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Abstract 

A multi-axis extrusion-based 3D printer was developed with two printheads configured 

orthogonally to add counter-gravity printing capability to conventional gantry-based fused 

deposition modeling. Process settings, including layer height and print speed, could be customized 

for each printhead. Printheads could be controlled independently to manufacture products with 

customized spatial properties. The CAD models of products were sliced into at least two segments 

to prevent collision between printheads and designs. The primary printhead needed to start to 

create a part of the design as a substrate for the secondary printhead, which began its action when 

enough space was provided for its motion. Subsequently, the primary printhead could continue 

constructing on a part built by the secondary printhead. 

The printheads were utilized to manufacture three-point bending samples comprising two 

longitudinal segments bonded in their thickness direction. The results showed that the segment 

configuration with respect to the loading direction can significantly influence flexural strength and 

crack initiation. 

Nomenclature 

𝑏 sample's width 

𝑑 sample's thickness 

𝐿 support span 

𝑚 slope of the tangent to the initial linear portion of the load-punch displacement 

curve 

𝑃 maximum bending load 

𝐸𝐵 modulus of elasticity in bending 

𝜎𝑓 flexural strength in the outer fiber at the midpoint 
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Introduction 

Additive manufacturing of polymers and their composites accelerates the production of 

multifunctional designs [1-9]. The layer-by-layer construction of parts in 3D printing can provide 

opportunities to customize products' properties for specific service conditions [8-10]. For example, 

the layer's material, height, and orientation can be changed to customize printed parts' physical or 

mechanical properties [11-12]. Multi-axis fused deposition modeling offers a path forward to 

overcome the limitations for individualized processing of each layer using printers with only 

deposition direction along gravity force.  

Multi-axis 3D printing can be classified into two main categories based on the printhead 

motions: cartesian and non-cartesian printing. Cartesian motion offers better precision in 

positioning and working safety [13-15]. On the other hand, non-cartesian-based robots are mostly 

preferred for multi-axis additive manufacturing due to their greater freedom in controlling the 

layers' orientation and their ability to print curved and conformal layers [16-22]. However, non-

cartesian robots require more space for maneuvering, and incorporating multi-material printing 

capability increases hardware complexity. Nevertheless, compared to conventional single-axis 

gantry-based processing, multi-axis 3D printing is considered a processing technique that can 

improve product material and geometric properties [13-21]. Therefore, research and innovation 

are needed to address the challenges associated with multi-axis 3D printing, making it more user-

friendly regarding hardware and software, 

cost-effective, and versatile in required 

printing accuracy, resolution, and materials 

selection for specific applications. 

This paper introduces a novel polymer 

extrusion-based printer [22] with two 

printheads configured orthogonally, enabling 

layer deposition in gravity and counter-gravity 

directions. The conceptual design is shown in 

Fig 1. In addition to the design process, this 

work presents the three-point bending test 

results on manufactured samples involving 

segments with different deposition 

orientations through the samples' thickness. 

Multi-axis 3D printer design 

The multi-axis 3D printer (alpha prototype) was built on a four-column platform (Ender-5 

Pro, Creality, China). As shown in Fig. 2, the printer structure was modified to install a second 

printhead orthogonal to the primary printhead. For this purpose, the frame of the printer was 

extended from one side to provide space for the secondary printhead. In addition, the added 

printhead was devised to have three degrees of freedom motion by adding a stepper motor for 

driving the printhead toward the print bed. The printheads in the current design could move 

independently. Therefore, CAD models were sliced by the operator to print each segment using a 

chosen printhead without collision between printheads. Since the print bed does not face the 

Gravity 

force 

direction 

Fig. 1. Conceptual design of a two-axis 3D printer 
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secondary printhead, the primary printhead was utilized to manufacture a substrate for material 

deposition by the secondary printhead. 

Three-point bending sample preparation 

According to ASTM D790 [23], three-point 

bending experiments were conducted on PLA 

samples prepared by the multi-axis 3D printer. 

The samples shown in Fig. 3 had two segments 

bonded in their thickness direction during 3D 

printing. The first segment (segment P) was 

printed with the primary printhead moving 

along X-Y directions. Segment S was 

manufactured consecutively by the secondary 

printhead moving along X-Z directions. The 

segments' length, width, and depth on their 

CAD models were 100, 15, and 2.5 

mm, respectively. All print settings (nozzle 

temperature of 215 ºC, infill density of 10%, 

extrusion flow rate, layer height of 0.2 mm, and 

extrusion nozzle orifice diameter of 0.4 mm) 

were the same for all samples. 

The ratio of support span to depth for bending 

samples was 16. The testing configurations 

differed in whether segment P (condition 1) or 

Fig. 3. (A) a sample on the bending fixture 

and (B) a close-up of the sample thickness 

composed of two segments (p and s) with 

different print directions are shown. 

Segments p and s were manufactured by the 

primary and secondary printheads, 

respectively. 

Interface 
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Fig. 2. A picture of an alpha prototype of a two-axis 

3D printer (left) and a close-up image (right). At the 

bottom of the left picture, the OSU logo in orange 

color is printed by the secondary printhead on the 

black stand made by the primary printhead. Blue 

arrows indicate the directions of motion. 
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segment S (condition 2) was in contact with the bending punch. Six samples for each configuration 

were tested at a 20 mm/min crosshead speed utilizing a universal testing machine (Instron 5982, 

US). The load-displacement curves were obtained, and maximum forces were recorded with an 

accuracy of ±0.5% of reading values. 

Results and discussion 

Three-point bend tests provided a quantitative assessment of the products' flexural strength 

(𝜎𝑓) and modulus of elasticity (𝐸𝐵). Equations (1) and (2) [14] are used to calculate the maximum 

bending stress and modulus of elasticity. Since the samples are composed of two segments, the 

strength corresponded to the maximum load at the onset of interface debonding between segments 

or fracture of either segment. 

𝜎𝑓 = 3𝑃𝐿/(2𝑏𝑑2) (1) 

𝐸𝐵 = m𝐿3/(4𝑏𝑑3) (2) 

where 𝑃 is the maximum bending load, and 𝑏, 

𝑑, and 𝐿 are the samples' width, thickness, and 

support span, respectively. The parameter m is the 

slope of the tangent to the initial linear portion of 

the load-punch displacement curve. 

Fig. 4 shows a typical load-displacement 

curve for each testing condition. Segment P (see 

Fig. 3) was in contact with the bending punch 

for test condition 1. For condition 2, segment 

S was in contact with the punch. The flexural 

strength and modulus of elasticity for both 

conditions are presented in Table 1. 

For samples without interface fracture, the 

average flexural strength and modulus for condition 2 were about 16% higher than those for 

condition 1 (37.7 vs. 32.4 MPa for strength and 1.21 vs. 1.40 GPa for modulus of elasticity). 

However, the flexural strength of samples with interface fracture was 21.1 MPa for both 

conditions. 

Table 1. Bending properties of 3d printed samples 

Flexural strength 

(MPa) 

Bending modulus of elasticity 

(GPa) 

Condition 1 Average 32.4 1.21 

Standard deviation 2.47 0.23 

Condition 2 Average 37.7 1.40 

Standard deviation 1.47 0.08 
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Fig. 4. Typical load-displacement curve 

for conditions 1 and 2 samples without 

interface fracture. 

1509



Higher flexural strength and modulus of elasticity for condition 2 can be attributed to the 

properties of segment P on the tension side of the bending sample. The friction between the punch 

and segment S for test condition 2 also contributed to the higher bending properties of the samples. 

The bending line was parallel and perpendicular to the built direction for segments P and S, 

respectively. It is, therefore, inferred that the performance of the printed structure by the multi-

axis printer depends on the loading conditions and segments' orientation. 

The fracture of the segments' interface can be due to the change in their built orientation from 

one segment to the other. Further studies are required to determine the effect of process parameters 

on the strength of the interface between the segments. Nonetheless, it is speculated that the multi-

axis 3D printing process can customize the properties of the interface between segments. 

Therefore, the performance or fracture properties of 3D printed products can be customized to 

enhance the multifunctionality or repairability of the products. 

Fractography 

For condition 1, the fracture initiated at the outer fiber of segment S and propagated to segment 

P at the bending area, as shown in Figure 5(A). In this case, the crack propagated through the 

thickness, showing the effect of tensile stresses on the outer fibers of the specimen. For condition 

2, the fracture was initiated either at the segments' interface or below the surface of segment S in 

contact with the punch. Although segment P was on the tension side of bending samples for 

condition 2, the fracture did not start at its outer fiber. Figure 5(B) shows the crack perpendicular 

to the bending line. Also, buckling was observed at the sides of the punch contact area, confirming 

the effect of compressive forces on the buckling of fibers of segment S. The buckling eventually 

led to crack initiation and propagation, which was different from the fracture of condition 1 

samples. In addition to these fracture types, some samples experienced fracture at the interface 

between segments P and S, as shown in Figure 5(C and D). 

These observations confirm that segment S, or the interface between segments, was preferred 

for crack initiation regardless of loading conditions. It is summarized that crack initiation or 

fracture path can be customized by changing the printing orientations of segments of the products 

manufactured by multi-axis 3D printers. 

Fig. 5. Through-thickness fracture types: (A) condition 1 sample without interface 

debonding, (B) condition 2 sample without interface debonding, (C) interface fracture on 

condition 1, and (D) interface fracture on condition 2. 
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Conclusion 

 

The concept of gantry-based multi-axis 3D printing, introduced in this paper, offers the 

potential for manufacturing multifunctional designs with customized spatial properties. Therefore, 

it opens new horizons in economical additive manufacturing complex designs with customized 

anisotropy applicable to medical, automotive, aerospace, and other industries. 
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