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ABSTRACT 
It has been a curiosity and the need which has prompted many researchers to work in the area of 
design and manufacturing for the possibility of building polymer parts with complex shape using 
additive manufacturing [AM]. As interactions at interfaces have long been of interest in the area of 
composite materials and adhesive bonding, similar issues need to be addressed for additive 
manufactured multi material structures. In this study, a PolyJet system is used to fabricate multi 
material structure which consists of matrix layers (Tango black plus) sandwiched by two 
reinforcement layers (Vero white).In this work, interface between reinforcement and matrix layer 
in flat and corrugated shape (sine-wave ridged pattern) is employed. Corrugated shape is 
commonly found in nature and engineering structure in order to produce a compliant bending was 
employed in AM multi material structure to enhance its flexural properties. A common 
experimental approach to characterize shear performance, were evaluated to characterize the 
fracture resistance of the interface layers with flat and corrugated structures. Experimental results 
show that corrugated shape interface has the ability to induce passive shear behavior on AM multi 
material structures than flat shape interface. From this investigation it can be concluded that 
interface layer with mechanical linkage such as corrugated shape interfaces shows promising 
results on performance and durability of AM multi material structure. 

INTRODUCTION 
The 3-Dimensional objects/parts are fabricated directly from a computer model (Computer Aided 
Design (CAD) data), in which successive layers of materials are printed one over the other with 
the aid of computer control [1]. The principle behind this technology is that a solid geometry 
model, initially generated using a three-dimensional Computer Aided Design (3D CAD) system, 
can be fabricated instantaneously without the need for process planning. In contrast to subtractive 
manufacturing methodologies, such as traditional manufacturing, AM is defined (ASTM: F2792-
12a) as “process of joining materials to make objects from 3D model data, usually layer by layer 

addition, according to American Society for Testing Materials [2].The possibility of fabrication of 
part with multi material or composite material structures became feasible with recent 
advancements in AM process [3&4]. From literature survey it was observed that few works were 
reported based upon employing AM technologies with multi material/composite material 
especially polymer based material in order to enhance the basic process, either to optimize the 
process or to improve the properties of the final part [5]. The reasons for applying Multi material 
strategies include [6]:  

� Improving the mechanical properties of the AM polymer parts: Additional secondary
materials may enhance the thermal or mechanical behavior.

� Providing additional functionality to AM polymer parts: Due to additional material AM
parts may have different colours with varying electrical conductivity.

� Improving the performance of the AM process: In these cases, additional material may be
used as a barrier material that separates two regions, after removal of the secondary
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material, enables relative motion between the regions which helps in fabrication of 
complaint mechanism. 

By adding new materials or build strategies (e.g., software modifications) to the system the above-
mentioned purposes can be achieved. In other instances, the AM process construction (e.g., 
material delivery system) must be modified to include the new material [7]. Complexity arises in 
the development of material delivery system in terms of AM process, machine construction and 
software modifications. The purpose of representing multiple materials using AM process has 
explored the use of CAD software in this work. In addition, multi material with harder constituent 
“reinforcement” in flat and corrugated shape (sine-wave ridged pattern) as shown in Figure 1, 
which is commonly found in nature and engineering structures in order to produce a compliant 
bending was employed to enhance the flexural properties of AM multi material structure 
[8].Polyjet 3DP technique is used to fabricate multi material structures. Shear test over the 
fabricated multi material structure was done to understand the influence of corrugated shape 
interface over fracture resistance of multi material structure.  

Figure 1.(a) Natural and (b) artificial sine-wave corrugated pattern. 

MODELING OF MULTI MATERIAL STRUCTURE WITH CORRUGATED SHAPE 
Initially a sine-wave is generated in the CAD software using VBA language with the sine-wave 
formula 

y(t)=A sin(2 )          (1) 

where 
A  – amplitude (mm) 
f    – frequency(Hz) 
t    – time period(sec) 
� – phase (rad)

AM process take 3D solid CAD model as input for machine instruction to move the controller and 
deposit the material where it is required [9]. But most of the CAD modeling software represents 
the part only with homogeneous material, which is difficult to represent multiple materials of 
composite materials. Furthermore, majority of AM process take CAD model in STL format as 
standard input. Since STL is a surface approximation only, there is no knowledge of the material 
representation. Hence for the purpose of representing multiple materials for region to region, 
Boolean operation coupled with assembly operation were used to create CAD model with multiple 
material (one part for matrix and another part for reinforcement). To study the effect of shape of 
reinforcement over the flexural properties of AM multi materials, pattern 1 and pattern 2 as shown 
in Figure2, where modeled which were later assembled into matrix part for fabrication.  

a b 
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Pattern 1    Pattern 2 

Figure 2. (i)  Pattern 1 with flat shape interface and (ii) Pattern 2 with corrugated shape interface 

EXPERIMENTAL METHODS 
The selected Polyjet 3DP technique for fabrication of polymer based material works under the 
mechanism where droplets of photo curable polymer resin were deposited through nozzle head as 
shown in Figure 3, whereas one set of nozzle will deliver one type of polymer material and 
another set of nozzle will deliver another type of polymer material. So with this construction, two 
polymer materials were deposited either within a layer or layer by layer with a thickness of about 
30 μm. UV light is employed to cure these photo curable polymer resin. In addition, polymer parts 
can be fabricated by depositing a polymer resin with various ratio which results in change in 
mechanical properties. The schematic diagram of polyjet 3DP is shown in Figure 3.  

Figure 3.Schematic representation of polyjet 3DP head assembly block [3] 

MATERIALS 
As mentioned earlier, the materials used in polyjet 3DP technique are photopolymers, meaning 
they are solidified under the action of UV light. Polyjet 3DP can process wide range of polymer 
materials with different properties to provide greater strength, stiffness, heat deflection, etc. This 
wide range of polymer includes high strength ABS, flexible polypropylene, and rubber like 
elastomers. Exact details of these materials are undisclosed but they were named under the trade 
mark name (e.g. Tango black plus, Vero white, Durus white, etc.,) provided by the machine 
supplier. Table 1. Summarize properties of polyjet 3DP polymer materials considered for 
fabrication of multi material structure.  
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Table 1. Properties of polymer materials considered for fabrication of multi material structure 
Sl.No Properties Materials 

Vero White 
(Reinforcement) 

Tango black 
plus (Matrix) 

1 Tensile 
strength(MPa) 

50 1.8-2.4 

2 Elongation at 
break (%) 

20  130-150

3 Young’s 

modulus(MPa) 
(2000-3000) (0.1 - 0.3) 

TEST PROCEDURES 
Flexural strength measurements were conducted on AM multi material structure (flat and 
corrugated interface) as per ASTM D1876 standard. The dimensions of the specimen according to 
ASTM D1876 standard is shown in Figure 4, [12].The fabricated multi material structure 
specimen according to ASTM standard is shown in Figure 5. Universal Testing Machine (Instron 
2716-002) with T-peel fixture as shown in Figure 5 were used to conduct the test at room 
temperature. Load was applied at the rate of 5 mm/min. 

All dimensions are in mm 

Figure 4. Dimensions of the multi-material specimen according to ASTM standards 

Figure 5.(a)Fabricated specimens and (b) Universal testing machine (Instron 2716-002) 

RESULTS AND DISCUSSION 
The shear properties of AM multi material specimen as a function of flat shape interface and 
corrugated shape interface are summarized in Table 2. From the experimentation, it was observed 
that the maximum shear load withstanding capacity of specimen of multi-material structure with 
corrugated shape interface is almost 0.53 times higher than AM multi-material specimen without 
corrugated shape. It is also observed that the average shear load withstanding capacity of AM 
multi-material with corrugated shape interface is also 0.15 times higher than AM multi-material 
specimen with flat shape. In this experiment, the resistance to crack propagation has increased due 
to the corrugation between multi-material specimens. Macroscopic investigation on fractured 
multi material structure is discussed in following section in order to understand the phenomenon 
behind improvement in fracture resistance of corrugated shape interface multi-material specimen. 
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Table 2.Shear properties of 3d printed polymer based multi material 
Flat structure Corrugated sine wave structure

Peak Load (N) 237.1  364.7  
Average load (N) 82.3  95  

Figure 6.T Peel Test- Load vs  Extension curve of multi material structure with(a) flat interface   
(b) corrugated interface.

As mentioned earlier, the crack propagation path of the corrugated shape interface appears 
irregular and it provides high resistance to crack initiation which occurs linearly in multi material 
structure with flat interface. It is noted (see Figure 6) that there are sudden drop in load 
withstanding capacity of multi material structure with corrugated interface and this behavior is 
significant ally differ from multi material structure with flat interface. This phenomenon is due to 
crack gets deflected towards (see Figure 6. b) the interface between matrix and reinforcement 
layer rather than the propagating along the matrix layer as observed in flat interface (see Figure 6 
.a). From this macroscopic observation as shown in Figure 7, it is clearly seen that an 
improvement on fracture resistance can be accomplished by utilizing design driven patterns and 
geometries at the interfacial layers. 

Figure 7.Specimen after T-peel test (a) Flat shape and (b) corrugated shape 

CONCLUSION 
The work presented in this research explores the new and innovative CAD method for fabrication 
of multi materials with complex shape (corrugated structure) reinforcement. The following 
conclusions were drawn based upon the modeling, fabrication and t-peel testing of 3D printed 
multi material. 
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1. With this automated 3DP process, multi-material with controlled geometric
dimensions of matrix, reinforcement and matrix-reinforcement interface is achieved.

2. Macroscopic investigation on fractured multi material specimen under peel strength
shows an excellent bonding between the materials used in fabrication of multi
material structure.

3. The peak load and average load of AM multi material with corrugated shape
reinforcement showed 34.98% and 13.36% increase with AM structure without
corrugation respectively.

4. In flat shape AM multi material structure the crack propagates throughout the
adhesive material but in the corrugated shape AM multi material structure the crack
gets deflected through the interface between the tango black plus and Vero-white
material.

5. It can also be concluded that design driven interface between multi-material
structures has demonstrated superior fracture resistance.

6. The conclusion obtained in this study will further enhance the use of polyjet 3DP
process for fabrication of integrated assembly with soft and harder components.

7. Further investigation has to be done in future in order to understand the effect of
corrugations with varying amplitude, frequency, time period and phase on fracture
behaviour over multi material interface.

ACKNOWLEDGEMENT 
We would like to acknowledge CIPET for providing us testing facility. 

REFERENCES 
[1]D. Dutta, F.B. Prinz, D. Rosen, and L. Weiss,  “Layered Manufacturing: Current Status and

Future Trends,” J. Comput. Inform. Sci. in Eng., (ASME), Vol 1_Issue 1, pp. 60-71, 
2001. 

[2] ASTM. “ASTM F2792-10 Standard Terminology for Additive Manufacturing
Technologies.”American Society for Testing and Materials (ASTM).

[3] M. Sugavaneswaren and G. Arumaikkannu.“Modelling for randomly oriented multi material
additive manufacturing component and its fabrication”, Materials & design, vol 54,

pp.779-785, 2014. 
[4] S. Kumar and J.P. Kruth.“Composites by Rapid Prototyping Technology”, Materials and

Design, Vol.31, JP 2010. 
[5] Y. Liu  and I. Gibson, “A framework for development of a fiber-composite, curved FDM

system”. Proceedings of the International Conference on Manufacturing Automation, 
ICMA’07, 28–30 May, Singapore, pp. 93–102, 2007. 

[6] I. Gibson, D.W. Rosen and B. Stucker “Additive Manufacturing Methodologies: Rapid
Prototyping to Direct Digital Manufacturing”, Springer 2010. 

[7] G. Brett Compton and A. Jennifer Lewis.“3D-Printing of Lightweight Cellular Composites”,

2014. 
[8] J. Munguia, S. Akande and K.W. Dalgarno, “Compliant flexural behaviour in laser sintered

nylon structures: Experimental test and Finite Element Analysis – correlation”54:652-
659, 2014.  

[9] P.M. Pandey, N.V. Reddy and S.G. Dhande, “Slicing Procedures in Layered Manufacturing: A
Review”, Rapid Prototyping Journal, Vol 9_Issue 5, pp. 274-288, 2003. 

[10] A. M. Elliott, O. S. Ivanova, C.B. Williams and T.A. Campbell, “An investigation of the
effects of quantum dot nanoparticles on photopolymer resin for use in polyjet direct 3d 
printing”.

[11] ASTM Standard D790-02. “Standard test Method for Flexural properties of unreinforced and

reinforced plastics and   electrical insulating materials”, ASTM West Conshohocken, PA 

, 2002. 
[12] Standard Test Method for Peel Resistance of Adhesives (T-Peel Test) ASTM D 1876-01.

257


