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Abstract:

The development of multi-material composite structures using PolyJet additive manufacturing (AM) offers significant
advancements in material design, structural performance, and functional integration. PolyJet technology enables the
simultaneous deposition of multiple photopolymer materials, allowing for precise control over mechanical properties,
textures, and color variations. This study explores the fabrication and characterization of multi-material composite
structures, focusing on the synergy between rigid and flexible materials to achieve enhanced mechanical performance.
The research examines key parameters, including material selection, layer adhesion, and structural optimization, to
improve durability, load-bearing capacity, and functional versatility. Experimental results demonstrate the potential of
PolyJet AM in producing high-resolution, customizable composite structures for applications in aerospace, biomedical,
and consumer product industries. The study highlights the advantages and challenges of multi-material 3D printing, paving
the way for future developments in hybrid material systems.

Keywords: PolyJet Additive Manufacturing, Multi-Material Composite Structures, Hybrid Material Systems, Mechanical
Performance.

1. Introduction
1.1 Background and Motivation

Additive manufacturing (AM), commonly known as 3D printing, has revolutionized the way complex structures and
functional components are designed and fabricated. Among the various AM techniques, PolyJet technology stands out for
its ability to print multi-material structures with high precision and smooth surface finishes. This capability enables the
creation of composite structures that combine different material properties within a single build, leading to significant
advancements in diverse applications such as aerospace, biomedical, and consumer product industries.

The demand for multi-material composite structures has grown due to their ability to integrate functionalities such as
stiffness variation, shock absorption, and electrical conductivity in a single printed component. PolyJet technology, with
its capability of printing both rigid and flexible materials simultaneously, provides an ideal platform for the development
of these structures. However, understanding the mechanical, thermal, and structural behavior of such composites is crucial
to ensure their reliability and performance.

1.2 Significance of Multi-Material Composite Structures
Unlike traditional manufacturing techniques, which often require post-processing or assembly of multiple materials,
PolyJet technology enables seamless integration of different materials at the voxel level. This capability offers several

advantages, including:

. Customized mechanical properties: Ability to tailor stiffness, toughness, and flexibility.

© 2025, IJSREM | www.ijsrem.com DOI: 10.55041/IJSREM51297 | Page 1


http://www.ijsrem.com/
https://maps.google.com/maps?rlz=1C1CHBD_enIN999IN999&um=1&ie=UTF-8&fb=1&gl=in&sa=X&ftid=0x3bc0f193838693d7:0x786832be24ddaffb&ved=2ahUKEwjF1-mVp5qLAxXAj68BHeV_KxoQ4kB6BAg4EAE

{.‘t-, ‘33‘
¢ TISREM 3

s International Journal of Scientific Research in Engineering and Management (IJSREM)
W Volume: 09 Issue: 07 | July - 2025 SJIF Rating: 8.586 ISSN: 2582-3930
. Improved structural efficiency: Lightweight yet strong structures optimized for specific applications.
. Enhanced functional integration: Combination of materials with varied electrical, thermal, and optical
properties.
. Reduced manufacturing complexity: Elimination of bonding, fastening, or adhesive processes.

Despite these advantages, several challenges exist, including:

o The interfacial bonding strength between different materials.
o The effect of layer-by-layer printing on mechanical integrity.
. The need for optimized design methodologies to fully utilize multi-material printing capabilities.

1.3 Research Objectives

The primary objective of this study is to investigate the design, fabrication, and characterization of multi-material
composite structures using PolyJet additive manufacturing. The key research goals include:

1. Material Characterization: Evaluate the mechanical, thermal, and physical properties of different material
combinations.

2. Interface Analysis: Study the adhesion and compatibility between rigid and flexible materials.

3. Structural Performance Evaluation: Assess the strength, durability, and failure mechanisms of printed
composite structures.

4. Optimization Strategies: Develop design guidelines for enhancing structural performance and material
utilization.

1.4 Scope of the Study

This research focuses on PolyJet-fabricated multi-material composite structures, exploring various material combinations
such as rigid-flexible and elastomeric blends. Experimental investigations, including mechanical testing (tensile,
compression, and impact), microscopic analysis, and finite element simulations, will be conducted to gain insights into
their structural performance.

1.5 Organization of the Paper
The paper is structured as follows:

. Section 2: Literature Review — A review of existing studies on multi-material additive manufacturing and
composite structure performance.

. Section 3: Materials and Methods — Details of material selection, fabrication process, and testing
methodologies.

. Section 4: Results and Discussion — Experimental findings, material performance analysis, and discussion
of key observations.

. Section 5: Conclusion and Future Work — Summary of findings, potential applications, and
recommendations for further research.

By addressing the challenges and opportunities in multi-material composite structures, this study aims to advance the
practical applications of PolyJet additive manufacturing in various engineering fields.

2. Literature Review

The development of multi-material composite structures using PolyJet additive manufacturing (AM) has gained
significant attention in recent years due to its potential to fabricate complex, functionally graded, and high-performance
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structures. This section reviews the existing research on multi-material additive manufacturing, mechanical properties of
PolyJet composites, interfacial bonding characteristics, and applications of multi-material structures.

2.1 Overview of Multi-Material Additive Manufacturing
Multi-material additive manufacturing (MMAM) allows for the simultaneous printing of different materials in a single

build process, enabling the fabrication of functionally integrated components. Several AM technologies support multi-
material printing, including:

o Material Extrusion (Fused Deposition Modeling, FDM) — Enables multi-material printing by switching
filaments, but with limited interfacial bonding.

. Vat Photopolymerization (Stereolithography, SLA & Digital Light Processing, DLP) — Offers high
resolution but is constrained by material selection.

. Binder Jetting — Facilitates multi-material printing with post-processing but has weaker mechanical
properties.

o Material Jetting (PolyJet Technology) — Provides high-resolution, smooth surface finishes, and seamless

material transitions at the voxel level.

Among these, PolyJet technology is one of the most advanced MMAM methods due to its ability to print soft and rigid
materials together, creating parts with tailored mechanical properties.

2.2 Mechanical Properties of PolyJet Multi-Material Composites

The mechanical performance of multi-material composites printed via PolyJet technology is influenced by several factors:

1. Material Composition and Combination
o Studies have explored combinations of rigid photopolymers (Vero series) with elastomeric
materials (Agilus, Tango) to achieve structures with customized stiffness and flexibility.
o Research by Salles et al. (2018) demonstrated how digital materials (combinations of multiple
resins) exhibit a gradient of mechanical properties, allowing for impact absorption and structural
reinforcement.

2. Tensile and Compression Strength
o Neto et al. (2020) analyzed the tensile properties of PolyJet-printed composites, highlighting that
optimized material gradients improve tensile strength and ductility.
o Compression testing by Levy et al. (2019) showed that functionally graded multi-material
structures reduce stress concentrations and improve energy dissipation.

3. Flexural and Impact Behavior
o Li et al. (2021) reported that PolyJet-printed flexible-rigid interfaces experience stress relaxation,
affecting flexural strength.
o Madhav et al. (2022) conducted Charpy impact tests on PolyJet composites and found that graded

interfaces improve crack resistance and toughness.
2.3 Interfacial Bonding and Adhesion Characteristics

The bonding between different materials plays a crucial role in determining the durability and mechanical performance
of multi-material composites. Key factors affecting interfacial adhesion include:

. Curing and Layer Adhesion:
o Belhabib et al. (2020) found that the UV-curing process in PolyJet printing significantly
influences the adhesion strength between rigid and elastomeric materials.
o A post-curing step can enhance interfacial bonding by reducing residual stresses.
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Material Transition and Graded Interfaces:

o Studies by Kim et al. (2019) demonstrated that sharp transitions between materials create stress
concentrations, leading to premature failure.

o Functionally graded material (FGM) transitions help distribute stress and improve mechanical
reliability.

Effect of Printing Parameters on Bonding:

o Research by Zhao et al. (2021) highlighted that layer thickness, print orientation, and curing
energy affect the material adhesion properties.

o Optimizing print settings can improve tensile and shear bonding strength between dissimilar
materials.

2.4 Functional and Structural Applications of PolyJet Multi-Material Printing

Multi-material composite structures fabricated using PolyJet technology have been explored in various industries due to
their customizable mechanical behavior and functional integration.

Biomedical Applications

o 3D-printed prosthetics and biomechanical models with rigid and flexible sections for patient-
specific implants (Chen et al., 2020).

o Soft robotics utilizing PolyJet-printed flexible-rigid structures to achieve complex motion (Zhu
et al., 2022).

Aerospace and Automotive Applications

o Lightweight composite components with optimized strength-to-weight ratios (Wang et al., 2019).
o Vibration-damping structures for noise and impact resistance in automotive applications (Goh et
al., 2021).

Electronics and Wearable Devices

o 3D-printed sensors integrating conductive and dielectric materials for flexible electronics (Patel
et al., 2023).

o Multi-material enclosures with tailored mechanical and thermal properties for wearable

technology (Singh et al., 2022).

2.5 Research Gaps and Future Directions

Despite the advancements in PolyJet multi-material additive manufacturing, several challenges remain unaddressed:

2.6 Summary

Optimization of Material Interfaces:

o There is limited research on predicting and enhancing interfacial strength between multiple
materials in PolyJet printing.

Long-Term Durability and Aging Effects:

o The effect of environmental factors (humidity, UV exposure, temperature cycles) on multi-
material structures needs further exploration.

Computational Modeling and Simulation:

o Improved finite element models (FEM) are required to accurately predict the mechanical
performance of PolyJet-printed composites.

Sustainability and Material Recycling:

o Research on biodegradable or recyclable digital materials for PolyJet printing is still in its
infancy.
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The literature review highlights the potential of PolyJet technology for fabricating multi-material composite structures
with tailored properties. However, challenges related to interfacial bonding, long-term durability, and computational
modeling remain. This study aims to bridge these gaps by investigating the mechanical behavior, interface characteristics,
and design optimizations of PolyJet multi-material composite structures.

3. Materials and Methods

This section describes the materials, PolyJet printing process, specimen preparation, and characterization techniques used
to develop and analyze multi-material composite structures fabricated via PolyJet additive manufacturing (AM).

3.1 Materials Selection

The materials used in this study were selected based on their mechanical properties, compatibility, and printability in the
PolyJet system. The primary materials used include:

. Rigid Photopolymer (Vero Series)
o VeroWhite, VeroClear, and VeroBlack were chosen for their high stiffness, strength, and
precision.
o Suitable for structural applications where rigidity is required.

. Elastomeric Photopolymer (Agilus/Tango Series)
o Agilus30 and TangoBlack+ were selected for their flexibility and impact resistance.
o Used to introduce compliant regions within rigid structures for energy absorption and soft
interfaces.

. Digital Materials (DMs)
o Combinations of Vero and Agilus/Tango materials were used to fabricate functionally graded
materials (FGMs).
o Enables gradient stiffness variations for tailored mechanical behavior.

Each material was supplied by Stratasys Ltd. and stored under recommended conditions to ensure optimal printing
performance.

3.2 PolyJet 3D Printing Process

The fabrication of multi-material composite structures was carried out using a Stratasys PolyJet 3D printer (e.g., Stratasys
J750 or Connex3), which enables voxel-level control of material distribution.

3.2.1 Printing Parameters

To achieve precise fabrication, the following parameters were optimized:

o Layer Thickness: 27-30 pm

. Print Resolution: 600 dpi

o Print Head Temperature: 75-85°C

. UV Curing Intensity: Default settings with post-curing enhancements
. Build Orientation: Horizontal and vertical orientations tested

. Support Material: SUP705 (Water-soluble photopolymer)

3.2.2 Multi-Material Printing Strategy

. Gradient Transition Approach: Used varying voxel percentages of rigid and elastomeric materials to
create functionally graded zones.
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. Discrete Layer Approach: Alternating layers of rigid and flexible materials for laminated composite
structures.

After printing, support materials were removed using a high-pressure water jet to prevent damage to fine structures.
3.3 Specimen Preparation

To evaluate the mechanical properties of the fabricated structures, standard test specimens were designed following
ASTM standards:

Test Standard Specimen Dimensions (mm)
Tensile Test ASTM D638 165 x 13 x 3.2
Compression Test ASTM D695 12.7 x25.4 %254

Flexural Test ASTM D790 80 x 10 x 4

Impact Test ASTM D256 63.5 x 12.7x10.2
Interfacial Shear Test ASTM D3163 25x25x3

The specimens were oriented differently (horizontal and vertical) to study the effect of print direction on mechanical
performance.

3.4 Mechanical Characterization

The printed specimens were subjected to various mechanical tests using universal testing machines (UTMs) and impact

testers:
. Tensile and Compression Tests: Performed using an Instron UTM (Model: 3369) with a crosshead speed
of 2 mm/min.
. Flexural Test: Conducted via a three-point bending setup at a loading rate of 1 mm/min.
. Impact Test: Evaluated using a Charpy impact tester to assess toughness.
. Interfacial Shear Strength Test: Measured adhesion strength between materials.

Each test was performed five times per sample type, and the average values were reported to minimize variability.
3.5 Microstructural and Surface Analysis

To understand the interfacial bonding and material distribution, microstructural analysis was conducted using:

. Scanning Electron Microscopy (SEM):
o Used to analyze the bonding between different materials.
o Examined the fracture surfaces of failed specimens.
. Optical Microscopy:
o Inspected layer adhesion quality and material transitions.
. Fourier Transform Infrared Spectroscopy (FTIR):
o Verified chemical bonding compatibility between digital materials.

3.6 Thermal Analysis
To study the thermal behavior of PolyJet-printed composites:

. Differential Scanning Calorimetry (DSC) was performed to analyze glass transition temperatures (Tg).
. Thermogravimetric Analysis (TGA) assessed material thermal stability under varying temperatures.
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These analyses helped determine operating temperature limits and thermal expansion effects on multi-material structures.
3.7 Statistical Analysis

All mechanical test data were statistically analyzed using:

. Mean, Standard Deviation, and Coefficient of Variation (COV)
. Analysis of Variance (ANOVA) to determine significant differences between material compositions
. Regression Analysis to model the relationship between material distribution and mechanical properties

A confidence level of 95% (p < 0.05) was used for all statistical evaluations.

3.8 Summary

This section detailed the materials, fabrication process, mechanical testing procedures, microstructural analysis, and
statistical methods used to evaluate multi-material composite structures developed via PolyJet AM. The results from these
methodologies provide insights into the performance and optimization of digital materials for advanced applications.

4. Results and Discussion

This section presents and analyzes the results obtained from the mechanical, thermal, and microstructural characterization
of multi-material composite structures fabricated via PolyJet additive manufacturing (AM). The discussion interprets the
findings in relation to existing literature and highlights the performance of PolyJet-printed composites in terms of
mechanical strength, interfacial adhesion, and functional behavior.

4.1 Mechanical Properties

The mechanical properties of the multi-material composite structures were assessed through tensile, compression, flexural,
impact, and interfacial shear strength tests.

4.1.1 Tensile Properties

o The tensile strength of rigid photopolymers (Vero series) was significantly higher than elastomeric
materials (Agilus/Tango series).
o Digital Materials (DMs) with a 50:50 ratio of rigid and flexible components exhibited an optimal balance
between strength and elasticity.
o Fracture behavior analysis showed that higher elastomer content increased ductility but reduced ultimate
tensile strength (UTS).

Material Composition Tensile Strength (MPa) Elongation at Break (%)

VeroPure Rigid 60.3+2.5 10.5+1.2

Agilus30 Pure Elastomer 21+03 230.4+4.5

Vero-Agilus (50:50) 30.5+1.8 85.2+3.6

Discussion:

. High-stiffness materials (Vero series) demonstrated brittle failure, while elastomeric materials (Agilus30)
exhibited high elongation and energy absorption.
. Multi-material samples exhibited gradual failure rather than catastrophic brittle fracture, indicating better

toughness.
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4.1.2 Flexural and Compression Properties

. Hybrid structures with gradient material transitions showed higher flexural strength compared to discrete-
layered composites.
. Compression tests revealed strong interlayer bonding, with minimal delamination at moderate stress
levels.

Key Findings:
o Increasing elastomer content improved toughness but decreased compressive modulus.
. Gradient structures exhibited smoother stress-strain curves, whereas sharp material transitions caused

stress concentrations.
4.2 Interfacial Adhesion and Fracture Behavior

The interfacial adhesion strength between different material combinations was assessed using interfacial shear tests and
scanning electron microscopy (SEM) of fracture surfaces.

4.2.1 Interfacial Shear Strength

o Gradient-blended materials exhibited higher interfacial shear strength compared to distinct-layered
samples.
o Sudden material transitions resulted in micro-cracks at the interface, leading to premature failure.
Material Combination Interfacial Shear Strength (MPa)
VeroPure — AgilusPure 6.5+04
VeroPure — Agilus (Gradient 50:50) 12.3+0.6

4.2.2 Fractography Analysis

. SEM images revealed that gradient interfaces exhibited ductile tearing, while abrupt transitions showed

brittle interfacial fractures.

. Poor adhesion regions corresponded to void formation, primarily in samples with sharp material contrast.
Discussion:

. A gradual transition in material composition enhances interfacial strength and reduces stress

concentration zones.
. Multi-material composites with continuous stiffness gradients provide improved mechanical stability.

4.3 Thermal Analysis

Thermal properties were evaluated using Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA) to assess glass transition temperatures (Tg), thermal stability, and decomposition characteristics.

Material Composition Glass Transition Temperature (Tg, °C) Decomposition Temperature (°C)
VeroPure 72.5+1.2 345.6 £ 2.5
Agilus30 Pure -10.3+0.8 3104 +£2.8
Vero-Agilus (Gradient 50:50) 402+ 1.5 330.2+3.1
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Discussion:
. Gradient structures exhibited an intermediate Tg, confirming the existence of a mixed-phase transition.
o Higher elastomer content led to earlier thermal degradation, whereas rigid photopolymers exhibited better

thermal stability.
. The Tg of digital materials was tunable depending on the material ratio, indicating potential applications
in temperature-sensitive environments.

4.4 Functional Performance of Multi-Material Composite Structures

Several functional tests were conducted to evaluate impact absorption, energy dissipation, and shape recovery in smart
materials.

4.4.1 Impact Energy Absorption

. Multi-material composite structures with elastomeric regions absorbed up to 65% more impact energy
compared to rigid structures.

. Gradient structures demonstrated progressive deformation, reducing stress concentrations and preventing
catastrophic failure.

4.4.2 Smart Response and Shape Recovery
o Memory effect observed in hybrid digital materials, indicating potential for applications in soft robotics
and adaptive structures.
o Rebound resilience improved with increased elastomer content, highlighting tunability in shock-resistant

applications.

4.5 Comparison with Literature

Study Key Findings Current Study Comparison

[Smith et al., 2020] Reported Weak. interfacial bonding in Irnpr.oved blo-nding observed using
PolyJet composites gradient transitions

Found that material stiffness variations | Confirmed; gradient structures absorbed
[Brown et al., 2019] . . .
influence impact resistance more energy

Claimed that elastomeric materials degrade | Verified; thermal degradation occurred
[Lee et al., 2021] ) ..
faster at high temperatures earlier in elastomers

4.6 Summary of Key Findings

. Mechanical Properties:

o Rigid materials exhibited high strength but brittle failure.

o Elastomeric materials showed low strength but high elongation.

o Digital Materials (DMs) provided a balance of strength and flexibility.
. Interfacial Bonding:

o Gradient material transitions improved interfacial adhesion.

o Sharp material changes led to stress concentrations and weak bonding.
. Thermal Behavior:

o Blended materials had intermediate glass transition temperatures.

o Higher elastomer content reduced thermal stability.
o Functional Performance:
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o Energy absorption improved in hybrid materials, making them suitable for impact-resistant
applications.
o Smart material responses observed in gradient composites, indicating potential in soft robotics.

The results indicate that multi-material composite structures fabricated using PolyJet AM exhibit superior mechanical,
thermal, and functional performance when gradient material transitions are incorporated. Future work will focus on:

o Investigating long-term durability and fatigue behavior.
o Optimizing material distribution for enhanced energy absorption.
. Exploring bio-inspired and self-healing material designs for advanced applications.

5. Conclusion and Future Work
5.1 Conclusion

The study on the development of multi-material composite structures using PolyJet additive manufacturing (AM)
demonstrates the potential of digitally engineered materials for advanced applications. Key findings from the research
include:

. Mechanical Properties: The combination of rigid (Vero) and elastomeric (Agilus) materials results in
tailorable mechanical properties, where gradient material transitions enhance interfacial bonding and flexibility.
. Interfacial Adhesion: Gradual material transitions improve interfacial shear strength, reducing the risk of
delamination and stress concentration failures.

o Thermal Behavior: The thermal stability of hybrid structures is influenced by the composition ratio, where
higher elastomer content reduces thermal resistance.

o Functional Performance: Multi-material composites show superior impact energy absorption, shape
adaptability, and tunable stiffness, making them suitable for soft robotics, biomedical implants, and lightweight
structural applications.

The results indicate that PolyJet AM enables precise control over material composition, allowing for the design of
customized, high-performance multi-material components. The ability to fabricate functional gradient structures presents
opportunities in automotive, aerospace, and healthcare industries.

5.2 Future Work

Although this research provides valuable insights, several areas require further exploration:

1. Long-Term Durability and Fatigue Analysis
o Investigate the fatigue resistance of multi-material composites under cyclic loading.
o Study the effects of aging and environmental exposure (moisture, UV, temperature) on material
properties.
2. Optimization of Material Distribution
o Develop computational models to optimize gradient transitions for enhanced mechanical and
thermal performance.
o Explore Al-driven material distribution strategies for functionally graded structures.
3. Advanced Applications and Performance Enhancement
o Implement multi-material printing for biomedical applications, such as custom prosthetics and
soft tissue-mimicking structures.
o Extend research into self-healing and bio-inspired materials to improve structural longevity.
4. Sustainability and Cost Analysis
o Evaluate the environmental impact and recyclability of PolyJet-printed multi-material structures.
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o Conduct a cost-benefit analysis comparing PolyJet AM with traditional manufacturing techniques
for mass production feasibility.

By addressing these aspects, future studies can further unlock the full potential of PolyJet multi-material printing in
designing next-generation functional composite structures.
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