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Abstract 

In this work, a six-degree-of-freedom (6-DOF) robotic infrastructure is used for the high-speed 

additive manufacturing (AM) of large-scale networks of high-resolution scaffolds made of 

microfilaments, referred as microscaffold networks. The use of a multinozzle printhead, featuring an 

extrusion nozzle array of 26 cylindrical nozzles of 250 µm inner diameter, enabled the AM of 

microscaffolds with very high flow rate (i.e., > 300 mm³/s) and printing speed (i.e., up to 250 mm/s) 

while preserving fine features. A Multinozzle Extrusion Prediction Model (MEPM), based on capillary 

rheometry, was developed to predict the extrusion pressure gradient and the overall total volumetric flow 

rate of the printing process. The MEPM predictions are made as a function of the material used, printing 

speed and multinozzle printhead configuration (i.e., nozzles inner diameter and number of nozzles). 

Experimental pressures and flow rates strongly match the MEPM predictions for a printing speed range 

of 0 to 250 mm/s. The MEPM is also used to explore the design of other multinozzle configurations. The 

advantages of the high-speed multinozzle AM infrastructure is demonstrated through four case studies. 

The high-speed printing of microscaffold network demonstrated a printing speed of up to 250 mm/s, 

with flow rate of ~ 319.4 mm³/s. The 6-DOF of the robot are used to manufacture a variable pore size 

microscaffold network, which shows an achievable inter-filaments spacing of 0 to 750 µm. The printing 

of a large-scale partitioned microscaffold network spans over an area of ~ 9 × 104 mm². Finally, a 
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relatively thick partitioned microscaffold network is manufactured up to 50 layers (~ 10 mm thick). 

Findings of this work contribute to the development of multinozzle printheads, high-speed 3D printing 

and high-resolution microscaffold manufacturing, which could be targeted for a wide range of 

applications including sound absorption, smart materials, and tissue engineering. 

Keywords 

Multinozzle printhead, high-speed 3D printing, large-scale 3D printing, additive manufacturing, 

extrusion modeling, 6-axis robotic printing. 

 

1. Introduction  

Additive Manufacturing (AM), or three-dimensional (3D) printing, is a group of manufacturing 

methods that allow the realization of complex objects based on the principle of the superposition of 

layers of material according to the decomposition of a computer-assisted design model [1]. Expanding 

since the early 1980s [2], AM now offers a broad range of benefits such as low cost, mass optimization, 

reduction of material losses, a high design freedom and a large diversity of compatible materials [3]. 

Most common techniques rely on material extrusion (e.g., Fused Filament Fabrication, Direct-Ink-

Writing (DIW)). DIW is based on the concept of continuous extrusion of filamentary materials, called 

ink, through a fine nozzle. Pressure is increased at the inlet of a reservoir by pneumatics, hydraulics, or 

an endless screw to extrude the material. When using a non-Newtonian shear-thinning ink, the extrusion 

occurs when the fluid is subjected to a shear stress through the nozzle. The viscosity of a shear-thinning 

ink decreases with increasing shear rate, generally following a power law, causing the ink to exit the 

nozzle and solidify on the printing surface to achieve the desired geometry [3–5]. 

DIW is often used with soft polymers, hydrogels, or other paste-like materials to manufacture 

compact high resolution scaffolds involving micro-scale features, referred as microscaffold [6,7], small 
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complex metallic structures [8] or microfluidic devices [9]. DIW is highly flexible, but is generally 

limited by a slow to moderate printing speed (~ 1 up to 100 mm/s) which could lead to long printing 

time, especially for the AM of parts where the printed volume is significantly larger than the nozzle 

diameter. Bey-Oueslati et al. [10] investigated high-speed DIW using a cylindrical nozzle of 200 µm 

inner diameter and a low viscosity paste-like organic ink (i.e., mix of wax and petroleum jelly developed 

in [11]). The authors reported a maximum printing speed of 88 mm/s for the AM of a compact 54-layer 

microscaffold (~ 19 mm × 19 mm wide × ~ 7 mm thick). The printing process required a toolpath 

approximation using B-splines to reach 88 mm/s, which led to some discrepancies with the expected 

geometry. Printing speed in DIW is usually constrained by the applied pressure, nozzle tip inner diameter 

and material used [5,12]. Slightly larger scale DIW was explored by Dubourg-Cassagne [13]. A panel-

shaped microscaffold (100 mm × 40 mm wide × 12.7 mm thick) was printed using a single nozzle (250 

µm inner diameter) with a highly viscous epoxy-based thermosetting polymer. The AM required a period 

of 10 hours at printing speed of 25 mm/s and refilling the material reservoir (i.e., a 3 cm³ syringe) 12 

times.  

A multinozzle printhead is a device that allows the simultaneous material extrusion through a series 

of nozzles arranged in a specific configuration. Multinozzles were used to reduce printing times for 

structures made of parallel lines [14], print multi-material parts in a single step [15] and print parts at 

variable resolutions [16]. In general, multinozzle printheads deposit filaments according to the 

arrangement and orientation of their nozzle array, which limits their use to the production of periodic 

patterns. Skylar-Scott et al. [15] printed a periodic voxelated prism (~ 40 mm × 40 mm wide × 10 mm 

thick) made of an organic ink (using the same material developed in [11]) of four different colors using 

a multi-material multinozzle printing head. Their device allowed the AM at a moderate printing speed 

of 40 mm/s. The multinozzle AM of a large-scale microscaffold (using the same material developed in 

[11]) was demonstrated by Kranz [17] with a device composed of 64 nozzles of rectangular section of 
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200 µm × 200 µm. The printing process produced a 4-layer microscaffold (616 mm × 616 mm × 

~ 800 µm thick) at a maximum printing speed of 40 mm/s in 25 minutes using an Aerotech gantry motion 

system. The use of gantries and 6-axis industrial robots allows the AM of large parts made of concrete 

[18,19], metals [20–22] and polymers [23–25]. However, as for DIW, the AM of large parts is usually 

time-consuming, especially to obtain a smooth surface finish [23]. 

In this work, a custom six-degree-of-freedom (6-DOF) robotic AM infrastructure is combined to a 

custom-made multinozzle printhead for the high-speed fabrication of relatively large-scale microscaffold 

networks. While this paper focuses on the proposed multinozzle AM method, it is planned to exploit the 

6-DOF of the robot to print non-planar microscaffold networks. The main objectives of the current work 

are: (1) to demonstrate the high-speed multinozzle AM by creating large multifunctional periodic 

structures and reducing the printing time while maintaining high-resolution features, and (2) to develop 

a multinozzle extrusion prediction model 

2. Experimental methods 

2.1. 6-DOF robotic AM infrastructure  

A 6-axis industrial robot (Fanuc M-20iB/25, Fanuc Canada Ltd., Canada) equipped with a custom-

made multinozzle extrusion printhead (Mëkanic – FACMO Chair collaboration, Montreal, Canada) is 

used for the large-scale AM of microscaffold networks. Figure 1a presents the 6-DOF robotic AM 

infrastructure. The 6-axis robot has a maximum reach of 1.8 m and a maximum tool movement speed of 

2 m/s, which are exploited for large-scale and high speed AM. The robot can move the printhead 

mounted on its arm in any required orientation. The robot is a flexible motion system on which various 

tools up to a maximum weight of 25 kg can be mounted, such as the custom-made multinozzle printhead 

of 18 kg. The multinozzle printhead is connected to a custom-made hydraulic pressure controller that 

can produce an extrusion pressure of up to 65 MPa. The printhead is programmed to operate the desired 

printing speed 𝑣𝑣. The current printhead is composed of 26 parallel cylindrical nozzles with nominal inner 
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diameter 𝐷𝐷 = 250 µm and nominal length 𝐿𝐿 = 6.5 mm, equally distributed side-by-side by a center-to-

center spacing 𝑠𝑠  = 1 mm. The printing speed 𝑣𝑣  is determined by the user input of a desired linear 

extrusion velocity at the nozzle exit. Pressure is increased in a hydraulic oil, which displaces a piston 

that pushes the material through the array of nozzles from a 50 cm³ reservoir, at room temperature. To 

meet the target printing speed 𝑣𝑣 , the piston’s displacement is controlled by a position sensor 

(Temposonics R-series RH, MTS, NC, USA). Figure 1b shows a close-up view of the multinozzle 

printhead extrusion. The material is extruded through all 26 nozzles simultaneously, creating a strip of 

~ 25 mm wide of individual filaments that are deposited on a printing surface in a layer-by-layer fashion. 

By synchronizing the extrusion printing speed with the movement of the robot tool center point (TCP), 

located in the center of the nozzle array, the printed filaments diameter 𝑑𝑑 is theoretically equal to 𝐷𝐷.  

At the end of extrusion, a back pressure is applied in order to stop the flow rate, which slightly retracts 

the piston backward, with the help of a compressed spring installed in an upper part of the piston (not 

shown in Figure 1). To record the applied pressure gradient required for material extrusion during the 

print, the back pressure generated by the spring is recorded alone and is then subtracted from the recorded 

hydraulic pressure data (see additional explanations in Figure S1). 

 
Figure 1. 6-DOF robotic AM infrastructure. a) The material contained in the 50 cm³ reservoir is pushed by a piston at required 
pressure through an array of 26 cylindrical nozzles (𝐷𝐷 = 250 µm, 𝐿𝐿 = 6.5 mm). The piston’s course is monitored via a position 
sensor, which allows accurate pressure setting in order to keep the extrusion flow rate constant. The tool center point (TCP) 
is located at the center of the nozzle array. b) Close-up view of the multinozzle printhead showing the vertical extrusion of 
the material through the nozzle array. 
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2.2. Material preparation 

An organic paste-like material (referred as organic ink) developed in [11] was selected because of its 

low viscosity, shear-thinning behavior, and shape retention at room temperature. The organic ink was 

prepared according to the method found in [11] using a ratio of 40 wt.% microcrystalline wax (SP-18, 

Strahl & Pitsch, West Babylon, NY, USA) and 60 wt.% petroleum jelly (Vaseline, Unilever, Canada). 

The mixture was melted (at ~ 80 °C) and mixed by magnetic stirring for 20 min. The hot ink was then 

poured directly from a beaker into the 50 cm³ reservoir of the multinozzle printhead and cooled at room 

temperature after 90 min. The reservoir was closed by inserting the piston in the reservoir chamber inlet 

using a perforated screw on the piston to let the air escape. The perforated screw was then replaced by 

an airtight screw to seal the piston-reservoir assembly. Finally, the ink-filled piston-reservoir assembly 

was mounted on the upper part of the printhead, already fixed on the robot.  

2.3. Design and multinozzle AM of microscaffold networks 

The proposed multinozzle AM technique is used for the manufacturing of large networks of 

interconnected microscaffolds. The method is demonstrated using four different multinozzle AM case 

studies: High-speed printing of microscaffold network, variable pore size microscaffold network, large-

scale partitioned microscaffold network, and thick partitioned microscaffold network. Figure 2 

schematically presents an isometric view of a typical partitioned microscaffold network of 𝑁𝑁 layers. 

Microscaffolds (in blue) are as wide as the width of the printhead nozzle array (~ 25 mm) and are printed 

in an ordered configuration of 𝑖𝑖 rows × 𝑗𝑗 columns over several layers, in order to generate a periodic 

structure of interconnected microscaffolds, referred as the network. Detail A shows that each 

microscaffold can be partitioned by a separation wall obtained by offsetting the 3D printing toolpath. 

The separation wall width is expected to be equal to the diameter of a filament 𝑑𝑑. However, filaments of 

the wall appear to have an imperfect non-circular shape as presented in the case study (see Section 4.3.3). 

These walls are intended to separate the volume of air occupied inside each of the microscaffolds, which 
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could be useful for some applications. In Detail B, the top view of a microscaffold presents the resulting 

pore size 𝑝𝑝 (defined as the air gap between filaments from the top view) equal to 750 µm when 𝑑𝑑 = 250 

µm (shown in Detail C). As seen in Detail C, 𝑝𝑝 depends on the center-to-center spacing 𝑠𝑠 (1 mm), 

between each nozzle, but also the printhead orientation around its axis with respect to the printing 

direction (see Section 4.3.2). Thus, as shown in Detail D, the toolpath offset must be equal to 𝑠𝑠 to 

perfectly align the filaments of each microscaffold and each wall (in red). This pattern leads to each 

microscaffold being a square shape of ~ 26 mm × 26 mm wide, which corresponds to the total printing 

width for all 26 filaments (~ 25 mm) in addition to a 1 mm offset to generate the partition walls. 

 
Figure 2. Isometric view of a typical partitioned microscaffold network (𝑖𝑖 × 𝑗𝑗 configuration, 𝑁𝑁 number of layers). Detail A: 
view of a partition wall made by an offset toolpath. Detail B: top view of the pore size 𝑝𝑝 = 750 µm (in blue). Detail C: side 
view of the filaments center-to-center spacing 𝑠𝑠 = 1 mm and nominal filament diameter 𝑑𝑑 = 250 µm. Detail D: Cross-sectional 
view of the filaments stacking in a wall (in red). 

 

The first step in the AM of a typical microscaffold network consists of generating the toolpath using 

a custom Python script. The printing speed is programmed from 50 to 250 mm/s and the flow rate is 

maintained constant via the hydraulic pressure system of the robotic AM infrastructure. The flow rate is 

continuous from the start up to the end of the deposition. A simple 𝑖𝑖 × 𝑗𝑗 configuration network of straight 

parallel filaments is generated following the 𝑋𝑋 axis direction in order to realize the first layer of the 



8 
 

microscaffold network. Then, the printhead rotates at 90° on its 𝑍𝑍 axis, moves at the beginning of the 

next layer and is offset in the +𝑍𝑍 axis direction of the planar printing surface before printing a second 

filament network to obtain an 𝑖𝑖 × 𝑗𝑗 partitioned microscaffold network of 2 layers with perpendicular 

filaments on top of each other. When changing layers or positioning for the next row or column, the 

toolpath is slightly cleared of the part to prevent any overlapping of filaments on the manufactured part. 

The +𝑍𝑍 offset is set to 85 % of 𝑑𝑑, as mentioned in [26], to facilitate the contact between the filaments of 

the stacked layers. At the end of the second layer, a rotation in the opposite direction to the one of the 

previous layer is performed on the printhead’s 𝑍𝑍 axis, and the remaining layers are printed in the same 

fashion as the previous layers. The second step is to convert the toolpath to a proprietary file for Fanuc 

robots using the software RoboDK’s built-in post-processor and then export it into the robot controller. 

The multinozzle TCP’s and the printing surface’s reference frame were calibrated using the 3-point 

method [27]. Finally, the program is launched via the 6-DOF robotic AM infrastructure to allow the 

fabrication of a microscaffold network. 

2.4. Characterization of printed microscaffold networks 

The printed microscaffold networks are characterized and analyzed using a stereo microscope 

(Olympus SZX12, Olympus Corporation, Japan) with software Image Pro Plus (version 7.1) to measure 

the resulting printed filament diameter and pore size. The robot TCP position, motion speed and printing 

time are recorded using Labview (2018, National Instrument) with the DigiMetrix Robotics Library for 

Fanuc (DigiMetrix GmbH, Germany). Since the organic ink is soft and will not harden, an epoxy 

encapsulation step is necessary for optical observation of the cross-section and X-ray scan of the 

network. Using a 10 cm³ syringe and a 500 µm inner diameter dispensing nozzle (Nordson EFD, USA), 

an uncured mix of epoxy resin (Epon 862, Miller-Stephenson, USA) and curing agent (Epikure 3274, 

Miller-Stephenson, USA) is slowly infiltrated in the network of Case study #4 and cured at room 

temperature for 48 h in a plastic mold. The encapsulated network is scanned with an X-ray micro 
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computer tomography scanner (Xradia 520 versa, Zeiss Canada, Canada) at an acceleration voltage of 

50 kV (power of 4 W), an objective of 0.4× (field of view of 35 mm) and a voxel size of 34 µm. A total 

of 4500 projections were recorded at an exposure time of 14 s per scan over a measurement duration of 

15h. The 3D scans are analyzed using the software Paraview (version 5.9.0-RC1). 

3. Multinozzle Extrusion Prediction Model (MEPM) 

3.1. Model development  

An analytical Multinozzle Extrusion Prediction Model (MEPM) was developed and programmed 

using Matlab to predict the required applied pressure gradient for the multinozzle extrusion process and 

its resulting total flow rate as a function of the printhead’s geometry, material used and desired printing 

speed 𝑣𝑣. The material is assumed to be incompressible, to be extruded at steady-state and fully developed 

flow, and the effects of time and temperature on the material’s viscosity are not considered. Swelling 

and nozzle wall slip are also not considered. The nozzles are considered perfectly cylindrical and their 

length 𝐿𝐿 is considered identical. The pressure gradient is first calculated with an average nozzle diameter 

to match the programming of the printing-speed-driven pressure controller. Then, using the pressure 

gradient, volumetric flow rates are recalculated iteratively at each nozzle to reflect geometrical 

discrepancies between nozzles. 

3.1.1. Pressure gradient calculation 

The MEPM is based on a similar method proposed by Bruneaux et al. [28] for the applied pressure 

gradient calculation. The printing speed is considered to be an average velocity at the outlet of all 𝛼𝛼 

nozzles, where 𝛼𝛼 is the number of nozzles of the multinozzle printhead. The multinozzle printhead 

geometry is first defined by measuring the nozzles inner diameter 𝐷𝐷i with a stereo microscope (Olympus 

SZX12, Olympus Corporation, Tokyo, Japan) and software Image Pro Plus (version 7.1). The average 

nozzle inner diameter 𝐷𝐷avg is then calculated using 𝐷𝐷i. The nozzles geometry is then used with 𝑣𝑣 to 

estimate the average volumetric flow rate for each nozzle, 𝑄𝑄i, using: 
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 𝑄𝑄i = 𝑣𝑣𝐴𝐴avg (1) 

where 𝐴𝐴avg is the average area of the nozzles calculated with 𝐷𝐷avg. Using 𝑄𝑄i and 𝐷𝐷avg, the apparent shear 

rate inside each nozzle for non-Newtonian fluids, 𝛾̇𝛾i, is given as: 

 𝛾̇𝛾i =
32𝑄𝑄i
𝜋𝜋𝐷𝐷avg3  �

3 + 1/𝑛𝑛 
4

� [29] (2) 

where the term in parenthesis is the Weissenberg–Rabinowitsch correction and 𝑛𝑛 is the material’s flow 

behavior index for a fluid whose viscosity behavior follows a power law model. With 𝛾̇𝛾i, the non-

Newtonian viscosity 𝜂𝜂i is calculated for each nozzle using a power law model, given by: 

 𝜂𝜂i =  𝐾𝐾𝛾̇𝛾i𝑛𝑛−1 [29] (3) 

where 𝐾𝐾 is the material’s flow consistency index. Each parallel nozzle’s flow resistance 𝑅𝑅i can now be 

calculated from Hagen-Poiseuille’s law for a flow in a pipe and the multinozzle printhead’s total 

equivalent flow resistance 𝑅𝑅eq is obtained, such as: 

 𝑅𝑅i =
128𝐿𝐿𝜂𝜂i
𝜋𝜋𝐷𝐷avg4 �

3 + 1/𝑛𝑛 
4

� [29], (4) 

 𝑅𝑅eq =
1

∑ 1
𝑅𝑅i

𝛼𝛼
i=1

 . (5) 

Finally, the required applied pressure gradient Δ𝑃𝑃 is calculated by first summing all 𝑄𝑄i to obtain the 

total volumetric flow rate 𝑄𝑄tot and then multiplying to 𝑅𝑅eq so that: 

 Δ𝑃𝑃 = �𝑄𝑄i

𝛼𝛼

i=1

∙ 𝑅𝑅eq = 𝑄𝑄tot𝑅𝑅eq [29]. (6) 

When all nozzles have the same geometry, the total equivalent flow resistance, given by Equation (5), 

equals to 𝑅𝑅i divided by 𝛼𝛼, and 𝑄𝑄tot, used in Equation (6), is equal to 𝑄𝑄i multiplied by 𝛼𝛼. Thus, when Δ𝑃𝑃 

is calculated in Equation (6), the terms 𝛼𝛼  cancel each other out (i.e., Δ𝑃𝑃 = 𝑄𝑄i𝑅𝑅i ). Therefore, the 

calculated pressure for a multinozzle printhead is mathematically the same as for a single nozzle when 
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all nozzles are in a parallel configuration and feature the same geometry. In reality, diametrical 

variability inherent to the manufacturing of a multinozzle printhead will result in a unique resistance 𝑅𝑅i 

and a different flow rate 𝑄𝑄i for each nozzle in Equation (4). Hence, the flow rates 𝑄𝑄i must be recalculated 

for each nozzle according to the applied pressure calculated in Equation (6) and then summed together 

to obtain the actual 𝑄𝑄tot. 

3.1.2. Total volumetric flow rate calculation 

For the total flow rate calculation, the MEPM uses a similar method proposed by Kranz [17]. Since 

Δ𝑃𝑃 is uniform at the inlet of each nozzle but the nozzles real inner diameter 𝐷𝐷i vary from its theoretical 

value, 𝑣𝑣 cannot be assumed to be the same at the outlet of each nozzle. Every nozzle’s volumetric flow 

rate 𝑄𝑄i is no longer an average and is recalculated. 𝑄𝑄i depends on Δ𝑃𝑃 and Δ𝑃𝑃 depends on 𝜂𝜂i. Every 𝑄𝑄i 

has to be recalculated iteratively, because 𝜂𝜂i depends on 𝛾̇𝛾i (and therefore 𝑄𝑄i). For each nozzle, 𝑄𝑄i is 

used as a first guess 𝑄𝑄i,guess. Then, using 𝑄𝑄i,guess and the experimentally measured 𝐷𝐷i in Equation (2), a 

new 𝛾̇𝛾i is calculated and reinserted into Equation (3) to obtain 𝜂𝜂i. Each nozzle’s flow resistance 𝑅𝑅i is 

recalculated using 𝐷𝐷i in Equation (4). 𝑅𝑅i is used directly with the previously calculated Δ𝑃𝑃 to obtain a 

new flow rate for each nozzle, given by: 

 𝑄𝑄i,new = Δ𝑃𝑃/𝑅𝑅i . (7) 

Convergence is verified between the new flow rate 𝑄𝑄i,new and the first 𝑄𝑄i,guess, using: 

 Δ𝑄𝑄i =
�𝑄𝑄i,new − 𝑄𝑄i,guess�

𝑄𝑄i,guess
< 10−4. (8) 

If the variation Δ𝑄𝑄i does not meet the convergence condition (reported in [17]), the new flow rate 𝑄𝑄i,new 

becomes the new 𝑄𝑄i,guess and is reinserted into Equation (2) for another cycle until Δ𝑄𝑄i becomes smaller 

than the convergence condition. Once the iterative process converges for all nozzles, each 𝑄𝑄i,new is 



12 
 

summed to obtain the new total volumetric flow rate 𝑄𝑄tot (see individual flow rates comparison in 

Figure S2). 

3.2. Model comparison with results from the literature 

Extrusion pressures as a function of the printing speed are extracted for two materials taken from the 

literature to compare with the MEPM predictions. Using the extracted viscosity data (𝑛𝑛  and 𝐾𝐾 

parameters) from [28], the MEPM is used with the reported single nozzle geometry (𝛼𝛼 = 1, 𝐷𝐷 = 510 µm, 

𝐿𝐿 = 18.87 mm) for the organic ink developed in [11] using the reported printing speed range of 0 to ~ 45 

mm/s. Using the viscosity data (𝑛𝑛 and 𝐾𝐾 parameters) from [30], the MEPM is used with the reported 

single nozzle geometry (𝛼𝛼 = 1, 𝐷𝐷 = 200 µm, 𝐿𝐿 = 12.24 mm) for dissolved polylactide acid (PLA) ink 

used in Solvent-Cast 3D printing using the reported printing speed range of 0 to ~ 26 mm/s.  

3.3. Multinozzle data acquisition and extrusion prediction 

Using a custom data-acquisition interface programmed in Labview (2018, National Instrument), the 

multinozzle printhead applied pressure gradient is recorded for printing speed setpoints of 𝑣𝑣 = 50, 100, 

150, 200 and 250 mm/s using the organic ink. The maximum reachable printing speed is 250 mm/s due 

to the maximum displacement speed of the piston pushing the ink. The recorded pressure gradients are 

compared to the pressure predicted by the MEPM using a power law viscosity model with 𝑛𝑛 = 0.468 and 

𝐾𝐾 = 604 Pa·sn (see viscosity profile in Figure S3), a multinozzle configuration of 𝛼𝛼 = 26, 𝐿𝐿 = 6.5 mm, 

and the measured nozzles inner diameter 𝐷𝐷i. For experiments at printing speed of 50 and 250 mm/s, the 

total mass of the microscaffold networks is weighed using a precision scale (EP6501 Explorer Pro, Ohaus 

Corporation, USA). For experiments at printing speed of 100, 150 and 200 mm/s, the organic ink is 

extruded in a beaker. No specific geometries were printed, and the extruded ink collected in the beaker 

was weighed using the same precision scale. The overall mass flow rate is calculated by dividing the 

total mass of extruded material over the printing time and then converted to the overall volumetric flow 

rate 𝑄𝑄exp  by dividing the estimated organic ink density (estimated using the material components 
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datasheet and ink composition, see 𝑄𝑄exp calculation steps in Table S1). The overall volumetric flow rate 

𝑄𝑄exp is then compared to 𝑄𝑄tot, predicted by the MEPM using the organic ink’s rheological properties 

and the nozzles geometry. 

4. Results and discussion 

4.1. Design exploration of multinozzle configurations 

The MEPM could be used to explore different multinozzle configurations. Figure 3a shows a log-log 

chart of the applied pressure prediction as a function of the printing speed for four multinozzle 

configurations of 𝛼𝛼 = 26 nozzles with different inner diameter (𝐷𝐷 = [100, 250, 500, 750] µm and 𝐿𝐿 = 6.5 

mm). Figure 3b shows a log-log chart of the total volumetric flow rate prediction for the same four 

multinozzle configurations as in Figure 3a as a function of the printing speed. Figure 3c shows a log-log 

chart of the total volumetric flow rate prediction as a function of the printing speed for five multinozzle 

configurations with different number of nozzles (𝛼𝛼 = [1, 4, 10, 26, 50], 𝐷𝐷 = 250 µm, 𝐿𝐿 = 6.5 mm). With 

the established maximum displacement speed of the piston, the maximum printing speed 𝑣𝑣max  is 

calculated for each configuration by assuming mass conservation through all nozzles and the MEPM is 

used to compute the applied pressure gradient Δ𝑃𝑃 and total volumetric flow rate 𝑄𝑄tot for 𝑣𝑣 = 0 mm/s to 

𝑣𝑣max for each configuration. 

4.1.1. Effect of nozzles inner diameter 

Reducing the nozzles inner diameter increases the required applied pressure, which also increases the 

reachable 𝑣𝑣max. Using the current hydraulic pressure controller with 26 nozzles of 𝐷𝐷 = 100 µm, 𝑣𝑣max 

would be reached at 1562 mm/s at a pressure of 42.9 MPa for the organic ink, which is under the 

maximum allowable pressure 𝑃𝑃max = 65 MPa. Larger nozzles diameter, such as 𝐷𝐷 = 500 µm and 𝐷𝐷 = 

750 µm, require a lower Δ𝑃𝑃 but at the cost of smaller 𝑣𝑣max (i.e., < 100 mm/s) and printing precision. For 

every nozzle diameter scenario, a maximum 𝑄𝑄tot of 319 mm³/s can be achieved at different values of 
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𝑣𝑣max  with the current pressure controller. For a fixed 𝑄𝑄tot , reducing 𝐷𝐷  increases 𝑣𝑣max . For a fixed 

printing speed, the use of larger nozzles increases the flow rate while smaller nozzles reduce it.  

4.1.2. Effect of the number of nozzles in parallel 

For any given printing speed, the flow rate is directly proportional to 𝛼𝛼, and the applied pressure is 

the same regardless of the number of nozzles (see Section 3.1.1). The flow rate is linearly dependant on 

the printing speed. Using a single nozzle (𝛼𝛼 = 1), the theoretical maximum printing speed is equal to 

6500 mm/s for the maximum reachable 𝑄𝑄tot = 319 mm³/s (with Δ𝑃𝑃 = 21.8 MPa). The necessity to match 

the 6-axis robot tool movement speed in this work limits 𝑣𝑣max to 𝑣𝑣max,robot = 2000 mm/s. The number 

of nozzles with 𝐷𝐷 = 250 µm that a multinozzle printhead must contain to tend toward this printing speed 

limit while reaching the maximum 𝑄𝑄tot = 319 mm³/s is 𝛼𝛼 = 4 (𝑣𝑣max = 1625 mm/s,  Δ𝑃𝑃 = 11.5 MPa). 

Such a high speed might be unattainable for short distance printing, as the 6-axis robot has to consider 

the weight of the multinozzle printhead during acceleration and deceleration [24]. On the opposite side 

of the chart, the use of 50 nozzles would reduce 𝑣𝑣max down to 130 mm/s and Δ𝑃𝑃 to 3.6 MPa. The 

manufacturing of a multinozzle printhead containing a high number of nozzles is more likely to cause 

more geometrical disparities between them.  

4.1.3. Current multinozzle configuration 

The current multinozzle configuration is shown in red on Figure 3. A compromise of 𝛼𝛼 = 26 nozzles 

at 𝐷𝐷 = 250 µm was deemed appropriate for the AM of microscaffold networks presented in this work, 

allowing a 𝑄𝑄tot of 319 mm³/s at 𝑣𝑣max = 250 mm/s, requiring a maximum Δ𝑃𝑃 = 4.8 MPa using organic 

ink. The current multinozzle configuration is suitable for manufacturing the small features (i.e., 

filaments, pore size and wall) of the microscaffold structures in this work. 
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Figure 3. Multinozzle extrusion prediction modeling charts for organic ink. The current infrastructure parameters are shown 
in red. a) Applied pressure prediction for four multinozzle configurations with different nozzles inner diameter (𝛼𝛼 = 26, 𝐷𝐷 = 
[100, 250, 500, 750] µm, 𝐿𝐿 = 6.5 mm). The maximum extrusion pressure (65 MPa) is not reached with the use of organic ink 
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(red dotted line). b) Total volumetric flow rate prediction for four multinozzle configurations with different nozzles inner 
diameter (𝛼𝛼 = 26, 𝐷𝐷 = [100, 250, 500, 750] µm, 𝐿𝐿 = 6.5 mm). The maximum reachable printing speed for the configuration 
used in this work (𝐷𝐷 = 250 µm) is 250 mm/s due to the printhead maximum piston displacement speed. c) Total volumetric 
flow rate prediction for five multinozzle configurations with different number of nozzles (𝛼𝛼 = [1, 4, 10, 26, 50], 𝐷𝐷 = 250 µm, 
𝐿𝐿 = 6.5 mm). The 6-axis robot maximum tool movement speed limits the printing speed at 2000 mm/s. 

 

4.2. Prediction of single and multinozzle extrusions 

4.2.1. Model comparison using single nozzle configuration 

Figure 4a presents the applied pressure gradient calculated using the MEPM as a function of the 

printing speeds, single nozzle geometries and rheological data reported in [28,30]. Experimental values 

from [28,30] were plotted on the same graph and compared with the predictions from the MEPM. 

Predictions for the organic ink used in [28] show a mean absolute error (MAE) of ~ 0.045 MPa (mean 

relative error (MRE) of 3.5 %) with the authors’ results for all printing speeds. Similarly, the predictions 

for dissolved PLA ink [30] exhibit a slightly higher Δ𝑃𝑃 to allow extrusion at the given printing speeds, 

with a MAE ~ 0.075 MPa and MRE of 10.8 %. The printing speeds reported by the authors are estimated 

by measuring the extruded filaments diameter following the application of a known pressure gradient 

(following the method explained in [28]). Inversely, the printing speeds used in the MEPM are known, 

and the pressures are measured. Both calculation methods introduce different effect from the 

experimental errors, which could explain the errors between the predictions and the authors results. The 

MEPM works as intended for single nozzle geometries and is suitable to predict the applied pressure, at 

any printing speed, of a wide range of non-Newtonian fluids. 
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Figure 4. a) Comparison of the MEPM and experimental values from the literature for single cylindrical nozzle extrusion (𝛼𝛼 
= 1, 𝐷𝐷 = 510 µm, 𝐿𝐿 = 18.87 mm) of organic ink (60/40 wt.%) [28] and single cylindrical nozzle extrusion (𝛼𝛼 = 1, 𝐷𝐷 = 200 
µm, 𝐿𝐿 = 12.24 mm) of dissolved Polylactic Acid (PLA, 20 wt.%) for solvent-cast 3D printing [30]. b) Applied pressure 
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prediction and experimental results for multinozzle (cylindrical, 𝛼𝛼 = 26, 𝐷𝐷 = 250 µm, 𝐿𝐿 = 6.5 mm) extrusion of organic ink 
at 𝑣𝑣 = 50, 100, 150, 200 and 250 mm/s. Error bars represent the 95 % confidence interval. c) Total volumetric flow rate 
prediction and experimental results from the experiments in b). 

 

4.2.2. Applied pressure prediction using multinozzle configuration 

Figure 4b shows the MEPM predictions and experimental measurements of the applied pressure 

gradient as a function of the printing speed and multinozzle geometry (𝐷𝐷avg = 255 µm) for the extrusion 

of the organic ink. The maximum printing speed of 250 mm/s requires a constant applied pressure of 

4.75 MPa (standard deviation 𝜎𝜎 = 0.05 MPa), at which Case study #1 was manufactured (see Section 

4.3). The printing speed was reduced to 50 mm/s and Case study #2, #3 and #4 were manufactured with 

a constant applied pressure of 2.40 MPa (𝜎𝜎 = 0.07 MPa). Printing speeds of 100 mm/s (2.93 MPa, 𝜎𝜎 = 

0.08 MPa), 150 mm/s (3.63 MPa, 𝜎𝜎 = 0.12 MPa) and 200 mm/s (4.22 MPa, 𝜎𝜎 = 0.06 MPa) were also 

investigated. The reported values represent the average pressure recorded over several experiments and 

the error bars represent the 95 % confidence interval of each printing speed. Values of Figure 4a are 

superimposed on top of the plot for comparison between single nozzle and multinozzle. Pressures 

reported by Bruneaux et al. [28] and calculated using the MEPM are coherent with measured and 

predicted pressures of the multinozzle printhead. Pressures in the domain of Figure 4a (i.e., 0 to ~ 50 

mm/s) are slightly higher than the predicted pressures in the same domain of Figure 4b. The applied 

pressure for a single nozzle should mathematically be the same as the applied pressure for a multinozzle 

if all nozzles share the same inner diameter and length as the single nozzle. For the same material, the 

power law viscosity parameters 𝑛𝑛 and 𝐾𝐾 must be identical. Thus, the shift between the two organic ink 

curves could be explained by geometrical differences between the single nozzle and multinozzle, but 

mostly by the approximation of the authors’ actual material viscosity estimated by 𝑛𝑛 and 𝐾𝐾 . These 

parameters are directly proportional to the pressure calculation and are different in both cases. The 

MEPM is therefore able to predict the required pressure to allow extrusion of organic ink for any given 

printing speed. 
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4.2.3. Total volumetric flow rate prediction using multinozzle configuration 

Figure 4c shows the predictions and the experimental measurements of the total volumetric flow rate 

for the experiments presented in Figure 4b. At a printing speed of 250 mm/s, an overall total volumetric 

flow rate 𝑄𝑄tot ~ 319.4 mm³/s (𝜎𝜎 = 2.3 mm³/s) is required to manufacture Case study #1. At a printing 

speed of 50 mm/s, 𝑄𝑄tot ~ 63.2 mm³/s (𝜎𝜎 = 1.9 mm³/s) is required to manufacture Case study #2, #3 and 

#4. The experimental results are strongly aligned with the MEPM predictions for 𝑣𝑣 = 0 to 250 mm/s. 

The MEPM is therefore able to accurately predict the total volumetric flow rate generated by the 

extrusion process of the multinozzle printhead. 

4.3. Case studies: Multinozzle AM of periodic microscaffold networks 

4.3.1. Case study #1: High-speed printing of microscaffold network  

Figure 5 shows a 5-layer microscaffold network (9 × 15 configuration, without partition walls) made 

of the organic ink. The target printing speed 𝑣𝑣 = 250 mm/s is set in order to print at maximum flow rate 

𝑄𝑄tot ~ 319.4 mm³/s at an applied pressure of 4.75 MPa (see Sections 4.2.2 and 4.2.3). Figure 5a shows 

a top view of the entire printed microscaffold network. The scalebar represents the total printing width 

of a typical microscaffold (i.e., 26 mm). The result is one large 225 mm × 375 mm × 1 mm microscaffold 

network composed of 234 × 390 filaments wide, that weighs approximately 27.7 g in total, and requires 

approximately 1 minute 36 seconds to manufacture (see supplementary Video S1). Assuming the same 

geometrical specifications, dimensions, and extruded mass, printing this microscaffold network using a 

single nozzle (with 𝐷𝐷 = 250 µm and 𝐿𝐿 = 6.5 mm) would take ~ 41 minutes (for 𝛼𝛼 = 1, 𝑣𝑣max = 250 mm/s 

and 𝑄𝑄tot ~ 12.3 mm³/s, see Figure 3c). Figure 5b presents a close-up top view of the overall network. 

The structure is composed of smooth parallel lines, which are perpendicularly overlapped and connected 

between layers. Figure 5c presents a ×25 magnification image, where the average measured filaments 

diameter 𝑑̅𝑑 is 255 µm (𝜎𝜎 = 15 µm, 𝑑𝑑theo = 250 µm) and the average pore size 𝑝̅𝑝 is 736 µm (𝜎𝜎 = 21 µm, 

𝑝𝑝theo = 750 µm).  
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Figure 5. 5-layer microscaffold network (9 × 15 configuration) printed at 250 mm/s (~ 1 min 36 s) for a total of 234 × 390 
filaments wide. a) Top view of the entire print. b) Close-up top view of the microscaffold network. c) ×25 magnification 
image of the microscaffold filament stacking showing the average filaments diameter 𝑑̅𝑑 = 255 µm and average pore size 𝑝̅𝑝 = 
736 µm. d) Close-up view of the transition between two columns displaying a toolpath rounding, which reduces the 
microscaffold network size by 10 mm. Focus on details of print defects A, B, C and D. e-f) Close-up views of the spacing 
between printed columns (Details C, D). 

 

Figure 5d shows a close-up view of a transition between columns, where the printhead’s position 

must be laterally shifted for the next column deposition. Due to the incapacity of the printhead to 

momentarily stop the extrusion before printing the next row or column, a toolpath clearance is required 

to avoid overlapping filaments on the network. To perform the toolpath clearance, the robot must reach 

a point coordinate outside of the network. Then, to print the next row or column, the robot has to shift 

its position and go the opposite direction with respect to the last printed direction. Although the robot is 

programmed to reach the target motion speed of 250 mm/s, maintaining this speed is difficult when the 

printhead changes direction. For a sharp turn (≤ 90°), the kinematic model of the robot forces the 

printhead TCP to slow down and round the toolpath before accelerating again [31]. In the process, the 

printhead rotation does not change and some filaments overlap each others, creating unwanted overlap 

features around the network. Moreover, by rounding the toolpath when slowing down from 

𝑣𝑣 = 250 mm/s, the robot engages the curve too early which jeopardizes the filament stacking of the 
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microscaffold network (Details A and B). Ruining the perpendicularity of the filaments stacking reduces 

the overall network dimensions by approximately 10 mm on each side (see the dotted line). The pores 

size in Details A and B are also affected because of the changing angle between the multinozzle 

orientation with respect to its printing direction. Shifting the robot’s position also causes a positioning 

error from one column to another (Detail C and D). Figure 5e shows a close-up on Detail C, where the 

spacing between two printed columns is ~ 0.7 mm and Figure 5f shows a close-up on Detail D, where 

the spacing is now ~ 1.3 mm. It appears that the position of the TCP is shifted by 0.3 mm between rows 

and columns. The shift of the TCP position seems to be repeated throughout the microscaffold network 

and is possibly due to the weight of the multinozzle (18 kg), which is closed to the maximum payload 

capacity (25 kg). A toolpath compensation could be programmed to adjust the TCP position.  

Case study #1 demonstrates the possibility of high-speed AM (𝑣𝑣max = 250 mm/s) of a large, structured 

microscaffold network (225 mm × 375 mm ≈ 8.4 × 104 mm²) at a flow rate of 𝑄𝑄tot ~ 319.4 mm³/s, with 

an applied pressure of 4.75 MPa. In [17], a multinozzle with 64 smaller rectangular nozzles of 200 µm 

× 200 µm was used to manufacture a very similar, but larger 4-layer microscaffold (3.8 × 105 mm²) made 

of the same organic ink at a slower printing speed 𝑣𝑣max = 40 mm/s and a lower flow rate 𝑄𝑄tot ~ 102 

mm³/s (with a higher pressure of 5.17 MPa). The printed area is ~ 4.5 times larger, one layer less, required 

25 minutes to print and was printed with smaller nozzles. By comparing with the maximum flow rate of 

the current multinozzle, a similar microscaffold could theoretically be printed in 8 minutes (~ 3 times 

faster) with the proposed method and custom infrastructure.  

4.3.2. Case study #2: Variable pore size microscaffold network  

Figure 6 shows a 2-layer microscaffold network (3 × 5 configuration) made of the organic ink with 

variable pore size on its second layer. The target printing speed is set to 𝑣𝑣 = 50 mm/s (𝑄𝑄tot ~ 63.2 mm³/s) 

at an applied pressure of 2.4 MPa. Figure 6a shows the printing of the entire microscaffold network (see 

supplementary Video S2). The pore size on the second layer is controlled by rotating the multinozzle 
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printhead around its 𝑍𝑍  axis. The angle 𝜃𝜃  at which the printhead is rotated is the angle between the 

multinozzle array orientation and the 𝑋𝑋 axis, perpendicular to the printing direction (𝑌𝑌 axis). The angle 

𝜃𝜃  is gradually increased for each column of the second layer from 0° to 30°, 45°, 60° and 75.5°, 

respectively. Figure 6b shows four ×25 magnification images of the microscaffold at 𝜃𝜃 = 30°, 45°, 60° 

and 75.5°. The average experimental pore size 𝑝̅𝑝 decreases while 𝜃𝜃 increases, until 𝜃𝜃 reaches 75.5°, at 

which point the filaments appear to be printed side by side with no spacing between them. The theoretical 

pore size 𝑝𝑝theo can be calculated by: 

 𝑝𝑝theo = 𝑠𝑠 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑑𝑑. (9) 

With the current multinozzle configuration, angle 𝜃𝜃 = 75.5° is the theoretical maximum angle at 

which the printhead can be rotated to print the filaments side by side with 𝑝𝑝theo = 0 µm. Table 1 presents 

a comparison between 𝑝𝑝theo and experimentally measured 𝑝̅𝑝 from Figure 6b. For each angle, 𝑝𝑝theo is 

calculated using Equation (9) by assuming 𝑠𝑠 = 1000 µm and 𝑑𝑑 = 250 µm (the swelling of the material 

exiting the nozzle is neglected here, i.e., 𝑑𝑑 = 𝐷𝐷 = 250 µm). The experimental values 𝑝̅𝑝 represent an 

average of several pore measurements for each angle on three prints. The value 𝑝̅𝑝 = 736 µm is taken 

directly from Case study #1 and validated with Case study #2 for 𝜃𝜃 = 0° (not shown on Figure 6b). For 

each angle, the MAE and MRE are reported. All values of 𝑝̅𝑝 are smaller than 𝑝𝑝theo, which could be 

explained by the small swelling of filaments at nozzle exit (𝑑̅𝑑 increases by ~ 4 % of the nozzle diameter 

𝐷𝐷). The errors are relatively small (≤ 7 %), which is satisfactory for the variable pore size demonstration.  

𝜽𝜽 (°) 𝒑𝒑𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭 (µm) 𝒑𝒑� (µm) 𝝈𝝈𝒑𝒑� (µm) |𝒑𝒑� − 𝒑𝒑𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭| (µm) |𝒑𝒑� − 𝒑𝒑𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭|/𝒑𝒑𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭 (%) 

0 750 736 21 14 2 

30 616 606 9 10 2 

45 457 436 10 21 5 

60 250 233 10 17 7 

75.5 0 0 - - - 
Table 1. Comparison between theoretical and experimentally measured pore size for 𝜃𝜃 = 0°, 30°, 45°, 60° and 75.5°. 

 



23 
 

The average printed filaments diameter 𝑑̅𝑑 is 250 µm (with 𝜎𝜎 = 1.2 µm) at 𝜃𝜃 = 75.5° and was obtained 

by measuring the total printing width of several filaments and by dividing with the total number of 

measured filaments. Comparison with other measured 𝑑̅𝑑 (for 𝜃𝜃 = 30°, 45° and 60°) confirms that the 

printed filaments are well deposited side by side and not on top of each other. Therefore, 𝑝̅𝑝 ~ 0 µm at 𝜃𝜃 

= 75.5°. The results from Case study #2 demonstrate the multinozzle AM of microscaffold networks 

with variable pore size, which has potential for large-scale microscaffold requiring porosity gradients. 

 
Figure 6. 2-layer microscaffold network (3 × 5 configuration) printed at 50 mm/s (~ 30 s) with variable pore size on the 
second layer. a) General view of the entire print. The nozzles orientation 𝜃𝜃 is given with respect to the 𝑋𝑋 axis, which is 
perpendicular to the printing direction (𝑌𝑌 axis). The first layer is printed at 𝜃𝜃 = 0°. The multinozzle is then rotated around its 
𝑍𝑍 axis to increase 𝜃𝜃 (from 0° to 30°, 45°, 60° and 75.5°) for each column on the second layer. b) ×25 magnification images 
of the microscaffold filament stacking at 𝜃𝜃 = 30° (𝑑̅𝑑 = 259 µm, 𝑝̅𝑝 = 606 µm), 𝜃𝜃 = 45° (𝑑̅𝑑 = 263 µm, 𝑝̅𝑝 = 436 µm), 𝜃𝜃 = 60° (𝑑̅𝑑 
= 267 µm, 𝑝̅𝑝 = 233 µm) and 𝜃𝜃 = 75.5° (𝑑̅𝑑 = 250 µm, 𝑝̅𝑝 = 0 µm). 
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4.3.3. Case study #3: Large-scale partitioned microscaffold network  

Figure 7 shows a 5-layer partitioned microscaffold network (9 × 15 configuration) made of the organic 

ink. The target printing speed is set to 𝑣𝑣 = 50 mm/s (𝑄𝑄tot ~ 63.2 mm³/s, Δ𝑃𝑃 = 2.40 MPa) in order to 

reduce the deceleration required for slowing down at sharp turns. Figure 7a shows the entire printed 

partitioned microscaffold network. The result is a 233 mm × 389 mm × 1 mm network composed of 234 

× 390 filaments wide and 135 separated microscaffold partitions, that weighs ~ 30 g in total, and requires 

approximately 8 minutes 45 seconds to manufacture. Figure 7b shows the close-up top view of one of 

the partitioned microscaffolds of the network. Each microscaffold is a square of 26 mm wide surrounded 

by walls generated by a programmed toolpath offset. Instead of executing a sharp 90° turn to follow the 

programmed toolpath offset, the robot slows down, slightly round the corners of the toolpath at the wall 

coordinates, and travels along a diagonal path while over-extruding at the same time. Partition walls are 

shared among the neighboring microscaffolds. 

Figure 7c shows a ×25 magnification image of the top partition wall. Filaments composing the wall 

have an average width 𝑤𝑤�  = 847 µm. Over-extrusion leads to a filament with a non-circular cross-section 

and can be explained by a desynchronization between the robot motion speed and the printing speed. 

Over-extrusion of all 26 filaments results in an overall partition wall that is almost as wide as 𝑠𝑠 ~ 1 mm. 

Case study #3 demonstrates the AM of a large interconnected partitioned microscaffold network 

(233 mm × 389 mm ≈ 9 × 104 mm²) in just a few minutes. The addition of partition walls shows that 

over-extrusion could be exploited to modify the printed filaments diameter, which could be useful for 

various features of large multi-functional partitioned microscaffold applications. 
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Figure 7. 5-layer partitioned microscaffold network (9 × 15 configuration) printed at 50 mm/s (~ 8 min 45 s) for a total of 
234 × 390 filaments wide and 135 microscaffold partitions. a) Top view of the entire print. b) Close-up top view of a 
partitioned microscaffold. Each microscaffold is a square of 26 mm wide surrounded by walls, made by the offset toolpath. 
c) ×25 magnification image of a wall. The toolpath offset leads to the robot slowing down, thus leading to over-extrusion and 
the printing of larger filaments (𝑤𝑤�  = 847 µm). 

 

4.3.4. Case study #4: Thick partitioned microscaffold network  

Figure 8 shows a 50-layer partitioned microscaffold network (3 × 3 configuration) made of the organic 

ink printed at 𝑣𝑣 = 50 mm/s (𝑄𝑄tot ~ 63.2 mm³/s, Δ𝑃𝑃 = 2.40 MPa). Figure 8a shows a general view of the 

entire printed partitioned microscaffold network. The print is a 77 mm × 77 mm × ~ 10 mm network 

composed of 78 × 78 filaments wide, that weighs ~ 30 g in total, and requires approximately 8 minutes 

45 seconds to manufacture. A total of 50 layers can be achieved with the current material reservoir 

capacity for this 3 × 3 configuration. Microscaffold cross-sections A-A, B-B and C-C were observed by 

micro computer tomography to assess the filament stacking quality in the various layers.  

Figure 8b shows the scanned cross-section A-A. Cross-section A-A consists of the center slice of a 

microscaffold with partition walls on both sides. Layers of the walls appear to be well stacked on top of 

each other. All 50 layers of the microscaffold seem well connected to each other via the stacking of 

perpendicular filaments. Filaments located near walls appear to bend downward, which can be explained 

by the desynchronization between the robot motion speed and the printing speed, causing over-extrusion.  

Figure 8c presents cross-sections B-B and C-C, which exhibit the filaments position across layers for 

a width of 7 filaments wide. Cross-section B-B shows that filaments are well aligned near the center of 

the microscaffold, with an average horizontal center-to-center filament spacing 𝑠̅𝑠 = 1006 µm (with 𝜎𝜎 = 
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57 µm). The microscaffold also appears to slightly collapse on its own weight, as it may be observed by 

comparing the vertical center-to-center filament spacing 𝑧𝑧1  (294 µm) and 𝑧𝑧2  (422 µm). Viscoelastic 

properties of the ink and the large thickness of the microscaffold can explain this behavior, as mentioned 

in [11]. Cross-section C-C shows that over-extruded filaments near walls are not as well aligned as in 

the center (B-B). The minimum measured horizontal spacing between filaments is 𝑠𝑠1 = 614 µm and the 

maximum is 𝑠𝑠2 = 1449 µm. Despite the misalignment, the average center-to-center filament spacing 𝑠̅𝑠 = 

1008 µm (with 𝜎𝜎 = 150 µm), which is still in line with the expected geometry. Those printing defects 

could be minimized by reducing the programmed printing speed, thus reducing the speed difference 

between the microscaffold center and the wall. It is therefore inevitable that a compromise must be 

achieved between the AM speed of the network and its quality. Results shown in Case study #4 exhibit 

the multinozzle AM of a thick periodic partitioned microscaffold network that could prove to be useful 

for the rapid large-scale manufacturing of any kind of functional structures that requires a high thickness, 

such as the infill of a 3D-printed part. 
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Figure 8. 50-layer partitioned microscaffold network (3 × 3 configuration) printed at 50 mm/s (~ 8 min 45s) for a total of 78 
× 78 filaments wide and 9 microscaffolds. a) General view of the entire print. Sections A-A, B-B and C-C were observed 
using an X-ray micro computer tomography scanner. b) Cross-sectional image of the network showing a printed 
microscaffold between two partition walls (A-A). c) Cross-sectional images of filaments position across layers for a width of 
7 in-plane filaments near the microscaffold center (B-B) where 𝑠̅𝑠 = 1006 µm (with 𝜎𝜎 = 57 µm), and near one of the wall (C-
C) where 𝑠̅𝑠 = 1008 µm (with 𝜎𝜎 = 150 µm). 𝑠𝑠1 = 614 µm is the minimum horizontal spacing between filaments and 𝑠𝑠2 = 1449 
µm is the maximum. Vertical spacing 𝑧𝑧1 = 294 µm < 𝑧𝑧2 = 422 µm shows the slight collapsing of the microscaffold. Images 
c) and d) were digitally post-processed to hide the background and improve clarity of the desired features. 

 

5. Conclusion  

The development of a 6-DOF robotic AM infrastructure equipped with a custom-made multinozzle 

printhead combined to a high pressure system allowed the high-speed multinozzle AM of relatively large 

microscaffold networks made of an organic paste-like ink. The multinozzle extrusion process is modeled 

by developing a Multinozzle Extrusion Prediction Model (MEPM) based on capillary rheometry. 
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Extrusion pressure gradient and volumetric flow rate predictions were made for printing speeds of 50, 

100, 150, 200 and 250 mm/s. The MEPM is also used to explore various design configurations of 

multinozzle printhead. The extrusion Δ𝑃𝑃 increases as nozzles diameter 𝐷𝐷 decreases or when the number 

of nozzles 𝛼𝛼 is reduced for a given total volumetric flow rate 𝑄𝑄tot, both of which also increase the 

maximum reachable printing speed 𝑣𝑣. A configuration of 𝛼𝛼 = 26 nozzles, 𝐷𝐷 = 250 µm and 𝐿𝐿 = 6.5 mm 

was selected to reach a maximum 𝑄𝑄tot ~ 319.4 mm³/s at 𝑣𝑣max = 250 mm/s. To better control the extrusion 

process, a prediction of the material’s viscosity evolution over time should also be included in the MEPM 

to monitor the change in pressure required for long duration extrusion, e.g., time dependent curing 

material systems, such as epoxies.  

Four case studies demonstrate the advantages of the high-speed multinozzle AM for large-scale 

microscaffold networks. Case study #1 showcased the high-speed AM of a large microscaffold network 

at a printing speed of 250 mm/s, which results in a printing time of ~ 1 min 36 s (vs. ~ 41 minutes for a 

single nozzle). Case study #2 showed a microscaffold network with variable pore size, which could be 

beneficial for applications requiring a porosity gradient, e.g., broadband sound absorption [32]. Case 

study #3 presented a large partitioned microscaffold network. A toolpath offset is sufficient to rapidly 

produce partition walls that separate all zones within the microscaffold network. These findings could 

be helpful to quickly print the infill pattern of a hollow 3D-printed part using a functional resin (e.g., 

epoxy-based polymer) in just a few minutes. Case study #4 displayed a thick 50-layer partitioned 

microscaffold network, which demonstrated the high quality of the filament stacking. An average center-

to-center spacing of 𝑠̅𝑠 = 1006 µm (𝜎𝜎 = 57 µm) at the microscaffold center and 𝑠̅𝑠 = 1008 µm (𝜎𝜎 = 150 

µm) near walls indicate an excellent filament alignment through the layers. Yet, some extrusion control 

would be required to limit over-extrusion as much as possible in the transition between the printing of 

microscaffolds and surrounding walls. The impacts of the current article could also benefit other fields, 

such as the large-scale multinozzle AM of microvascular networks [33,34], the high-speed infill of 
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hollow 3D printed parts combined with the Fused Filament Fabrication technique [35] or even the large-

scale AM of piezoelectric actuator meshes, similar to microscaffolds networks, for smart materials and 

structures [36,37]. The previously mentioned fields could all benefit from the proposed MEPM and 

multinozzle additive manufacturing workflow by reducing the production time of their additively 

manufactured parts, potentially allowing cost reduction at the same time. Future work will focus on the 

non-planar AM of thermosetting-based polymer with the objective of reducing the sound produced by 

aircraft components [38]. 
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