influenced the outcomes concerning the detec-498 

tion of dimensional and functional design errors, understanding of design and function-499 

ality, validation of assembly tasks and disassembly, as well as its impact on the learning 500 

and training process for future professionals. Table 8 shows the results of the W Wilcoxon 501 

signed-rank test. 502 

Table 8. W Wilcoxon signed-rank test results. 503 

Questions p – values 

Detection of dimensional errors 
Q1 – CAD 

0.002 
Q2 – RV 

Functional error detection 
Q3 – CAD 

0.010 
Q4 – RV 

Design Understanding 
Q5 – CAD 

0.002 
Q6 – RV 

Assembly and disassembly validation 
Q7 – CAD 

0.001 
Q8 – RV 

Influence on the training process 
Q9– CAD 

0.001 
Q10 – RV 

The results of the W Wilcoxon signed-rank test, presented in Table 8, show that there 504 

are significant differences, with a degree of significance or confidence level p–value < 0.05, 505 

between the results obtained for the activity tasks carried out through environments con-506 

ventional CAD and the application of VR technology. In this way, through this compara-507 

tive test, it is confirmed that the application of VR technology has a direct and significant 508 

impact on the industrial sector of injection molds, especially in the areas of detection of 509 

dimensional and functional design errors, understanding of the design and functionality 510 

validation of assembly and disassembly tasks and influence on the learning and training 511 

process for future professionals. 512 
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Finally, to conclude the statistical analysis of the results obtained, a non-parametric 513 

test of the Kruskal-Wallis type has been carried out to check whether the professional fig-514 

ure of the mold experts who have participated in the proposed activity and their level of 515 

familiarity with the use before VR technology significantly influences the evaluation of 516 

this as a useful application tool in the injection molding industrial sector. Table 9 shows 517 

the results obtained for the non-parametric Kruskal-Wallis test. As can be seen, there are 518 

no significant differences in the results obtained with a level of confidence or significance 519 

p – value > 0.05. That is, the professional figure of the molding experts and the level of 520 

familiarity with the previous use of VR technology do not significantly influence the as-521 

sessment of the application of VR technology in the industrial sector of injection molds. 522 

Table 9. Kruskal-Wallis test results. 523 

Questions 

Influence on pro-

fessional figure 

p – values 

Influence on previous use 

of VR technology 

p – values 

Detection of dimensional errors 
Q1 – CAD 

0.365 0.668 
Q2 – RV 

Functional error detection 
Q3 – CAD 

0.964 0.882 
Q4 – RV 

Design Understanding 
Q5 – CAD 

0.398 0.291 
Q6 – RV 

Assembly and disassembly validation 
Q7 – CAD 

0.473 0.374 
Q8 – RV 

Influence on the training process 
Q9– CAD 

0.744 0.719 
Q10 – RV 

4. Conclusions 524 

The paper introduces an innovative multimodal virtual environment designed spe-525 

cifically for validating mold design complexities, integrating interactive 3D models and 526 

dynamic visualizations to facilitate exploration of detailed mold designs. This research 527 

represents a significant advancement beyond current practices, aiming to address existing 528 

gaps by evaluating multidimensional CAD-virtual validation methods against traditional 529 

CAD systems. Through the utilization of animated VR representations, the study signifi-530 

cantly enhances the comprehension and validation of mold functionality, ultimately 531 

streamlining various processes involved. Furthermore, the research underscores the dis-532 

parities, parallels, as well as the advantages and drawbacks between traditional tech-533 

niques and VR applications in injection mold design. This comprehensive analysis pro-534 

vides valuable insights into the potential of VR technology to revolutionize mold valida-535 

tion processes and reshape the landscape of industrial design practices. 536 

The survey findings reveal that dimensional errors are effectively identified using 537 

VR technology, with 86.37% of respondents providing positive evaluations of its applica-538 

tion. Similarly, functional errors, such as inadequate layouts, are efficiently detected with 539 

VR, garnering positive feedback from 59.09% of participants. Mold experts place high 540 

value on VR technology for comprehending design functionality (50%), validating assem-541 

bly and disassembly tasks (77.27%), and facilitating the learning process (72.73%). Statis-542 

tical analyses, including the Wilcoxon test, uncover significant differences in interference 543 

detection, topology tracking, and validation of assembly and disassembly accessibility be-544 

tween traditional CAD and VR methods. These results underscore VR's potential to en-545 

hance mold design validation processes, with a relative frequency analysis demonstrating 546 

efficiency gains in mold tracking and validation using VR devices. Furthermore, a non-547 
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parametric Kruskal-Wallis test concludes that professionals' familiarity with VR technol-548 

ogy does not significantly influence its assessment in the injection molding industry. 549 

The research highlights the crucial role of VR technology in revolutionizing injection 550 

molding design processes. Its ability to enhance efficiency and accuracy signifies a signif-551 

icant advancement, facilitating streamlined operations and improved outcomes in the 552 

manufacturing sector. This transformative potential offers manufacturers considerable 553 

advantages, firmly establishing VR as an indispensable tool in the industry of injection 554 

molding. 555 

Supplementary Materials: The following supporting information can be downloaded at: 556 

https://youtu.be/SOASYJZ49Nw, Figure 5: Separation and disassembly operation of assemblies ap-557 

plied to injection molds 558 
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