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Abstract 16 

In this paper we investigate the use of passive stabilization to support stereolithography (SLA) 17 

printing aboard a moving vessel at sea.  3D printing is a useful technology onboard a seagoing vessel to 18 

support engineering development, shipboard maintenance, and other applications when land-based 19 

manufacturing resources are unavailable.  SLA printed material is particularly suited for underwater 20 

applications requiring sealed housings, since SLA printers are capable of producing high-resolution models 21 

that are fully solid and impervious to water.  Hydrostatic pressure can quickly compromise parts created using 22 

standard fused filament fabrication (FFF) 3D printing. However, the dynamic environment onboard a 23 

moving vessel could impact the ability of an SLA printer to selectively cure voxels in a liquid resin bath as it 24 

undergoes constant motion, and can cause spilling over the walls of the resin tank.  Using passive stabilization 25 

platforms onboard moving research vessels, we successfully printed a number of parts with no discernable 26 

differences from those produced in a traditional land-based laboratory.  As a practical demonstration of this 27 

capability, we printed at sea underwater pressure housings that remained sealed to 200 meters water depth 28 

with functional integrated internal electronics.  No post-print machining was required to create the sealed 29 

housings. This work lays the foundation for lithographic 3D printing in seagoing oceanographic and naval 30 

applications, and additionally presents an economical approach for producing custom waterproof pressure 31 

housings in the field. 32 
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1. Introduction 37 

         Lithographic 3D printing can produce high-resolution, rigid prototypes that are completely sealed 38 

between print layers [1].  While several variants of laser based lithographic printing are now commercially 39 

available, stereolithography (SLA) is credited as the origin of 3D printing technology [2] and remains a 40 

commonly used form.  SLA 3D printing offers a good compromise between speed, resolution, and build 41 

volume, and is now achievable using desktop-size units that cost <5000 USD. SLA printed parts can be 42 

completely solid and impervious to water intrusion [3], making them better suited to underwater applications 43 

than fused filament fabrication (FFF) printed parts that are subject to void formation [4]. 44 

         3D printing methodology continues to progress at a rapid pace, but how the printers themselves 45 

perform in harsh, remote and dynamic environments is an open question.  A commercial effort to conduct 46 

rapid prototyping in zero gravity led by Made In Space Inc. (www.madeinspace.us) has met success, with 47 

numerous potential applications for current and future space missions [5,6].  3D printers have been used 48 

successfully at sea to print both soft and hard materials [7], enabling rapid prototyping during extended 49 

oceanographic research expeditions.  In both of these examples FFF-based printing was employed in the 50 

dynamic environment, while the resolution and solid material properties of the parts produced was ultimately 51 

limited by the capabilities of the FFF printers.  SLA-based 3D printers are currently operated exclusively in 52 

land-based laboratory, office, and production facility environments, where the printer is kept on a level 53 

surface and isolated from any significant outside forces.  There is some evidence suggesting that external 54 

vibrations could benefit SLA printing by reducing the separation force required to overcome between layers 55 

[8].  While this study does not directly investigate the effects of vibration caused by the vessel itself on the 56 

printing process, we instead focus on maintaining a level environment to prevent SLA printing process errors 57 

[9] such as improperly calibrated z-level wait times, trapped volumes, inconsistencies in layering, and 58 

mitigating the risk of resin spillage. 59 
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There are many uses for 3D printers onboard seagoing vessels, but the solid and sealable nature of 60 

SLA-printed parts has unique applications for the underwater environment.  Most electronic components 61 

used for ocean sensing underwater are maintained in a dry volume at 1 atm pressure inside sealed pressure 62 

housings.  Such pressure housings are typically manufactured for custom applications at a premium cost using 63 

a range of materials including polymers, composites, and metals.  High-pressure housings (>100 meter 64 

depth/150 psi rating) demand tight tolerances and smooth surfaces for o-ring seals and are almost exclusively 65 

custom-made.  3D printing has been proposed as a manufacturing technique for customized pressure 66 

housings, with examples including titanium and ceramic hemispheres [10] and nylon and titanium nose and 67 

tail sections for unmanned underwater vehicles  [11].  However, the methods presented in the literature each 68 

rely on some form of conventional manufacturing process in order to finish the sealing surfaces after the bulk 69 

of the housing has been printed.  These restrictions result in long fabrication schedules and extensive 70 

onboard spare inventories for underwater equipment that is taken to sea. 71 

In this paper we present the first known attempt to conduct lithographic resin 3D printing while 72 

subjecting the operating printer to constant motion and vibration onboard a seagoing vessel, with the 73 

working hypothesis that a properly tuned stabilization platform will provide a sufficient environment to 74 

successfully produce SLA prints comparable to those done in a land-based environment.  Using passive 75 

stabilization systems, various test designs and two sealed pressure housings were printed on moving offshore 76 

vessels.  The printed housings were outfitted with electronic pressure sensors and tested in situ to 200 meters 77 

depth without any additional manufacturing processes employed for finishing. Our results validate the use of 78 

passively stabilized lithographic SLA resin printing in a dynamic environment, and we demonstrate the ability 79 

to rapidly produce customized, inexpensive, and functional deep-sea pressure housings in the field. 80 

  81 

2. Methods 82 

A Formlabs Form 2 3D printer (www.formlabs.com) was used to investigate SLA 3D printing under 83 

dynamic conditions. The Form 2 printer has a usable print volume of 14.5 x 14.5 x 17.5 cm, a mounting 84 

footprint of 34.5 x 33 cm, and a total height of 52 cm, making it suitable for installation in the interior 85 

laboratory spaces available on regional class oceanographic research vessels without modification to the ship. 86 

Standard clear resin was chosen from a range of print materials from the manufacturer as a compromise 87 

between print speed and mechanical strength.  Formlabs’ Preform print preparation software (versions 2.18.0 88 

– 3.0.0) was used during the course of this project, with all prints run using medium (50 micron) layer 89 

thickness.  Models were manually arranged in the print layout and supports automatically generated, and any 90 

supports interfering with o-ring sealing surfaces were manually removed prior to running the print.  91 

Following each print, parts were washed for approximately 10 minutes in >90% isopropyl alcohol, dried, and 92 

post-cured using the Formlabs Form Cure unit.  Support structures were removed using flush-cut cutters and 93 

surfaces smoothed using 220 grit sandpaper. Two custom printed ‘splash guards’ were added to either side of 94 

the printer’s resin tank to reduce the risk of resin overflow during wiper motion. 95 

Field tests were conducted during two oceanographic research cruises onboard the NOAA Ship 96 

Okeanos Explorer (Caribbean, November 2018) and the R/V Endeavor (North Atlantic, April 2019). The printer 97 

and stabilization systems were operated in interior laboratory spaces located one deck above the waterline and 98 

as close as possible to the longitudinal and transverse centerlines of the vessel.  In both sets of trials, mild to 99 

moderate seas were experienced while vessel navigation proceeded in accordance with normal operations. 100 

Print trials at sea were performed with the printer mounted rigidly to a laboratory bench, and with 101 

the printer mounted on two different passive gimbal stabilization systems.  The first passive gimbal system 102 

was a modified Peace River Studios GyroProTM stabilization unit (www.peaceriverstudios.com/). The 103 

GyroProTM was originally designed as an aid for camera operators using large-format camera systems onboard 104 
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ships, aircraft, and other moving platforms.  For this effort, the printer was mounted to the gimbal platform 105 

of the GyroProTM, which provided isolation from the roll and pitch motion of the ship deck through two 106 

pairs of bearings, oriented parallel to the deck and offset from one another by 90 degrees. Vibration damping 107 

was also included in this system, through a set of six inflatable air isolation mounts. The printer was mounted 108 

in place of the active stabilization system which under normal GyroPro operation uses six spinning flywheels 109 

to resist angular motion in roll, pitch, and yaw. The yaw angle of the entire system was physically restrained to 110 

prevent rotation relative to the ship’s heading.   111 

Following initial trials with the modified GyroPro, a passive gimbal system with vibration isolation 112 

and adjustable counterweights was designed and fabricated specifically for the second set of at-sea trials with 113 

the Form 2 printer. The redesigned system lowers the Form 2 printer deeper into the gimbal, in order to align 114 

the printer’s tank wiper vertically with the two axes of gimbal rotation (Figure 1B-C) in order to reduce the 115 

torque applied about the bearings during the rapid lateral motion of the wiper between print layers.  The 116 

redesigned stabilization platform disassembles easily and folds flat for packing, and weighs 30 lb/13.6 kg 117 

(Figure 1D).  118 

During all print trials, the roll and pitch angles of the printer and of the ship deck were estimated 119 

using a pair of 3-axis accelerometers (MMA8452Q Triple Axis Accelerometer, Sparkfun Electronics ) 120 

recorded at 20 Hz by an embedded processor (MBED LPC1768, Sparkfun Electronics). One accelerometer 121 

was mounted to the printer itself, and the other was mounted on the stand supporting the entire system 122 

(Figure 1A-B).  A set of shapes which fit together within the print volume, including a 1cm cube, three 123 

‘dogbone’-style tensile test strips, and a complex- geometry shape, were used as the sample print job for 124 

comparison across different cases, in addition to the pressure housings described in the Results section. 125 

 126 

3. Results 127 

 As a control case, we attempted to print onboard a moving vessel in calm seas with no stabilization 128 

system, i.e. with the printer directly mounted to a laboratory bench.  An internal software lockout on the 129 

Form 2 printer prevents the printer from initiating a new print layer when a tilt angle of greater than 1 degree 130 

is detected. The attempt to print the sample print job was aborted after a few print layers, as wait times on the 131 

order of minutes were required at the start of each layer before the level condition was sensed. 132 

Error-free prints were completed using both passive stabilization systems, i.e. with the two-axis 133 

gimbal platform of the GyroPro and an 11 kg counterweight (Figure 1A), and with the more compact 134 

purpose built stabilization system (Figure 1B-C).  The counterweights used were either standard steel barbells 135 

or lead weights, mounted directly underneath the printer mounting plate with a threaded rod and nut.  In 136 

testing using counterweights ranging from 15 to 50 lb (6.8 to 22.7 kg), the printer motion was most effectively 137 

minimized with a counterweight of 35 lb/16 kg. The ultimate location of the counterweight was adjusted to 138 

allow the greatest freedom of motion within the gimbal while lowering the center of gravity of the system as 139 

much as possible; different sized weights required different positioning.  The empirically-derived optimum 140 

counterweight of 35 lb/ 16 kg resulted in a natural frequency in roll of the system of approximately 0.69 Hz 141 

based on unforced oscillation trials performed on land.   142 

Deck and printer roll motions for a 30 minute portion of a print job on board the R/V Endeavor, and 143 

for the duration of a single print layer, are shown in Figure 2.  Data from the accelerometer mounted directly 144 

on the printer revealed deviations of <1° from level during active printing throughout all trials, despite 145 

experiencing deck tilts in excess of 7°.  Between printing of vertical layers, the printer wiper induces 146 

significant printer roll motion, but this did not affect the quality of the print (Figure 3) nor does it affect the 147 

total print time, as the printer naturally returned to level after the wiper ceased moving.  As a print progresses 148 

in the Form 2, resin material levels change and the build plate position progresses upwards; these variances in 149 
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the center of gravity of the system did not appear to affect stabilization performance.  During both sea trials, 150 

relatively calm seas were experienced with no pitch/roll events exceeding 8°.  Further work is required to 151 

determine the limits of sea state during which active printing can continue, but the geometry of the purpose-152 

built passive stabilization system allows for up to 30° of pitch and roll motion relative to the system’s base. 153 

 154 

 155 

Figure 1: A) SLA 3D printer mounted on a passive gimbal platform onboard a moving research vessel.  An 156 

11 kg counterweight is mounted beneath the printer to balance the system and lower the center of gravity.  B-157 

C) Optimized 2nd-generation passive gimbal platform onboard a research vessel, designed to align printer 158 

tank wiper motion in-line with axes of rotation, along with adjustable counterweight system.  D) The entire 159 

stabilization platform disassembles flat and weighs a total of 30 lb/ 13.6kg without the counterweight. 160 

 161 

  162 
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 163 

Figure 2: Example accelerometer data collected from the printer, compared against vessel motion 164 

experienced directly underneath the stabilized platform.  Major roll events on the printer itself are associated 165 

with print tray wiper motion that occurs between each layer of printing.   166 

 167 

 168 

 169 
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  170 

Figure 3: Visual comparison of print quality on a 1x1x1 cm cube, printed A) on land in the laboratory and B) 171 

onboard a moving vessel with passive gimbal stabilization.   172 

 173 

To demonstrate the potential of shipboard SLA 3D printing to serve real-world applications, a 174 

pressure housing design was printed during the sea trials (Figure 4).  The design consists of a 2” ID sphere 175 

with 0.25” wall thickness, divided into two hemispheres, each with a 7/16” through hole at the apex of the 176 

hemisphere. Each hole included interior and exterior flat surfaces for washer and o-ring seating. One 177 

hemisphere was printed with an o-ring groove at the mating surface, while the other was printed with a flat 178 

surface in order to create an o-ring face seal.  Matching hole patterns in exterior flanges allowed mating with 179 

standard stainless steel fasteners. The same design was also printed on land prior to sea-trials for comparison.  180 

Inside each sphere, an Arduino-based data logger (Feather M0 Adalogger; Adafruit) and lithium polymer 181 

battery (37V 350mAh; Adafruit) was installed with an external pressure sensor (Bar30; Blue Robotics) 182 

mounted in the hole at the apex of one hemisphere, and a plug mounted in the other hemisphere.  A 183 

mounting pattern for the internal components was integrated into the hemisphere design, simplifying 184 

assembly.   185 

 Once assembled, the two complete pressure housings (one printed on land, the other printed at sea) 186 

with pressure data loggers were installed on a conductivity-temperature-depth rosette (CTD) frame (Figure 187 

5A).  These were lowered by cable from the ship to a depth of 200m to determine whether they remained 188 

watertight and pressure tolerant.  Both ‘instruments’ survived the deployment and collected accurate depth 189 

data, which was consistent between the two housings (Figure 5B).   190 
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 191 

Figure 4: A) 3D model/print layout of 3D-printed pressure housing design, as shown in Solidworks and 192 

Formlabs’ Preform software.  Note support structures in the print layout are restricted to non-sealing 193 

surfaces. B) Pressure housings under assembly at sea, with pressure data logger system installed. 194 

 195 

 196 

 197 
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 198 

 199 

Figure 5: A) 3D printed pressure housing mounted onboard an instrument frame, prior to deployment in the 200 

ocean.  The housing location is shown in the blue inset.  B) Deployment profile, measured using electronic 201 

pressure sensors mounted inside the pressure housings.  A pressure housing printed on land in the laboratory 202 

was tested for comparison. 203 

 204 

4. Discussion 205 

 Rapid prototyping in dynamic environments, including seagoing vessels and aerospace platforms, has 206 

growing potential for a wide range of purposes.  As additive manufacturing research advances, the physical 207 

size, resolution, mechanical properties, and overall functionality of printed designs will continue to deliver 208 

new applications.  Aside from the demonstration in this study to produce functional underwater housings, 209 

3D-printed parts produced in the field can be used to replace faulty mechanical components of many existing 210 

systems, and can allow for rapid adaptation to changing objectives as demonstrated by Vogt et al. [7].  SLA 211 

3D printing can be used in dentistry for applications such as molds, braces, and crowns [12, 13] and as a 212 

result extended research cruises and naval vessel deployments will directly benefit from stabilized SLA 213 

printing. 214 

 Stabilization systems vary widely in functionality and complexity, ranging from feedback-based active 215 

stabilization platforms to simple passive gimbal systems.  The work demonstrated here using a passive gimbal 216 

to successfully achieve SLA printing presents an economical pathway forward for developers and consumers 217 

to produce resin-based parts in active environments.  The system is also fairly compact, and can be mobilized 218 

using air-shipment methods along with the printer itself.  New lithographic 3D printers are continually being 219 

introduced to the commercial market, including improved SLA-based systems and digital light projection 220 

(DLP) printers.  We expect that passive stabilization systems will also be applicable to these new printers, 221 

scaled only in physical size and the required amount of counterweight.   222 

 223 

Conclusion 224 

  In this paper we demonstrate the use of a passive stabilization system to achieve SLA 3D printing 225 

onboard a seagoing vessel.  When properly stabilized, the performance of the printer at sea was the same as 226 
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observed on land.  Fully functional underwater pressure housings were also printed at sea, as an example of a 227 

practical application of this new capability.  Numerous other applications of this method are foreseen for 228 

oceanographic, naval, and commercial purposes. 229 
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