
© April 2025 | IJIRT | Volume 11 Issue 11 | ISSN: 2349-6002 

IJIRT 175547 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 3114 

A Comprehensive Survey of Digital Humans: 

Technologies, Applications, and Future Directions 
 

 

Arjun K Nadlumane1, Arpit Dwivedi2, Jayatheerth P Z3, Dr. Srividhya S4 

1,2,3,4 Bnm Institute of Technology 

 

Abstract—This survey examines the rapidly evolving 

field of digital humans, exploring the integration 

of natural language processing, computer vision, and 

generative AI technologies that enable 

the creation of photorealistic virtual avatars capable of 

emotionally intelligent interactions. We 

analyze key technological approaches including facial 

animation, speech synthesis, gesture 

generation, and real-time rendering techniques. The 

survey highlights significant advance- 

ments in neural rendering, audio-driven facial 

reenactment, and physically-based rendering 

that have contributed to increasingly realistic digital 

humans. Our findings indicate that while 

substantial progress has been made in creating 

convincing digital avatars, challenges remain 

in achieving seamless emotional intelligence, contextual 

understanding, and cost-effective im- 

plementations. We identify promising research 

directions including multimodal integration, 

personalized avatar generation, and expanded 

applications across healthcare, education, and 

entertainment industries. 

 

Index Terms—Digital humans, Metahumans, Virtual 

avatars, Neural rendering, Facial animation, Human–

computer interaction, Real-time animation. 

 

I. INTRODUCTION 

 

The emergence of digital humans represents a 

convergence of several cutting-edge technologies, 

including artificial intelligence, computer graphics, 

computer vision, and natural language pro- cessing. 

These synthetic personas, often appearing as hyper-

realistic avatars or virtual assistants, are capable of 

replicating intricate human traits such as facial 

expressions, body language, tone of voice, and 

emotional nuances. Initially used in gaming and 

cinematic visual effects, digital humans have now 

expanded into sectors such as education, healthcare, 

customer service, virtual reality, and even social 

media. They are redefining the way users interact with 

machines by offering a more 

natural, intuitive, and emotionally engaging 

experience [1]. Digital humans are no longer limited 

to pre-recorded animations or rule-based chatbots. Ad- 

vances in deep learning, especially generative 

adversarial networks (GANs) and transformer-based 

models, have allowed the creation of avatars that can 

respond in real time, adapt to contextual cues, and 

maintain a coherent and intelligent dialogue [2]. Real-

time face capture, audio-to-visual synchronization, 

and photorealistic rendering have further propelled 

their realism and immersion, reducing the gap between 

digital simulations and human perception [3]. With 

companies like Epic Games (through MetaHuman 

Creator), NVIDIA (via Omniverse), and Unreal 

Engine leading the development of high-fidelity 

digital avatars, the field is experiencing rapid 

innovation. These platforms enable developers to 

design customizable avatars that can be deployed 

across virtual environments and real-world 

applications [4]. As immersive technologies like 

augmented reality (AR) and virtual reality (VR) gain 

traction, the demand for lifelike digital humans who 

can interact seamlessly within these spaces is also 

increasing [5]. This survey also aims to bridge the gap 

between academic research and industry implementa- 

tions, offering insights into both experimental models 

and real-world applications. By exploring recent 

breakthroughs, comparative analyses, and integration 

strategies, this paper provides a holis- tic overview for 

researchers, engineers, and designers working on the 

next generation of interactive human–machine 

interfaces [6]. 

 

II. LITERATURE SURVEY 

 

2.1. Overview of the Domain 



© April 2025 | IJIRT | Volume 11 Issue 11 | ISSN: 2349-6002 

IJIRT 175547 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 3115 

The concept of digital humans has evolved 

significantly over the past several decades, beginning 

with simple computer-generated characters and 

progressing to today’s sophisticated, emotionally 

responsive virtual avatars. The foundational work in 

this field emerged from computer graphics research in 

the 1980s and 1990s, which focused on creating 

convincing human representations for animation and 

visual effects. Kalra et al. introduced early work on 

realistic virtual humans with their 1998 paper Real-

Time Animation of Realistic Virtual Humans, which 

proposed an interactive system combining multiple 

modules for skeleton motion control, texture fitting, 

and model building [7]. This research laid important 

groundwork for subsequent developments in 

interactive human animation. As computational 

capabilities advanced, researchers began exploring 

more sophisticated ap- proaches to creating and 

animating digital humans. The development of motion 

capture technolo- gies enabled more realistic 

movement, while advances in rendering techniques 

improved visual fidelity. The introduction of deep 

learning methods in the 2010s revolutionized the field, 

enabling new approaches to facial animation, speech 

synthesis, and emotional expression [8, 9, 10].  

 

2.2. Main Approaches and Techniques 

Face and Body Modeling: Techniques for modeling 

human anatomy include 3D scanning and mesh 

reconstruction. These models must be rigged with 

digital skeletons for animation. High- resolution 

textures are used to simulate realistic skin, facial 

micro-expressions, and hair dynam- ics [11]. Facial 

Animation: Two main approaches include blendshape 

animation and physics-based modeling. Blendshapes 

are widely used for expressive performances in games 

and films, whereas physics-based models offer 

realistic deformation under muscle simulation. Speech 

and Voice Generation: Neural networks like Tacotron 

and WaveNet have enabled lifelike speech synthesis. 

Integrating these systems with lip-sync algorithms 

ensures accurate audio-visual alignment. Gesture and 

Emotion Generation: Emotional AI leverages affective 

computing to detect and express emotions. Gesture 

synthesis can be learned from human video data, 

enabling naturalistic movement and communication 

[12]. 

 

2.3. Data Sources and Datasets 

Publicly available datasets such as FaceWarehouse, 

Biwi 3D Head Pose, and CMU Motion Capture 

provide high-quality 3D scans, annotated gestures, and 

facial expressions. Collecting such data remains 

challenging due to privacy concerns and the need for 

multi-modal annotations [13]. Critical Analysis While 

GANs and transformer models have advanced realism, 

they are often computationally ex- pensive and require 

large datasets. Moreover, generalization across 

identities, expressions, and languages remain limited. 

Ethical issues include misuse in deepfakes and biased 

data leading to inaccurate emotion representation [14]. 

 

III. SYSTEM ARCHITECTURE AND 

IMPLEMENTATION 

 

3.1 System Architecture Overview  

Creating functional digital humans requires the 

integration of multiple technological components into 

a cohesive system. Based on the literature, a 

comprehensive digital human architecture typi- cally 

includes the following components: Input Processing 

Subsystem This component handles user inputs, which 

may include text, speech, visual data (facial expres- 

sions, gestures), or combinations thereof. 

Technologies employed include speech cognition, nat- 

ural language understanding, and computer vision for 

tracking user expressions and movements [15, 16]. 

Cognitive Processing Unit The “brain” of the digital 

human, responsible for understanding user inputs, 

generating appropriate responses, and determining 

emotional states. This typically incorporates 

conversational AI, often enhanced with retrieval-

augmented generation (RAG) for access to knowledge 

bases, and emotion recognition/generation systems 

[17]. 

Response Generation System 

Transforms the cognitive output into multimodal 

responses, including text generation, speech syn- 

thesis with appropriate prosody, and instructions for 

visual animations. Animation Pipeline Translates 

response instructions into visual representations, 

including facial expressions, lip move- ments 

synchronized with speech, gestures, and body 

movements. This component may incorporate 

multiple specialized modules for different aspects of 

animation.  
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Rendering Engine 

Creates the final visual output, rendering the animated 

3D model with appropriate lighting, tex- tures, and 

environmental interactions to achieve photorealistic 

results. Integration Framework Coordinates 

communication between components, manages timing 

and synchronization issues, and ensures coherent 

multimedia output. We describe an implementation 

that integrates Azure Speech Service with NVIDIA’s 

Anima- tion Pipeline to enable an avatar to vocalize 

responses from a Retrieval-Augmented Generation 

(RAG) server. This system exemplifies the modular 

yet integrated approach necessary for effective digital 

humans. 

 

3.2 Implementation Methodologies 

Speech Integration and Lip Synchronization The 

synchronization of speech with facial movements 

represents a critical challenge in digital human 

implementation. Current methodologies include: • 

Phoneme-based Mapping: Mapping specific speech 

sounds (phonemes) to corresponding visual 

representations (visemes) for lip shapes. This 

traditional approach provides good control but may 

lack naturalness. • Audio-driven Animation: Using 

neural networks to directly predict facial movements 

from audio signals, as demonstrated in “Neural Voice 

Puppetry”. This approach typically pro- duces more 

natural results but may offer less precise control. • 

Hybrid Approaches: Combining rule-based phoneme 

mapping with data-driven refinement to balance 

control and naturalness. A successful implementation 

example is the Audio2Face-3D Microservice 

described by Nad- lumane et al., which converts 

speech audio into facial animations with lip-syncing 

capabilities and achieved a reported 95% accuracy rate 

in matching phonemes to corresponding visual 

representa- tions [18]. 

 

Animation and Gesture Control 

Digital humans require coordinated animation systems 

to produce natural movements: • Animation Graph 

Systems: These manage and blend various animation 

states for the avatar, enabling smooth transitions 

between different expressions and movements. The 

Ani- mation Graph Microservice described in the 

methodology section represents this approach. • 

Procedural Animation: Generating animations 

programmatically based on parameters and rules, 

which allows for dynamic responses to changing 

conditions [19]. • Blended Neural Animation: Using 

neural networks to generate base animations that are 

then blended and modified according to specific 

requirements or constraints. Rendering and 

Visualization The final visual output depends on 

sophisticated rendering techniques: • Real-time 

Rendering Solutions: Specialized rendering engines 

designed for real-time per- formance while 

maintaining visual quality, such as the Omniverse 

Renderer Microservice mentioned in the 

methodology. • Physically-based Rendering: 

Simulating light and material interactions according to 

phys- ical principles to achieve photorealistic results, 

as explored by Huang et al. • Optimization 

Techniques: Various approaches to balance visual 

quality with performance requirements, including 

level-of-detail systems, dynamic resolution scaling, 

and specialized hardware acceleration. 

 

Deployment Considerations 

The practical deployment of digital human systems 

involves several important considerations: • Hardware 

Requirements: Digital human systems, particularly 

those aiming for real-time interaction and high visual 

fidelity, typically require substantial computational 

resources. Systems may leverage GPU acceleration 

(particularly for neural rendering approaches) and 

specialized hardware for different components. • 

Containerization and Microservices: Modern 

implementations often employ containeriza- tion 

technologies like Docker to manage complex, multi-

component systems. This approach facilitates scaling, 

updates, and component isolation, as demonstrated in 

the deployment steps outlined by Nadlumane et al. • 

Latency Management: For interactive applications, 

minimizing latency is crucial. Tech- niques include 

pipeline optimization, asynchronous processing, and 

careful system design to reduce end-to-end response 

time. The implementation described achieved “an 

average latency of under 100 milliseconds”. • Scaling 

Considerations: Deployments must account for 

potential scaling requirements, both in terms of 

concurrent users and deployment across different 

environments (cloud, edge, on-premises). 

 

IV. RESULTS AND DISCUSSION 

 

4.1 Key Findings 
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The literature and implementations surveyed reveal 

several significant findings about the current state of 

digital human technology: Technical Feasibility: 

Current technology has reached a level where 

convincing, real-time dig- ital humans are technically 

feasible. The implementation described by Nadlumane 

et al. demon- strated “seamless synchronization 

between the generated speech and facial animations” 

with low latency and high accuracy in matching 

phonemes to visual representations. This indicates that 

the fundamental technical challenges can be overcome 

with current approaches. Performance Metrics: 

Successful implementations have achieved important 

performance benchmarks, including: • Latency under 

100 milliseconds for end-to-end response. • 95% 

accuracy in phoneme-to-viseme mapping. • Stable 

operation across extended interaction periods. • 

Consistent frame rates and audio-visual 

synchronization during multi-hour sessions. 

Emotional Expression: While technical animation 

capabilities have advanced significantly, the 

integration of convincing emotional expression 

remains challenging. Systems that incorporate both 

facial expressions and body language show more 

promising results than those focused on facial 

animation alone. User Engagement: Digital humans 

that combine visual realism with conversational 

intelli- gence demonstrate significantly higher user 

engagement compared to traditional interfaces or non- 

visual conversational agents. This suggests that the 

visual component of digital humans contributes 

substantially to their effectiveness [20]. Integration 

Complexity: Creating effective digital humans 

requires the successful integra- tion of multiple 

complex technologies. This integration represents a 

significant challenge but is achievable through careful 

system design and modern software engineering 

approaches. 

 

4.2 Discussion of Challenges 

Despite the progress made, several challenges remain 

in digital human development: Uncanny Valley 

Effects: As digital humans approach but don’t quite 

achieve perfect human likeness, they risk falling into 

the “uncanny valley”—a phenomenon where almost-

but-not-quite- human representations provoke 

discomfort or rejection. This challenge requires 

careful attention to consistent levels of realism across 

all aspects of the digital human. Computational 

Requirements: High-quality digital humans, 

especially those employing neu- ral rendering 

techniques, require substantial computational 

resources. This limits their deployment in resource-

constrained environments and raises questions about 

scalability. Integration of Emotional Intelligence: 

While visual representation has advanced signifi- 

cantly, the development of true emotional intelligence 

in digital humans—the ability to 

recognize,understand, and appropriately respond to 

human emotions—remains a significant 

challenge.Personalization vs. Generalization: Creating 

digital humans that can adapt to individual users while 

maintaining general applicability represents a difficult 

balance. Systems must be specific enough to feel 

personalized but general enough to work for diverse 

user populations. Ethical and Privacy Concerns: The 

development of increasingly realistic and intelligent 

dig- ital humans raises important ethical questions 

regarding representation, consent, data privacy, and 

potential misuse. These concerns require careful 

consideration in system design and deployment. 

 

4.3 Future Directions 

Based on current developments and challenges, 

several promising directions for future research 

emerge: Multimodal Integration: Future systems will 

likely focus on tighter integration between modalities, 

creating digital humans that seamlessly coordinate 

speech, facial expressions, gestures, and 

conversational content for more natural interactions. 

Personalized Digital Humans: Advances in rapid 

personalization techniques could enable the creation 

of digital humans customized to individual users, 

either visually (resembling the user or their 

preferences) or behaviorally (adapting to interaction 

styles) [21]. Emotional Intelligence Advancement: 

Future research will likely emphasize the develop- 

ment of more sophisticated emotional intelligence, 

enabling digital humans to recognize subtle emotional 

cues and respond with appropriate emotional 

expressions. Edge Deployment Solutions: As 

computational requirements remain a challenge, 

research into optimized architectures for edge 

deployment could expand the applicability of digital 

humans to more diverse environments and use cases. 

8 Cross-cultural Digital Humans: Current systems 

often reflect limited cultural contexts. Fu- ture 

development should explore culturally adaptive digital 
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humans that can appropriately modify their 

communication styles, expressions, and behaviors for 

different cultural contexts. Long-term Relationship 

Modeling: Moving beyond single interactions, future 

digital hu- mans might maintain models of ongoing 

relationships with users, adapting their behavior based 

on interaction history and developing appropriate 

relational dynamics. 

 

V. CONCLUSION 

 

Digital humans represent a significant step forward in 

the evolution of human-computer interac- tion, 

moving beyond functional interfaces toward socially 

and emotionally engaged virtual enti- ties. While 

substantial technical challenges remain, particularly in 

achieving seamless integration of visual, verbal, and 

emotional elements, the current state of the field 

demonstrates remarkable progress and suggests 

promising future directions. As this technology 

continues to mature, balancing technical advancement 

with ethical consid- erations will be essential. Digital 

humans have the potential to enhance human 

capabilities and improve access to services, but their 

development must be guided by careful attention to 

potential impacts on individuals and society. The path 

forward will require continued innovation in technical 

capabilities alongside thought- ful consideration of 

how these technologies can best serve human needs 

and values. By pursuing this balanced approach, the 

field of digital humans can realize its potential to 

create more natural, accessible, and emotionally 

intelligent digital interactions. 
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