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Abstract 

Mixed Reality (MR), an integration of Augmented Reality (AR) and Virtual 

Reality (VR), is increasingly transforming prototyping workflows in design and 

manufacturing domains. This paper reviews the current trends, methodologies, 

and applications of MR in prototyping, highlighting its advantages over 

traditional workflows. By enabling immersive visualization, interactive 

simulations, and real-time collaboration, MR facilitates faster iteration, cost 

reduction, and enhanced design accuracy. The paper also discusses technical 

frameworks, software tools, hardware systems, and challenges associated with 

MR adoption. Finally, future directions and potential innovations in MR-based 

prototyping are outlined. 
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INTRODUCTION 

Prototyping is an essential stage in product development that bridges conceptual design and 

production. Traditional methods involve physical models, CAD renderings, and iterative 

testing, which are often time-consuming and resource-intensive. Mixed Reality (MR) is 

emerging as a transformative approach that blends the physical and digital worlds, enabling 

designers and engineers to interact with virtual objects in real-world contexts. 

 

MR differs from VR, which immerses users entirely in a digital environment, and AR, which  
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overlays digital information on the physical world. MR enables bidirectional interaction 

between physical and virtual objects, offering unparalleled opportunities for testing, 

visualization, and collaboration during prototyping workflows. 

 

MIXED REALITY IN PROTOTYPING 

Mixed Reality (MR) represents the convergence of physical and digital worlds, allowing 

designers, engineers, and users to interact with virtual objects in real-world contexts. Unlike 

traditional prototyping methods, MR introduces a dynamic, interactive layer that bridges 

conceptual designs and tangible production. Its applications span from early-stage visualization 

to user-centric testing, making it a critical technology in modern product development 

workflows. 

 

Definition and Components 

MR is often described as a continuum between Augmented Reality (AR) and Virtual Reality 

(VR). While VR fully immerses users in digital environments, and AR overlays virtual 

elements onto the real world, MR enables interactive digital objects that respond to physical 

context and user input. This bi-directional interaction distinguishes MR from its counterparts, 

providing a more integrated and practical solution for prototyping. 

 

The main components of MR systems in prototyping workflows include: 

1. Augmented Reality (AR): 

AR superimposes digital information, such as 3D models, annotations, or instructions, onto the 

physical environment. In prototyping, this enables designers to visualize products at full scale, 

test aesthetics and spatial relationships, and overlay assembly instructions on existing 

hardware. For example, AR can project the future placement of a mechanical component on a 

factory floor to assess spatial feasibility without constructing physical mock-ups. 

 

2. Virtual Reality (VR): 

VR immerses users entirely in computer-generated environments, useful for simulating 

complex interactions that cannot be easily tested in the real world. In prototyping, VR allows 

designers to experiment with product ergonomics, operational workflows, and user experiences 

in a controlled, risk-free environment. For example, automotive interiors or cockpit designs 
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can be tested virtually to evaluate visibility, accessibility, and comfort before producing 

physical prototypes. 

 

3. Sensors and Tracking Systems: 

Sensors form the backbone of MR by capturing real-world data such as position, 

orientation, gestures, and environmental context. These include: 

 Depth sensors and LiDAR: Capture 3D spatial data for accurate environment 

mapping. 

 Inertial Measurement Units (IMUs): Track orientation and motion of devices or 

users. 

 Cameras and optical trackers: Recognize gestures, facial expressions, or hand 

movements for interactive control. 

These tracking systems ensure virtual objects interact realistically with the physical 

environment and respond to user input, enabling precise simulation of movements, forces, and 

spatial constraints. 

 

4. MR Devices (Hardware): 

Mixed Reality requires specialized hardware to bridge virtual and physical interactions: 

 Head-Mounted Displays (HMDs): Microsoft HoloLens 2, Magic Leap 2, and Meta 

Quest Pro allow immersive visualization while keeping users aware of their 

surroundings. 

 Handheld or tethered devices: Some MR workflows employ tablets, smartphones, or 

desktop-connected displays for portable or collaborative access. 

 Haptic devices and controllers: Provide tactile feedback to simulate touch, resistance, 

or texture in virtual prototypes. 

 

5. Software Platforms: 

MR prototyping relies on software to integrate design data, simulate behaviors, and enable 

collaboration: 

 MR Development Platforms: Unity3D and Unreal Engine provide tools for interactive 

3D content creation. 
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 CAD Integration Frameworks: Tools like Siemens NX XR, PTC Creo XR, and 

Autodesk VRED allow engineers to import CAD models into MR environments for 

realistic interaction. 

 Simulation Modules: Incorporate physics, ergonomics, and operational constraints to 

test functionality in real-time. 

Together, these components enable MR to serve as a fully interactive prototyping ecosystem, 

allowing designers to iterate faster, reduce physical mock-up requirements, and create more 

accurate, user-validated products. 

 

Role in Prototyping 

Mixed Reality supports multiple stages of the prototyping process, enhancing both efficiency 

and effectiveness: 

1. Concept Visualization: 

One of the primary uses of MR in prototyping is immersive visualization. Designers can view 

full-scale 3D models of products in real-world contexts, offering insights that are impossible 

with traditional 2D CAD or small-scale physical models. For instance, architects and industrial 

designers can assess proportions, form factors, and material appearance in situ. MR 

visualization also enables early detection of design conflicts, such as spatial clashes or 

ergonomic issues, before investing in physical prototypes. 

 

2. Functional Simulation: 

MR allows designers to test product functionality virtually. Mechanical movements, 

operational workflows, and user interactions can be simulated to identify performance issues. 

For example, in consumer electronics, designers can test button placement, display readability, 

or device handling using MR simulations. In automotive or industrial equipment design, MR 

can simulate assembly procedures, component movements, or maintenance processes without 

building costly mock-ups. 

 

3. Collaborative Iteration: 

Modern product development is often global and cross-disciplinary. MR supports collaborative 

prototyping, where remote teams can interact with the same virtual prototype in real-time. 

Through MR, designers, engineers, and stakeholders can annotate, modify, and validate 

designs collaboratively, bridging communication gaps and accelerating the iterative process. 
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For example, an engineer in Germany can test a virtual machine assembly while a designer in 

India adjusts the component layout simultaneously. 

 

4. User-Centric Testing: 

MR facilitates immersive, user-centered testing by placing end-users in virtual environments 

that replicate real-world interactions with the product. This approach is invaluable for 

evaluating usability, ergonomics, and accessibility. For example, in medical device 

prototyping, MR can simulate patient interactions, allowing designers to refine the device 

interface before clinical trials. Similarly, consumer product designers can assess handling, 

reachability, and aesthetic appeal directly with target users. 

By combining these capabilities, MR enables faster, safer, and more accurate prototyping 

workflows. It reduces dependency on physical mock-ups, minimizes design errors, and ensures 

that products are aligned with user needs and real-world conditions. 

 

ADVANTAGES OF MR IN PROTOTYPING 

Mixed Reality (MR) offers significant advantages over traditional prototyping methods. By 

integrating virtual and physical interactions, MR improves efficiency, visualization, 

collaboration, and user-centered testing. Each of these benefits contributes to faster, more 

accurate, and cost-effective product development. 

 

Feature 
Traditional 

Prototyping 

MR-Enhanced 

Prototyping 
Benefits 

Cost 
High (physical 

materials) 

Moderate (digital 

resources) 
Reduces material waste 

Speed Slow iterations Fast, virtual modifications Shortens design cycles 

User Testing Limited Immersive, interactive 
Better feedback and 

ergonomics 

Collaboration In-person only Remote and simultaneous Global team integration 



 
 
 

51 Page 46-59 © MANTECH PUBLICATIONS 2016. All Rights Reserved 

 

Journal of Product Design, Quality Engineering & Technology 

Volume 1, Issue 1, January-April 2016 

Feature 
Traditional 

Prototyping 

MR-Enhanced 

Prototyping 
Benefits 

Risk Trial-and-error failures Virtual testing Fewer production errors 

 

Cost and Time Efficiency 

One of the most immediate benefits of MR in prototyping is the reduction in cost and 

development time. Traditional prototyping involves producing multiple physical models to test 

different design iterations. This can be expensive and labor-intensive, especially for complex 

products with intricate assemblies or custom components. MR reduces reliance on physical 

prototypes by enabling virtual testing and iteration in immersive 3D environments. 

 

Examples and Applications: 

 Automotive Industry: Engineers can virtually assemble and disassemble car components 

to check fitment, alignment, and ergonomic access, without producing costly metal or 

plastic parts. 

 Consumer Electronics: Designers can adjust device dimensions, button placements, and 

internal component layouts in MR before committing to expensive tooling or molds. 

 Industrial Machinery: MR allows engineers to simulate large-scale equipment assembly 

in a digital environment, avoiding physical trial-and-error and minimizing manufacturing 

delays. 

By shortening the iteration cycles and reducing material consumption, MR accelerates product 

development timelines. Companies can move from concept to production more rapidly, 

improving competitiveness in fast-paced markets. 

 

Enhanced Visualization and Interaction 

Traditional CAD models are usually viewed on 2D screens, limiting spatial understanding and 

making it difficult to accurately assess proportions, scale, or ergonomics. MR solves this by 

projecting life-sized 3D models into real-world contexts, allowing designers, engineers, and 

stakeholders to interact with virtual objects as if they were physical. 
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Key Benefits: 

 Realistic Scale: Users can walk around, inspect, and interact with full-size models, 

providing a better sense of product dimensions and proportions. 

 Intuitive Interaction: Hand gestures, controllers, or haptic devices allow natural 

manipulation of components, such as rotating, assembling, or resizing parts. 

 Error Detection: Spatial awareness in MR helps identify design flaws that may be 

overlooked in 2D CAD, such as interference between moving parts, misaligned 

components, or poor ergonomics. 

 

Example: In furniture design, MR can project a chair or table into a room, allowing designers 

and clients to evaluate aesthetics, placement, and user accessibility before producing any 

physical pieces. Similarly, in industrial design, MR enables engineers to simulate the operation 

of a machine and detect potential collisions or operational inefficiencies early in the design 

process. 

 

Collaborative Design 

Globalization and distributed engineering teams make collaboration an essential component of 

modern product development. MR facilitates real-time, multi-user interaction with prototypes, 

regardless of physical location. 

 

How MR Enables Collaboration: 

 Multiple stakeholders can access the same MR environment simultaneously. 

 Designers can annotate, modify, and highlight components, which are instantly visible to 

all participants. 

 Remote engineering, testing, and validation are possible without the need for physical 

presence, reducing travel costs and delays. 

 

Examples: 

 Automotive R&D Teams: Engineers in different countries can collaboratively review 

virtual car interiors, discuss modifications, and approve designs in real-time. 

 Medical Device Development: Designers, clinicians, and engineers can jointly evaluate 

surgical instruments or prosthetics in MR, ensuring compliance with user needs and safety 

regulations. 



 
 
 

53 Page 46-59 © MANTECH PUBLICATIONS 2016. All Rights Reserved 

 

Journal of Product Design, Quality Engineering & Technology 

Volume 1, Issue 1, January-April 2016 

This collaborative approach accelerates decision-making and reduces errors that arise from 

miscommunication, ultimately improving product quality and shortening development cycles. 

 

User-Centric Evaluation 

MR supports immersive, user-centered testing by allowing end-users to interact with virtual 

prototypes in realistic contexts. Unlike traditional usability studies, which often require 

physical prototypes, MR can simulate real-world scenarios without material costs or delays. 

 

Applications in User-Centric Testing: 

 Automotive Interiors: MR can simulate driving scenarios to assess visibility, seating 

comfort, dashboard ergonomics, and reachability of controls. 

 Wearable Devices: Users can test virtual prototypes of smartwatches, VR headsets, or 

prosthetic devices, providing feedback on comfort, usability, and aesthetics. 

 Industrial Equipment: MR can simulate control panels, machine interfaces, and 

maintenance workflows to evaluate safety, accessibility, and operational efficiency. 

By incorporating user feedback early in the design process, MR reduces the likelihood of costly 

post-production redesigns. It ensures that products are aligned with real-world user needs, 

accessibility standards, and ergonomics guidelines. 

 

TECHNICAL FRAMEWORKS 

Implementing Mixed Reality (MR) in prototyping requires a robust technical framework that 

combines hardware, software, and workflow integration. These frameworks ensure that virtual 

objects are seamlessly integrated into the physical environment, interactions are accurate and 

realistic, and iterative design processes are efficiently supported. 

 

Hardware 

The hardware forms the backbone of MR systems. Proper selection and configuration of 

devices are critical to achieving realistic, immersive, and interactive experiences in 

prototyping. 

1. Head-Mounted Displays (HMDs): 

HMDs are the most common MR hardware, allowing users to view and interact with virtual 

objects while remaining aware of the physical environment. Examples include: 
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 Microsoft HoloLens 2: Offers advanced hand tracking, eye-tracking, and spatial mapping 

capabilities. Ideal for industrial and engineering prototyping where precision and 

collaboration are critical. 

 Magic Leap 2: Provides high-resolution visuals and spatial computing for detailed product 

visualization, particularly useful in consumer electronics and medical device design. 

 Meta Quest Pro: A versatile MR headset capable of tethered and untethered operation, 

supporting immersive simulations for interactive testing and remote collaboration. 

 

2. Spatial Tracking Sensors: 

Accurate spatial mapping is crucial for MR, enabling virtual objects to interact realistically 

with the physical world. Key sensors include: 

 LiDAR (Light Detection and Ranging): Captures 3D geometry of environments in real-

time, allowing virtual prototypes to align accurately with physical spaces. 

 Depth Cameras: Provide real-time mapping of surrounding surfaces and objects, enabling 

realistic occlusion, collision detection, and gesture recognition. 

 IMU Sensors (Inertial Measurement Units): Track user or device orientation and 

movement, ensuring smooth and responsive interactions in dynamic environments. 

 

3. Haptic Feedback Devices: 

Haptic devices enhance MR prototyping by providing tactile and force feedback, simulating 

real-world interactions with virtual objects: 

 Haptic Gloves: Allow users to “feel” textures, resistance, or weight of virtual components, 

improving ergonomic and assembly testing. 

 Controllers: Provide vibration and force feedback for manipulation of virtual objects, 

essential for simulating mechanical or interactive product behaviors. 

 Example Application: In automotive prototyping, engineers can virtually assemble car 

components using HoloLens 2 while haptic gloves provide tactile feedback to detect 

alignment issues and verify ease of assembly before producing physical parts. 

 

Software Tools 

MR software platforms are equally important, enabling integration of CAD data, interactive 

simulations, and collaboration in immersive environments. 
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1. MR Development Platforms: 

 Unity3D: Offers a flexible and widely used platform for creating interactive MR prototypes 

with support for physics, animation, and multi-user collaboration. 

 Unreal Engine: Provides high-fidelity graphics and real-time rendering, making it suitable 

for detailed visualizations of product prototypes, especially for consumer electronics and 

architectural designs. 

 

2. CAD Integration Plugins: 

Seamless integration of existing CAD models into MR environments is essential for accurate 

prototyping: 

 Siemens NX XR: Converts CAD data into MR-ready formats, allowing designers to 

interact with detailed 3D models in real-time. 

 Autodesk VRED: Focused on visualization and virtual prototyping, particularly in 

automotive and industrial design. 

 PTC Creo XR: Supports immersive evaluation of complex assemblies and allows for real-

time manipulation and measurement of virtual prototypes. 

 

SIMULATION AND ANALYTICS: 

MR prototyping is enhanced with simulation and analytics modules that predict real-world 

behaviors and support informed design decisions: 

 Physics Engines: Simulate material properties, forces, and movement, allowing testing of 

structural integrity and mechanical performance. 

 Ergonomic Assessment Tools: Evaluate user interactions, reachability, posture, and 

accessibility, reducing the risk of usability issues before production. 

 Data Analytics Modules: Track user interactions with prototypes, providing feedback for 

iterative design improvements. 

Example Application: In wearable device design, Unity3D combined with ergonomic 

assessment modules allows designers to evaluate comfort, weight distribution, and range of 

motion in MR before manufacturing physical prototypes. 

 

Workflow Integration 

Integrating MR into prototyping workflows involves combining hardware and software to 

create a streamlined, iterative design process. A typical MR-based prototyping workflow  
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includes the following steps: 

1. 3D CAD Model Import: 

Engineers import CAD models of products or components into the MR environment. This 

allows virtual representation of real designs with accurate geometry, materials, and assembly 

details. 

2. Environment Mapping and Scaling in MR: 

The MR system maps the physical environment using LiDAR or depth sensors. Virtual 

prototypes are scaled and positioned to interact naturally with the surroundings. For example, 

a virtual machine assembly can be mapped directly onto a factory floor to check spatial fit. 

3. Interactive Simulation and Manipulation: 

Users interact with the virtual prototype using HMDs, controllers, or haptic gloves. 

Movements, assembly sequences, and functional behaviors are simulated, allowing early 

detection of design flaws. 

4. Multi-User Collaboration Sessions: 

Multiple users, potentially from different locations, access the same MR prototype 

simultaneously. They can annotate, adjust, and validate designs in real-time, accelerating the 

decision-making process. 

5. Iterative Design Updates: 

Feedback from simulations, collaboration, and user testing is used to refine the CAD model. 

Updated models are re-imported into the MR environment for further testing, creating a 

continuous, iterative design loop. 

 

Figure 1 

(descriptive): A flow diagram showing the MR prototyping workflow from CAD import 
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APPLICATIONS ACROSS INDUSTRIES 

Automotive Design 

MR enables engineers to evaluate car interiors, ergonomics, and assembly processes virtually. 

It reduces time to market by allowing early-stage testing of complex components. 

 

Aerospace 

In aerospace, MR supports assembly planning, cockpit layout evaluation, and maintenance 

training. Engineers can identify potential design flaws before expensive physical prototyping. 

 

Consumer Electronics 

Wearables, smartphones, and home appliances benefit from MR by providing immersive 

testing for form, usability, and aesthetics. 

 

Industrial Equipment 

MR enhances prototyping of machinery, allowing interactive simulation of moving parts, 

safety evaluations, and maintenance procedures. 

 

CHALLENGES AND LIMITATIONS 

 High Initial Investment: MR hardware and software licensing can be expensive. 

 Technical Complexity: Requires skilled personnel for modeling, MR development, and 

integration. 

 Ergonomic Limitations: Long-duration use of HMDs can cause fatigue. 

 Data Security: Collaborative MR environments may expose sensitive design data. 

 Accuracy Limitations: Spatial mapping and sensor precision may not perfectly replicate 

real-world constraints. 

 

FUTURE DIRECTIONS 

 AI-Enhanced MR: Integration with AI for predictive design modifications and automated 

error detection. 

 Cloud MR Collaboration: Cloud-based MR platforms allowing scalable, multi-location 

design collaboration. 

 Haptic-Enhanced MR: More advanced haptic feedback to simulate real-world touch and 

resistance. 
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 Integration with Digital Twins: MR combined with Digital Twins for real-time, context-

aware design testing. 

 

CONCLUSION 

Mixed Reality is redefining prototyping workflows by merging virtual and physical realities. 

Its advantages—faster iteration, immersive visualization, collaborative design, and reduced 

costs—make it a valuable tool across industries. Despite challenges like high costs, technical 

complexity, and ergonomic limitations, MR adoption is likely to increase as hardware becomes 

more accessible and software platforms mature. Future integration with AI, haptics, and digital 

twin technology promises further enhancements in efficiency, accuracy, and user-centered 

design. MR is no longer just an experimental tool; it is gradually becoming a standard in 

modern prototyping workflows. 
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