
ABSTRACT 

WEISLER, WARREN ANDERSON. Transport of Solid Bodies Through Fluid Interfaces: From 

Flying Submarines to Cancer Spheroids. (Under the direction of Dr. Matthew Bryant). 

 

          This dissertation presents three distinct studies involving solid body transport through fluid 

interfaces.  First, a cross-domain fixed-wing vehicle capable of operating in aerial and underwater 

environments is presented.  This first-of-its-kind vehicle must be able to self-transport between the 

water and air domains. A fully functional proof-of-concept vehicle is described, and its testing and 

characterization are detailed.  The testing results focus on the capabilities of the vehicle and 

measurements of operational performance over 12 complete mission cycles including: water 

launch, surface swim, water egress, air flight, water ingress, underwater swim, and recovery.  

Particular attention is given to the performance of the vehicle in regard to its ability to transition 

between the water and air domains.  Analysis of the results show that the proof-of-concept vehicle 

is capable of performing three egress and climb maneuvers, 9 km of air cruise, 1 km of surface 

cruise, and 1 km of underwater cruise on a single battery charge.  Thus, this vehicle successfully 

demonstrated all phases of cross-domain operation, and provides motivation for future 

development.   

Secondly, this dissertation presents the first experimental results characterizing the lift 

development of a finite wing transitioning from water to air.  Experiments were conducted using 

a waterproof load cell to measure the lift generated by a wing, as it translates through a water-air 

boundary. Initial experimental results reveal significant velocity-dependent effects on the lift 

evolution, an effect that is unmodeled by current literature. This led to an experimental campaign 

examining the effects of angle of attack, velocity, and starting depth on lift generation during 

transition.  This campaign revealed that force generation of a wing in this transition is highly 

dependent on the velocity and is much more complicated than just relying on the wetted area.  At 



the “slowest” velocity an oscillation in lift generation is observed, with a spike in lift, nearly 3.5 

times the predicated steady state value, occurring just as the leading edge reaches the water surface.  

The lift then rapidly decreases until it reaches a negative spike of nearly 60% the predicted steady 

state value, before it leaves the water.  As the speed increase, the spikes in lift disappear and lift 

begins to increase before the leading edge reaches the surface.  At the fastest case, this decrease in 

lift begins when the wing is more than one chord away from the surface.      

Lastly, this work presents the development, optimization and validation of a centrifugal 

fluidic device for the transport and microarraying of cancer spheroids.  The device presented is 

capable of simultaneously extracting and separating cancer spheroid cells from the fluid in 96-well 

plates and depositing them in an agar block while maintaining their overall registry and planarity.  

The simultaneous processing method of this device greatly simplifies the time and labor-intensive 

process of manually extracting individual spheroids from their wells and preparing them for 

imaging.  This work details the design process and work done to improve the fluidic transport and 

separation performance of this system.  Final testing of the device focused on the successful 

transport and capture of Pa14C pancreatic cancer spheroids, revealing an average success rate of 

80%.  Additionally, the planarity of the deposited spheroids was evaluated using confocal laser 

scanning microscopy. This revealed that, on average, the optimal section plane bisected individual 

spheroids within 27% of their mean radius. These results demonstrate the capabilities of the device 

to facilitate rapid histological evaluation of spheroids grown in standard 96-well plates.  
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CHAPTER 1 

Testing and Characterization of a Fixed Wing Cross-Domain Unmanned Vehicle 

Operating in Aerial and Underwater Environments  

(Weisler, W., Stewart, W., Anderson, M. B., Peters, K. J., Gopalarathnam, A., & Bryant, 

M. (2017). Testing and Characterization of a Fixed Wing Cross-Domain Unmanned Vehicle 

Operating in Aerial and Underwater Environments. IEEE Journal of Oceanic Engineering, 1-14. 

doi:10.1109/JOE.2017.2742798) 

 

The work presented in this chapter is a published journal paper co-authored by Mr. Warren 

Weisler, Dr. William Stewart, Mr. Mark Anderson, Dr. Kara Peters, Dr. Ashok Gopalarathnam, 

and Dr. Matthew Bryant.  Mr. Warren Weisler designed and led the experimental campaign to 

collect the data presented. Mr. Weisler also analyzed the data to produce the results, created the 

figures, and wrote the majority of the paper. Dr. William Stewart assisted with the entire 

experimental campaign and contributed significantly to the design and fabrication of the test 

vehicle.  Mr. Mark Anderson represented Teledyne Scientific Company, prime contractor on the 

project, and provided subcontract funding and technical guidance throughout the project.  Dr. Kara 

Peters, Dr. Ashok Gopalarathnam, and Dr. Matthew Bryant were the Principal Investigators for 

the NCSU subcontract and provided technical direction to the research. Dr. Bryant also performed 

photography of the flight tests.  

 

ABSTRACT 

This paper presents test results and performance characterization of the first fixed-wing 

unmanned vehicle capable of full cross-domain operation in both the aerial and underwater 
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environments with repeated transition and low energy loitering capabilities. This vehicle concept 

combines the speed and range of an aircraft with the persistence, diving capabilities, and stealth of 

a submersible. The paper describes the proof-of-concept vehicle including its concept of 

operations, the approaches employed to achieve the required functions, and the main components 

and subsystems. Key subsystems include a passively flooding and draining wing, a single motor 

and propeller combination for propulsion in both domains, and aerodynamic-hydrodynamic 

control surfaces. Experiments to quantify the vehicle performance, control responses, and energy 

consumption in underwater, surface, and flight operation are presented and analyzed. Results of 

several full-cycle tests are presented to characterize and illustrate each stage of operation including 

surface locomotion, underwater locomotion, water egress, flight, and water ingress. In total, the 

proof-of-concept vehicle demonstrated twelve full-cycle cross-domain missions including both 

manually-controlled and autonomous operation. 

 

1.  INTRODUCTION 

The use of unmanned vehicles, including Unmanned Aerial Vehicles (UAVs) and 

Unmanned Underwater Vehicles (UUVs) has expanded greatly in recent years [1], motivated by 

myriad commercial and military applications. While developments have advanced the capabilities 

of both aerial and underwater vehicle classes, a single vehicle capable of performing in both the 

aerial and underwater domains has remained elusive. There has been significant interest in 

developing a cross-domain vehicle capable of operating seamlessly both underwater and in the air 

[1]-[6]. However, no previous vehicle has offered a fully functional design capable of repeated 

transitions between domains, low-energy loitering, and useful levels of endurance. Such a cross-

domain vehicle concept would merge the benefits of operating in each of these domains, 
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combining the persistence of a surface vehicle, the diving, underwater maneuvering, and stealth 

capabilities of an underwater vehicle, and the speed and range of an airborne vehicle. The cross-

domain concept of operations thus greatly increases the range of sensing modalities, 

communication methods, and mission scenarios available to the vehicle. 

The existing literature considers three main subsets of unmanned aerial vehicles with some 

level of water functionality: seaplane UAVs, submarine-launched UAVs, and submersible UAVs 

[3]. Seaplane UAVs operate and function on the water surface and in the air. These vehicles are 

already being tested and fielded including research vehicles such as the ACAT [7] and the Flying 

Fish [8], [9] as well as commercial designs such as the RQ-15 Neptune [10], Sea Scout [11], and 

Gull series aircraft [12]. Submarine-launched UAVs are deployed from a submerged submarine 

via a waterproof housing or canister that encloses the vehicle until it reaches the surface. Once 

launched, these vehicles perform their flight missions and are then either retrieved from the surface 

or discarded. This subset includes the Sea Sentry, Blackwing, and XFC UAS [13]-[15]. Within the 

class of submersible UAVs, several commercially available multi-rotor UAVs have been designed 

with waterproof electronics [16]-[18], and are thus capable of surviving submergence. However, 

none of these vehicles are designed for true underwater operation including locomotion, 

maneuverability, and the ability to transition between domains.  

Recently, Maia, Soni, and Diez-Garias demonstrated an octocopter capable of transitioning 

between submerged locomotion and flight using rotary-wing lift for both flight and depth 

management underwater [5]. In addition, Drews et al. modeled and simulated a multirotor style 

cross-domain vehicle, but did not construct a prototype. As in purely aerial vehices, such rotary-

wing craft benefit from high manuverability and hover capability at the expense of a fixed-wing 

aircraft’s endurance, range, and speed capabilities. Other researchers have turned to biology for 
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inspiration in developing submersible UAVs. Lock et al., reviewed methods used by natural and 

robotic systems for multi-modal locomotion [19], while the gannet and other diving waterfowl 

have also been extensively studied [4], [20]-[23]. Siddall et al. developed a miniature proof of 

concept water jet for launching a vehicle through the water-air interface [6]. In another paper, 

Siddall et al. studied the plunge dive behavior of a gannet-inspired morphing-wing vehicle [24]. 

Vehicles have also been developed to demonstrate the transition and survivability of the air to 

water transition such as Flimmer [25] and Test Sub [26]. While all of these previous studies show 

promise, they have yet to perform repeated bi-directional transitions with the endurance and 

loitering capabilities of the platform presented here. 

In this paper, we present the test results and performance characterization of a fixed-wing 

cross-domain vehicle developed during 2014-2016 by NC State University and Teledyne Scientific 

and Imaging. To date, efforts under this project have investigated the conceptual design of several 

possible vehicle architectures and demonstrated an initial proof of concept of the selected 

architecture [27]. Analytic and experimental efforts have addressed the dynamic modeling of 

passively draining vehicle compartments [28], and the design of a compact active buoyancy 

control engine [29]. This paper reports on untethered dynamic and energetic characterizations of 

the cross-domain vehicle operating in aerial flight, underwater locomotion, surface loiter/cruise, 

and transitions between domains. The data presented serves to not only validate the vehicle 

concept, but also illuminates design and operation issues in creating cross-domain vehicles. The 

remainder of the paper is organized as follows: Sec. 2 discusses the fundamental concept of 

operations under consideration. Sec. 3 describes the configuration of the developed and tested 

vehicle. In Sec. 4, the performance capabilities of the vehicle in the domains of interest are detailed. 

Sec. 5 provides the conclusions of the paper and its findings. 
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2.  HYBRID AERIAL AND UNDERWATER CONCEPT OF OPERATIONS 

We consider a vehicle CONcept of OPerationS (CONOPS) that combines the capabilities 

of a fixed-wing UAV and an UUV to create a design that can operate freely across the air and 

water domains, rapidly transitioning as needed. As illustrated in Figure 1, this CONOPS is 

decomposed into the following stages: launch, surface swim/loiter, egress, air flight, ingress, 

underwater cruise, and vehicle recovery. This vehicle lends itself to persistent maritime operations 

in which the vehicle is deployed, then performs passive monitoring. If needed it can rapidly change 

locations and monitor from the new location, or fly and track a target exceeding the speed of 

conventional UUVs. To accomplish this CONOPS, a single vehicle capable of satisfying the 

fundamental operating requirements in each domain is required. As the vehicle is designed to 

perform multiple cycles as needed, the vehicle must stay intact throughout its operation. A video 

of the vehicle performing a complete CONOPS cycle is located at 

https://youtu.be/Aw01NnG9hu0.  

  

https://youtu.be/Aw01NnG9hu0
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Figure 1. Concept of operation for vehicle. A full mission cycle begins by releasing the 

vehicle on the water surface (1). The vehicle then cruises to its takeoff location where it stops its 

forward propulsion and passively loiters nose up due to its buoyancy distribution (2). When the 

vehicle is in its nose-up pitch, it initiates an egress from the water (3), followed by a vertical 

climb to a set altitude and transitions to forward flight (4). At this point the vehicle flies to its 

ingress location as a standard fixed-wing aircraft. When the ingress location is reached, the 

vehicle performs a conventional fixed-wing landing, flaring just above the surface and belly 

landing (5). Then, using the motor for forward propulsion, the vehicle dives using downwards 

lift from its wings to overcome the small positive buoyancy of the vehicle. Once below the 

surface, the vehicle cruises to its target (6). The vehicle can then either actively maneuver to the 

surface or passively float back up. Once on the surface the vehicle can either be recovered or can 

takeoff again and repeat the cycle (7). 
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3.         PROTOTYPE VEHICLE  

A.  Management of Buoyancy, Lift, and Weight 

Efficient underwater operations require a vehicle to have an overall density very close to 

that of water to balance the static forces acting on the vehicle: buoyancy and weight. For efficient 

air flight, however, a lower density airframe decreases wing loading and stall speed while 

increasing efficiency. To resolve these competing requirements, the vehicle’s watertight 

compartment volume is minimized to reduce its submerged displacement. The use of a 

conventional wing design would have entailed a large enclosed wing, which, while being efficient 

in the air, would have necessitated the addition of ballast to operate in the water due to its displaced 

volume. A variable ballast system based on floodable and drainable volumes mitigates the decrease 

in flight performance by lowering the density of the vehicle during flight. A simple passive 

approach is implemented for this proof-of-concept vehicle. The wing volume fills with water 

during ingress to allow the vehicle to achieve near-neutral buoyancy underwater, but is designed 

to rapidly drain the water upon egress.   

The CONOPS considered requires the use of elements from both rotary-wing lift and fixed-

wing lift depending on the phase of operation. Rotary-wing lift is utilized for the egress phase by 

orienting the vehicle vertically and using a high-thrust propulsion system. This allows the vehicle 

to rapidly drain while exiting the water and then climb to flight altitude. Once at flight altitude the 

vehicle transitions to horizontal fixed-wing flight to maximize range and endurance in the air. 

Thus, this egress method does not require a long stretch of smooth water as in a seaplane takeoff. 

Past studies have proposed folding wings for UAV-UUV hybrid concepts [2], [6], and [30] 

to decrease drag during underwater locomotion. However, the CONOPS considered did not 

necessitate high-speed underwater operations because the vehicle could rapidly change location 
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by transitioning to the air regime. Thus, the higher underwater drag and the slower underwater 

locomotion of a fixed-geometry wing were regarded as an acceptable tradeoff compared to the 

added complexity and weight of a folding wing. 

 

 

Figure 2. Overview photo of vehicle with sled removed and all necessary components for 

flight onboard. 

B. Airframe Configuration 

A proof-of-concept vehicle capable of executing the entire CONOPS in a single 

configuration was designed and fabricated in-house. The vehicle is configured as an aft-tail, high-

wing aircraft with a wingspan of 1.5 m (59 in.), a length of 1.40 m (55 in.), and weight of 56.05 N 

(12.6 lbf). The airframe consists of a tubular aluminum main fuselage, composite wing, and tail. 

To achieve the rigidity required to survive the ingress maneuver and to facilitate rapid, passive 

flooding and draining, the wing uses aluminum ribs and a carbon fiber truss-spar covered in a 

triple-ply carbon fiber composite skin. Open wingtips allow air and water to readily exit or enter 
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the wing during flooding and draining. The floodable space inside the wing also provides a location 

to place closed-cell polystyrene foam to trim the center of buoyancy and resting posture of the 

flooded vehicle. To permit draining during egress and also serve as roll control surfaces, the wing 

utilizes full-span spoilerons that can be deflected to open the trailing edge of the wing. During 

egress, the spoilerons are biased open to allow water to rapidly exit the wing. The spoilerons are 

then returned to their closed position for flight. The spoilerons are made from the aft portion of the 

top wing skin by integrating a continuous fiber hinge into the composite layup. Stewart et al 

provide further details on the wing design and characterization [28]. Trailing inboard ailerons are 

mounted in the propeller wash, the stream of fluid accelerated by the propeller, to provide 

additional roll control authority to counteract propeller torque during vertical takeoff. All control 

surfaces are actuated by waterproof servos.   

The fuselage is made from a 88.9 mm (3.5 in) outer diameter 86.4 mm (3.4 in) inner 

diameter aluminum tube. Within the fuselage, a dry compartment is created by two removable 

aluminum bulkheads with double O-ring seals and cord grips for wire pass through. The forward 

bulkhead also serves as the firewall for the motor. The wet section of the fuselage provides a 

protected area where waterproof payload items, antennas, and sensors can be mounted. A 

cruciform-shape tail with thin, flat plate surfaces is utilized to minimize buoyancy. The tail 

surfaces consist of skeletonized 1.59 mm (1/16 in) aluminum plate with a fiberglass covering. 

The vehicle’s net buoyancy and the position of its Center of Buoyancy (CB) relative to the 

Center of Gravity (CG) are important for water operations. The CB is placed forward and above 

the CG to set the static equilibrium orientation of the submerged vehicle to be approximately 80° 

nose-up relative to horizontal. Both the wing and battery pod positions can be adjusted 

longitudinally along the fuselage to tune the CG and CB locations. Since the vehicle needs to 
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operate on the surface and underwater, managing the net buoyancy is also required. If the vehicle 

is negatively buoyant it must expend energy to ascend or maintain a constant depth. However, if 

the vehicle is positively buoyant, energy is required to descend or maintain depth. The test vehicle 

is trimmed to be 0.97 N (0.22 lbf) positively buoyant. This reduces the amount of energy required 

to keep the vehicle submerged, but allows the vehicle to return safely to the surface if a system 

failure occurs.  

 

C. Electronics and Power Systems 

Remote control, telemetry data, and GPS links are established using waterproof antennas. 

The water-sensitive electronics are housed in the dry compartment on a removable sled. These 

include the Electronic Speed Controller (ESC), remote control receiver, telemetry radio, Battery 

Eliminator Circuit (BEC), remote control switch, Pixhawk autopilot, Power Module (PM), cooling 

fan, and secondary flight battery. A schematic of the vehicle’s electrical system is shown in Figure 

3 and is discussed below.   
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Figure 3. Schematic of the electrical systems, showing the primary power flows, data 

signals, and radio signals. 

The vehicle receives command inputs from ground operators through either a remote 

control for manual control or a ground station computer for the autopilot. The pilot inputs are sent 

via remote control to the Pixhawk flight computer. For autopilot commands, Mission Planner 

software [31] is used to connect with the aircraft over a 900 MHz link, allowing modification of 

flight computer parameters and waypoints during operation, and providing telemetry data for the 

ground operators. The flight computer utilizes external sensors which include an external 

magnetometer for compass headings, a GPS for position data, a barometer for altitude, and a sonar 

for altitude data during landing. The Pixhawk sends the control signals to the servo motors and a 

throttle command to the Remote Control Multiplexer (RC Mux). The multiplexer serves as a 

source selector for the ESC, allowing the operator to select either the Pixhawk-determined throttle 

setting, or manual throttle control. For example, the system can be configured to give the pilot 
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manual throttle control but allow the flight computer to automatically stabilize the vehicle during 

egress. The Pixhawk also serves as the flight data recorder for the vehicle.   

Electrical power is provided by two separate batteries: a main flight battery, located in an 

external battery pod, powers the motors and the servos, while an internal payload battery powers 

the flight computer and payload electronics. A power module monitors the main flight battery, and 

passes current and voltage data to the Pixhawk. The main battery also powers a 20 amp Battery 

Eliminator Circuit (BEC) and provides 5 V to the servo rail on the Pixhawk to power the servos. 

This acts as a redundant power source for the flight computer if the payload battery fails, utilizing 

the Pixhawk’s built-in switching capability. The payload battery is a 850 mAh 2S LiPo (7.4 V) 25-

40 C battery and is connected to an AttoPilot 180 A 50 V Voltage and Current Breakout power 

module, which provides the primary power to the Pixhawk.   

Creating a reliable control link to the vehicle both above and below the water surface was 

a significant obstacle to overcome for testing. A standard remote control aircraft transmitter, a 

Spektrum DX9, is utilized for the control inputs, the signals are then transmitted to the aircraft 

using a 600 mW 433 MHz transmitter and multi-antenna diversity receiver system. The signals 

are received with an external 433 MHz coil-loaded dipole antenna located on the tail boom and a 

redundant 433 MHz whip antenna in the dry compartment. The digital nature of the receivers 

makes testing much safer as the vehicle enters failsafe mode if signal is lost. The 900 MHz 

telemetry system utilizes the stock Pixhawk telemetry radios with a whip antenna on the aircraft 

and a yagi antenna on the ground for improved communications with increased directionality.  The 

433 MHZ system provides reliable control to an approximate depth of 2.4 m (8 ft) in tests in a 

swimming pool, while the 900 MHz link remained established up to a depth of about 0.3 m (1 ft). 

The ground station control setup is shown in Figure 4. 
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Figure 4. Overview photo of ground station equipment. 

The flight computer provides four main modes of control: full manual, fly-by-wire, 

autonomous with manual throttle, and full autonomous. The manual mode allows the pilot to 

operate the vehicle, while the autopilot records flight and water performance data. The fly-by-wire 

mode allows the pilot to command changes from a wings-level, steady track cruising condition in 

both air and water operation. This enables underwater cruises even if the pilot is unable to see the 

vehicle. In the autopilot with throttle pass through mode, the autopilot operates the vehicle to 

maintain vehicle orientation and GPS navigation while allowing the pilot manual throttle control. 

In full autonomous mode, the flight computer is responsible for all aspects of operation and 

navigation.    
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D. Propulsion 

The vehicle is propelled using a Hacker A60 brushless motor paired with a 63.5 cm (25 

in.) diameter propeller with a 25.4 cm (10 in.) pitch. The motor speed is controlled by a 130 A 

Castle Creations Electronic Speed Controller (ESC) using a 3,800 mAh 8S LiPo (29.6 V) 55C 

battery. This system is capable of both high-RPM air propulsion as well as low-RPM underwater 

propulsion while remaining within the current limits of the ESC. In static thrust testing this 

combination produced 109 N (24.5 lbf) at full throttle in the air to yield a vehicle thrust to weight 

ratio of 1.9 and up to 46 N (10.3 lbf) thrust in the water. 

Figure 5 shows the results of the static testing in water and air. This figure shows that the 

same motor and propeller combination can be used in water and air, but with limited operating 

ranges for water. The maximum water thrust shown was for a throttle setting of only 10.5% due to 

ESC temperature limits with the increased load of water operation. To facilitate cooling of the 

ESC, a small fan circulates air in the dry compartment and thermal pads between the ESC and the 

aluminum fuselage wall provide a heat conduction path. Figure 5 shows that at power levels below 

1000 Watts the thrust per unit power is greater in water than air.   
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Figure 5. Static thrust and thrust per unit power in water and air as a function of 

electrical power. 

4. VEHICLE CHARACTERIZATION RESULTS AND DISCUSSION 

The vehicle was field tested in five operating regimes: surface cruise, underwater cruise, 

egress, flight, and ingress. During testing, the vehicle’s performance characteristics were recorded 

by the Pixhawk in conjunction with on-board and ground cameras. The water performance testing 

was conducted in the diving well of the University pool, while full-cycle flight and water tests 

were performed at a University-owned lake and flight facility at Perkins Field in Bahama, NC 

(Figure 6). The following subsections discuss the test results of each operating regime. 
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Figure 6. (Top) Photo of surface cruise. (Bottom) Photo of underwater cruise. 

A. Surface Operations 

The range and endurance of the vehicle operating on the surface was experimentally 

quantified. The vehicle was trimmed with the control surfaces to a straight and level surface cruise, 

defined as a linear track that maintained sufficient pitch-up attitude such that displaced water did 

not flow over the top of the wing (Figure 6). For each run, the average locomotion speed and power 

usage were measured and the resulting vehicle range and endurance capabilities were calculated 

based on the energy capacity of the battery. Figure 7 shows that the surface range and endurance 

of the vehicle in water are maximized at minimum speeds. The efficiency of the vehicle is further 

characterized by examining the variation in velocity with electrical power for each speed (Figure 

8). Figure 8 shows that the vehicle is most efficient at transducing applied motor power to 

locomotion velocity at low power settings. Over the range tested, the velocity monotonically 

increases with power while the velocity per unit power monotonically decreases. These results are 

counter to those expected for an aircraft in flight, where operating at slow speeds, near the stall 

condition, results in high drag and poor efficiency. This difference occurs because a cruising 
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aircraft must generate lift, and corresponding induced drag, to sustain flight while a near-neutrally-

buoyant vehicle in water does not require significant lift and induced drag production. 

 

Figure 7. Underwater and surface endurance and range as functions of velocity. The 

clusters of points represent discrete throttle settings in 1.5% increments form 1.5%-10.5% left to 

right with 3 trials performed for each setting. 

 

 

Figure 8. Underwater and surface velocity as functions of electrical power and velocity 

per unit power as a function of electrical power. The clusters of points represent discrete throttle 

settings in 1.5% increments form 1.5%-10.5% left to right. 
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The vehicle’s ability to maneuver on the surface was characterized next. To describe the 

motion of the vehicle, an aircraft coordinate system is defined with the x-axis pointing towards the 

front of the vehicle, the y-axis pointing to the right wing, and the z-axis pointing towards the 

bottom of the vehicle. A positive roll, pitch, or yaw response follows the right-hand-rule about the 

axis in question. The effects of full rudder, aileron/spoileron, and elevator deflections are evaluated 

using the pitch and yaw data from the Pixhawk Inertial Measurement Unit (IMU) as shown in 

Figure 9. As the vehicle exhibits negligible response to aileron/spoileron inputs on the surface, 

they are omitted from Figure 9 for clarity.   

 

Figure 9. Yaw response to full left and right rudder deflection and pitch response to full 

up and down elevator deflection during surface locomotion at 0.74 m/s initial speed. Positive 

degree values correspond to right yaw and pitch up. Time = 0 s corresponds to the start of full 

control input. 

During surface operations there is a significant difference between the left and right yaw 

response to rudder input. This is due to the fact that only the bottom half of the clockwise-rotating 

propeller is in the water, pushing the nose of the vehicle to the right (i.e. creating a positive yawing 

moment). To compensate for this effect, 15° of left rudder is needed to achieve a linear track, thus 
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reducing the remaining amount of left rudder range compared to right rudder range. To keep the 

vehicle on the surface, 5° of up elevator is required; with full down elevator input the vehicle is 

able to transition from surface cruise to fully submerged underwater cruise in 4 seconds. 

B. Underwater Operations 

The capabilities of the propulsion system with the vehicle fully submerged were evaluated 

in a similar method to the surface testing, except that the vehicle was trimmed with the elevator to 

maintain a given depth. The endurance and range as functions of velocity are shown in Figure 7, 

while velocity and velocity per unit power, as functions of electrical power, are shown in Figure 

8. Figure 7 illustrates that the vehicle has a higher range and endurance while on the surface as 

compared to underwater. It is also of interest to note that the vehicle reaches a maximum speed of 

0.89 m/s at 7.5% throttle and actually slows at higher throttle settings even though the power 

consumption continues to increase. It was observed that with the throttle set to 1.5% the ESC read 

2493 RPM, however, from video analysis, the propeller was only turning approximately 63 RPM. 

This is due to the low speed, high torque operation of the motor-propeller combination in the water. 

Since a brushless motor is used, the timing for the phase switching is crucial for efficient operation. 

While the tested motor-propeller combination provides adequate propulsion underwater, the ESC 

grossly misinterprets the motor speed and thus its subsequent timing. This error decreases the 

efficiency of the motor-propeller combination in underwater operation, as the motor poles are 

switched faster than the motor is rotating, and is likely responsible for the observed plateau in 

vehicle speed and higher efficiencies at low speeds. The large gap between the two left-most point 

clusters in Figure 8 indicates the strong sensitivity of speed to power consumption at low throttle 

settings.   
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The vehicle’s ability to maneuver underwater was evaluated in a manner similar to the 

surface testing with the vehicle trimmed to maintain a given depth with a linear track. Once the 

vehicle reached a steady speed, the response to sustained full input of each control surface was 

evaluated; right and left aileron/spoileron, right and left rudder, and up and down elevator tests 

were performed. For clarity, the origin for each control response plot is defined as the point where 

the respective control surface input reaches its full value.   

 

Figure 10. (a) Roll and yaw response to left aileron and spoileron input underwater at 

vehicle velocities of 0.35 m/s, 0.68 m/s, and 0.89 m/s. (b) Roll and yaw response to right aileron 

and spoileron input underwater at vehicle velocities of 0.35 m/s, 0.68 m/s, and 0.89 m/s. Positive 

degree values indicate right roll and right yaw. Time =  0 s corresponds to the start of full control 

input. 

Figure 10 illustrates the roll and yaw responses to left and right aileron/spoileron inputs 

during underwater locomotion. As is typical for vehicles with spoileron control surfaces, proverse 

yaw effects are exhibited in Figure 10. For example, when the right spoileron is deflected upwards 

to roll the right wing downward, more drag is induced on the right wing, thus causing a clockwise 

yaw. This behavior is observed for all of the test cases, except the initial second of the 0.89 m/s 
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right and left aileron/spoileron cases. This is likely due to a slower response in the spoileron servos 

at higher vehicle speeds because of increased dynamic pressure. The motor torque contributes to 

the increased roll rate observed in the negative roll tests as compared to the positive roll tests. In 

addition, during the 0.35 m/s trials, it is observed that the vehicle’s yaw is initially dominated by 

the drag induced by the spoilerons. However, as the vehicle rolls past approximately ±20°, the 

forward location of the center of buoyancy produces a yawing moment that tends to rotate the nose 

toward the surface. In the 0.35 m/s case, this causes the yaw rate to change direction at 

approximately t = 4s in both Figure 10 (a) and (b). In the 0.68 m/s and 0.89 m/s cases, the yaw rate 

does not actually change direction, but this effect is still apparent as a slowing of the yaw rates. 

These observations point to a competing effect between the yaw stiffness and the proverse yaw of 

the vehicle as a function of speed. This effect occurs because the hydrodynamic forces increase 

with vehicle speed, while the yawing moment due to buoyancy is independent of vehicle speed.   
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Figure 11. (a) Roll and yaw response to left rudder input underwater at vehicle velocities 

of 0.35 m/s, 0.68 m/s, and 0.89 m/s. (b)  Roll and yaw response to right rudder input underwater 

at vehicle velocities of 0.35 m/s, 0.68 m/s, and 0.89 m/s. Positive degree values indicate right roll 

and right yaw. Time =  0 s corresponds to the start of full control input. 

Figure 11 plots the underwater roll and yaw responses to rudder input. At the top speed of 

0.89 m/s, the yaw rates in response to left and right rudder input are nearly identical in magnitude. 

However, the yaw rates for the other test speeds show much larger differences between left and 

right rudder inputs. These are more consistent with the results from the surface testing and are 

likely due to differences in travel of the rudder from left to right, as the rudder limits allow 15° 

more right rudder than left. In addition, when the vehicle is submerged, right rudder is needed to 

maintain a linear track due to the propeller slipstream impinging on the vertical tail, while on the 

surface, left rudder is needed due to the effect of the partially submerged propeller forcing the nose 

to the right. It can also be observed that the vehicle has an initial tendency to roll opposite the 

yawing turn. As the turn progresses, the vehicle roll tends to change to rolling with the yawing 

turn. This effect is caused by the vehicle slowing slightly during the turn due to the drag of the 

deflected surface. In a yawing turn, the wing on the outside of the turn is traveling faster through 
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the water than the inside wing. With the elevator trimmed for the initial speed, the wing produces 

slight negative lift to counter the positive buoyancy of the vehicle. However, as the vehicle slows, 

the elevator pitching moment is reduced, and allows the buoyancy moment to pitch the vehicle to 

a more nose-up orientation and change the angle of attack of the wing. When this occurs, the 

outside wing generates positive lift, causing the direction of the roll to change. 

 

Figure 12. (a) Pitch response to down elevator input underwater at vehicle velocities of 

0.35 m/s, 0.68 m/s, and 0.89 m/s. (b) Pitch response to up elevator input underwater at vehicle 

velocities of 0.35 m/s, 0.68 m/s, and 0.89 m/s. Positive degree values indicate pitch up attitude. 

Time =  0 s corresponds to the start of full control input. 

The pitch responsiveness of the submerged vehicle to elevator input is shown in Figure 12. 

The results show that the response to downward elevator is slower than upward elevator for 

comparative runs. This is due, in part, to the fact that at slower speeds the vehicle needs more down 

elevator to maintain depth (approximately 13° at 0.35 m/s compared to 10.8° at 0.89 m/s), leaving 

more elevator range available for pitch up than pitch down. Furthermore, the buoyancy of the 

vehicle fights the nose-down motion while it aids the nose-up motion. This nose-up pitching 

moment from the buoyancy also allows the vehicle to transition passively from underwater 

cruising to the egress orientation. When throttle is zeroed and controls are released at an initial 
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depth of 1 m and initial speeds of 0.35 m/s and 0.89 m/s, it takes the vehicle approximately 12 s 

and 14 s, respectively, to passively return to the surface and pitch into the egress orientation. 

C. Water to Air Egress  

With the basic capabilities of the vehicle to perform water operations evaluated, the egress 

phase of operation was characterized. The vehicle was launched from shore, cruised to the desired 

egress location, and was allowed to come to rest in the egress orientation shown in Figure 13.   

 

 

Figure 13. Photos of vehicle fully settled into the egress position. Note how the propeller 

is partially submerged in the water. 

A typical egress maneuver consists of a five-phase sequence depicted in Figure 15. Phase 

one consists of throttle start to the first appearance of the fuselage at the surface. This phase 

indicates that the propeller has cleared the water and thus it is safe to increase power. The second 

phase spans from when the fuselage breaks the surface until the wing leading edge breaches the 

surface. During this phase the vehicle is being accelerated upwards and building momentum, but 

no significant draining occurs because the wing and wet fuselage compartments remain 

submerged. The third phase starts when the leading edge of the wing breaks the surface, thus 

starting the passive draining of the wing, and continues until the trailing edge of the wing clears 
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the surface. During this phase, the vehicle becomes increasingly unstable in pitch, as the stabilizing 

effects of the wing against heave decrease as the wing exits the water. From the time when the 

wing starts to exit the water, until the tail emerges from the water the vehicle is also more 

susceptible to wind disturbances. The fourth phase lasts from when the trailing edge of the wing 

leaves the water until the vehicle is completely clear of the water. During this phase the draining 

of the fuselage wet compartment and the tail boom occur. The fifth phase starts when the tail clears 

the water and lasts until the vehicle is pitched down into horizontal flight. During this phase the 

throttle is increased to full throttle to gain altitude, airspeed, and subsequent controllability.  

In order to facilitate the passive water draining from the wing, both spoilerons are biased 

10° open during the entire egress maneuver (Figure 14 c). This allows both sides of the wing to 

have an open draining path during the most critical draining phases of the egress, and still allows 

adequate roll control authority as needed. The vehicle performance and maneuverability on egress 

could likely be improved by optimizing the time duration that the spoilerons are held open during 

egress. It is desirable for them to be open long enough to allow sufficient water draining, but also 

to close as soon as possible to improve controllability. 

Timestamped photos of the egress maneuvers, along with plots of the height of the 

propeller above water, vertical velocity, commanded throttle, current, and energy consumed as 

functions of time are shown in Figure 14 and Figure 15 for two manual egress maneuvers. Egress 

analysis is performed by collecting throttle, current, and energy-consumed data from the Pixhawk, 

whereas the height above water and vertical velocity are collected by performing photogrammetry 

on images from a stationary still camera (Nikon D7200) operating at 6 frames per second. The 

only modifications made to the vehicle between the two tests were minor changes to the paint 

scheme and an improved battery pod thus increasing the mass of the vehicle by 91 g (0.2 lbm) 
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from the Figure 14 trial to the Figure 15 trial. The egress in Figure 14 shows that the pilot reduces 

throttle at t=2.5 sec after judging that the vehicle had sufficient controllability. Comparing the 

throttle histories between the two egresses, it is apparent that the pilot frequently adjusted throttle 

in egress 1 (Figure 14), but only increased throttle incrementally in egress 2 (Figure 15). The time 

for the tail to clear the water was 1.97 s and 1.67 s for egress 1 and 2 respectively, and   the overall 

energy consumed was 1.93 kJ and 1.96 kJ for egress 1 and 2, respectively. From these results, it 

was observed that egress 2 occurred in 15% less time than egress 1 while consuming 1.5% more 

energy.   
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Figure 14. Egress 1 characterization. (a) Plot of height above water and vertical velocity 

as functions of time. (b) Plot of commanded throttle, current, and total consumed energy as 

functions of time. (c) Time stamped photo sequence, with t= 0 s defined when the throttle was 

engaged. (d) Composite image illustrating egress trajectory overview. 
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Figure 15. Egress 2 characterization. (Top) Time stamped photo sequence, with t= 0 s 

defined when the throttle was engaged. (a) Vertical velocity and height above water as functions 

of time. Note the local peak in velocity near t= 1 s, as the vehicle begins to lift the wing still 

filled with water above the surface, initiating the wing draining, but slowing the vertical 

progress. (b) Commanded throttle, current, and total consumed energy as functions of time for 

the egress. Note the correlation between the phases of egress and the throttle settings. 
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To test the performance of the onboard autopilot in automating the water egress maneuver, 

the flight controller was programmed to climb to an initial waypoint altitude while maintaining 

wings level and a 70° pitch orientation. For safety, the throttle was manually controlled by the pilot 

as an autopilot pass-through variable, while the autopilot controlled all other outputs 

autonomously. Figure 16 shows a composite image of one such automated egress performed in 

high wind conditions. When the wings exit the water, the wind starts to pitch the vehicle into an 

inverted orientation. The autopilot counters by rolling to wings level and climbing as the vehicle 

travels downwind. This test illustrates the vehicle’s susceptibility to pitch disturbances due to wind 

during egress, but that the autopilot can correct the orientation and maintain stability. The Pixhawk 

autopilot is used due to the open source code, which allows customization of flight and operating 

parameters. One of the limitations of the Pixhawk autopilot is that if the pitch exceeds 90°, the 

flight computer accepts the reciprocal heading and rolls the aircraft, instead of pitching back 

through vertical to maintain the initial heading.   
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Figure 16. Flight controller maintaining stability with throttle pass through with winds of 

6.3 m/s gusting 9.4 m/s. 

Figure 17 compares the water draining from the flooded portions of the vehicle during 

egresses  occurring at different rates. While both images show the vehicle at a similar altitude, the 

egress on the left occurred 0.4 s faster. Substantially more water draining is visible for the faster 

egress, indicating that significantly more water is entrained in the vehicle as it climbs out of the 

water. This observation suggests that there may be an optimum matching between the vehicle 

water draining rate and the vertical rate of climb during egress to minimize the mass of entrained 

water. However, in windy conditions performing a rapid egress can reduce the pitch angle 

deviation induced by the wind impinging upon the wing planform while the tail is still submerged. 

The substantial water draining from the wing observed in Figure 16 indicates the rapid nature of 

the egress, which was necessary to successfully complete the maneuver in the test wind conditions. 
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Figure 17. Visual comparison of amount of entrained water draining for different egress 

speeds. (Left) Photo of egress with 1.3 second duration to reach shown altitude. (Right) Photo of 

slower egress with 1.7 second duration to reach shown altitude. Note that in the slower egress the 

water has nearly completely drained, whereas significant draining is still occurring for the faster 

egress. 

An onboard camera was utilized to film the flight shown in the left photo of Figure 17 and 

captured the view in Figure 18. Even with the rapid egress, after 2.8 seconds the wing draining is 

nearly complete with only small droplets shed from the wing.   

 

Figure 18. View from onboard camera showing nearly complete water draining 2.8 

seconds after initiating egress maneuver. Note that spoileron is still held in the open egress 

position to ensure water draining. The control surface visible on the right is the leading edge of 

the elevator. 
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D. Flight Operations and Air to Water Ingress 

Experiments during the flight operations were conducted to evaluate cruise flight energy 

consumption, response to control inputs, and ingress behavior. Flight data logging was performed 

for three consecutive manual test flights. After egress the pilot trimmed the vehicle to the desired 

cruise speed and then began conducting the flight test maneuvers in an oval shape pattern. For 

each subsequent run the trimmed speed of the vehicle was reduced. The average ground speed was 

used since the vehicle flew circuits and stayed in the same area, thus averaging out effects of winds 

aloft. The flight duration is considered from the time the egress maneuver commences until the 

vehicle lands in the water. The distance traveled per energy consumed is calculated using the 

current and position data from the Pixhawk flight computer. Using this distance per energy value 

and the rated capacity of the 3.8 Ah, 29.6 V battery, the range and endurance for the vehicle at that 

average velocity are calculated. The results are summarized below in Table 1. 
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Table 1. Mass, flight duration, average velocity, distance traveled, distance per kJ, 

estimated range, and estimated endurance for three flights of the vehicle. Note the increased 

mass for flight 3 was due to the addition of an onboard camera. 

Flight 

Test 

Number 

Mass 

(kg) 

Flight 

Duration 

(sec) 

Average 

Velocity 

(m/s) 

Distance 

Traveled 

(km) 

Distance per 

kJ (m/kJ) 

Estimated 

Range (km) 

Estimated 

Endurance 

(min) 

1 5.81 371 22 8.16 31.5 12.8 9.5 

2 5.81 446 19 8.47 38.8 15.7 13.7 

3 6.06 365 18 6.57 37.9 15.3 14.2 

 

With the vehicle trimmed, the response of the vehicle to full pilot control inputs was 

evaluated, as shown in Figure 19. During initial control response testing, it was observed that the 

use of full rudder in the air induced potentially dangerous spins of the vehicle. As a result, the 

rudder inputs were greatly reduced from full rudder deflection limits at the pilot’s discretion. In 

order to maintain directional control in the water and during egress, a much larger rudder is 

required compared to a vehicle designed only for air cruise. This is due to the requirement to 

counteract the yawing torque of the partially submerged propeller during surface operation, and to 

provide sufficient yaw authority during the low airspeed portion of egress. Therefore, it is not 

unexpected that full rudder deflection induces excessive sideslip angle for the vehicle in the air 

domain. From Figure 19 it can be observed that the vehicle exhibits similar responses for both 

directions of the control surfaces at a typical flight speed. The faster negative yaw rate is consistent 

with the larger left rudder range than right rudder range on the vehicle.   
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Figure 19. Vehicle response to control inputs in flight. All control surface deflections are 

full except for the left and right rudder which are limited to 14° left and 11° right per safety pilot 

discretion. The control responses above were logged during typical vehicle cruise of 

approximately 19.6 m/s. 

To reenter the water, the vehicle performs the ingress maneuver, which begins with a slow 

approach similar to that of a conventional aircraft. Once the vehicle nears the water it is pitched 

slightly up in a flare maneuver to further decrease both airspeed and sink rate. Due to the pitched-

up orientation, the tail makes contact with the water first. After this, the vehicle noses into the 

water and rapidly decelerates due to the increased drag. A time-stamped photo sequence of a 

landing maneuver is shown in Figure 20. The difference in pitch due to the flare maneuver can be 

seen between t=0.17 s and t= 0.33 s. There is a balance between dissipating as much airspeed as 

possible in the landing flare and risking a stall causing the aircraft to enter the water in an 

unintended orientation. The ingress shown used only a very slight flare to enter the water in a well-

controlled orientation. Of 12 ingress maneuvers performed with the vehicle, the average g-loading 

was 8.4 g with a standard deviation of 2.4 g and a maximum of 11.7 g. In cases where the ingress 

was poorly controlled, yielding of the flat-plate aluminum and fiberglass tail surfaces occurred, 
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suggesting that these surfaces should be stiffened or changed to a floodable hollow airfoil like the 

wing to improve reliability in future investigations. After the ingress, the vehicle cruises back to 

shore for data download.    

 

Figure 20. Photo sequence of landing flare and ingress at approximately 13 m/s ground 

speed. The vehicle experienced a peak deceleration of 5.1 g during this ingress maneuver. 

E. Discussion of Air and Water Handling Characteristics 

The aerial and underwater characterizations of the vehicle allow comparisons between the 

responses to control surface deflections in the two operational domains. Table 2 compares the air 

and water control responses for experiments with similar dynamic pressures of 248 Pa in air 

(corresponding to 19.6 m/s speed from Figure 19) and 231 Pa in water (corresponding to the 0.68 

m/s speed cases from Figure 10-12). The response rates are calculated as the average angular 

displacement per time for each response test case. Then the response per distance traveled is 
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calculated using the response time history and the apparent vehicle track. In general, it can be 

observed that the vehicle response rates are faster in air than in water, as indicated by the ratio of 

response rates all being greater than unity. However, the vehicle exhibits better spatial 

maneuverability in water than in air, as indicated by values less than unity for all the ratios of 

response per distance traveled. The most similar tracking occurs for the roll control inputs where 

the air response per distance is reduced by only 7% and 14% compared to the water case for 

negative and positive inputs respectively. The results from the rudder input tests indicate that even 

with the significant reduction in air rudder deflection as compared to water rudder deflection, the 

responses still follow the trend of faster response rates but lower spatial maneuverability in air as 

compared to water. For pitch changes, the response per distance traveled is approximately 3 and 5 

times greater in water for negative and positive inputs respectively. These results indicate that not 

only are the vehicle control responses domain-dependent, but that the choice of operating domain 

affects each control response differently. Additionally, the enhanced spatial maneuverability in the 

water domain could be advantageous for applications requiring close inspection of underwater 

structures. 
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Table 2. Comparison of vehicle control responses in aerial and underwater operation at 

similar dynamic pressures of 248 Pa at 19.6 m/s in air and 231 Pa at 0.68 m/s in water. 

  Air Water Air/Water 

Control 

Input 

Reported 

Control 

Response 

Control 

Surface 

Deflection 

(°) 

Response 

Rate (°/s) 

Response 

per 

Distance 

(°/m) 

Control 

Surface 

Deflection 

(°) 

Response 

Rate (°/s) 

Response 

per 

Distance 

(°/m) 

Ratio of 

Control 

Surface 

Deflections 

Ratio of 

Response 

Rates  (--) 

Ratio of 

Response 

per 

Distance    

(--) 

Negative 

Aileron/ 

Spoileron 

Roll 25/45 -184.6 -9.4 25/45 -6.9 -10.2 1 26.7 0.93 

Positive 

Aileron/ 

Spoileron 

Roll 23/45 174.0 8.9 23/45 7.1 10.4 1 24.7 0.86 

Negative 

Rudder 
Yaw 14 -36.9 -1.9 31 -11.8 -17.4 0.45 3.1 0.11 

Positive 

Rudder 
Yaw 11 16.4 0.8 46 14.6 21.5 0.23 1.1 0.04 

Positive 

Elevator 
Pitch 31 83.1 4.2 31 13.8 20.3 1 6.0 0.21 

Negative 

Elevator 
Pitch 36 -109.4 -5.6 36 -11.3 -16.7 1 9.6 0.33 

 

To determine the mission profile capabilities of the vehicle an energy budget can be 

developed using the energy consumption results presented in Table 3. This enables the prediction 

of mission cycles that will not exceed the available energy from the battery. For example, the 

results show that a possible mission profile includes three egress and climb maneuvers, 9 km of 

air cruise, 1 km of surface cruise, and 1 km of underwater cruise. The values listed for the water 

cruise phases are based on a speed of 0.6 m/s but could be increased by cruising at a slower speed. 



   

38 

 

Table 3. Representative energy consumption and availability for key phases of operation. 

Egress 1.6 kJ 

Vertical Climb to 80 m 19.0 kJ 

Air Cruise at 19 m/s 38.8 m/kJ 

Surface Cruise at 0.6 m/s 21.4 m/kJ 

Underwater Cruise at 0.6 m/s 16.3 m/kJ 

Available Battery Energy 404.9 kJ 

 

5. CONCLUSIONS 

This paper has presented the testing and characterization of a proof-of-concept fixed-wing, 

cross-domain unmanned vehicle capable of repeatedly transitioning between underwater, surface, 

and flight operations. The vehicle manages buoyancy passively by using floodable compartments 

in both the fuselage and wing, allowing nearly neutral buoyancy in the water while minimizing the 

vehicle weight for flight. The floodable wing uses integrated spoilerons and open wing tips to 

enable rapid water draining, while inboard ailerons provide roll control during vertical egress. 

Only a small dry electronics compartment is included in the fuselage, and with proper potting of 

the electronics in the future, the dry compartment could be eliminated. The relationships between 

the center of buoyancy and the center of gravity and their effects on vehicle performance in both 

domains need careful consideration in the design of such a vehicle. For air operation it is critical 

that the center of gravity is forward of the neutral point for stability, while for water operation, 

placing the center of buoyancy forward of the center of gravity affords the vehicle a stable 

equilibrium orientation for vertical egress.  

The energy consumption and control responses of the developed vehicle were characterized 

in surface operation, underwater cruise, egress, air flight, and ingress experiments. During the 
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vehicle testing and characterization process and 12 full cross-domain mission cycles, it was 

demonstrated that the same propulsion system could be used in both air and water, with the vehicle 

achieving functional operation in all domains. Comparing the control responses between the 

operating domains showed that a simple scaling of control inputs was not sufficient to compensate 

for domain-dependent effects and that individual control scaling terms were required. Other 

domain-dependent settings included limiting the maximum throttle setting for water operations, 

biasing the spoilerons open during the egress maneuver, and limiting the rudder deflections for air 

operation. Importantly, these domain-dependent requirements were only software settings; no 

physical alterations to the vehicle were needed enabling the vehicle to readily and repeatedly 

transition between air and water operation. Autonomous egress and flight were presented using an 

off-the-shelf open source autopilot. Due to the low cost of the vehicle, it is a viable option for 

missions that require an expendable vehicle. This work has thus characterized a single fixed-wing 

vehicle capable of full cross-domain aerial and underwater operation, opening the door to new 

missions and applications for unmanned systems.    
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CHAPTER 2 

Finite Wing Lift During Water-to-Air Transition  

(Weisler, W., Waghela, R., Granlund, K., Bryant, M.) 
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Warren Weisler, Dr. Rajmohan Waghela, Dr. Kenneth Granlund, and Dr. Matthew Bryant.  Mr. 
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and analysis is detailed in the majority of this chapter.  Dr. Rajmohan Waghela programmed the 

motion control, performed data acquisition, and assisted with analysis.  He created the figure 

images for the paper and contributed to the Methods and Results and Discussion sections of the 

chapter. Dr. Matthew Bryant and Dr. Kenneth Granlund provided technical guidance, lab 

resources, and direction throughout the entire research project 

 

ABSTRACT 

Wings are used for numerous applications in both air and water and their lift generation in 

either domain is well understood. However, the lift generated by a wing when it is transitioning 

out of water and into air has not been quantified to date. This experimental study aims to examine 

the lift generated by a wing as it performs this water egress. An aspect ratio 4, NACA 0015 wing 

is translated at constant velocity to investigate the effects of starting depth under the surface, angle 

of attack, and egress velocity. For all test cases the wing is translated at constant velocity for at 

least two chords prior to piercing the surface, and the lift profile during the egress is similar for all 

tested starting depths. The angle of attack affects the time-dependent lift after start and the distance 
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traveled to achieve steady-state due to flow attachment changes. However, angle of attack was not 

observed to affect the lift profile during egress. The lift history is strongly dependent on egress 

velocity. Lower velocities register a large lift overshoot followed by a negative lift undershoot 

before the egress is complete. Higher velocities do not exhibit either overshoot or undershoot and 

exhibit a more linear transition profile. 

 

1.  INTRODUCTION 

The concept of a vehicle capable of both flight and underwater operations has been of 

interest as far back as the 1930’s [1]. Only recently have proof of concept vehicles capable of 

freely transitioning and operating in both the aerial and water domains been demonstrated [1–5]. 

This new class of cross-domain vehicles enables a myriad of civilian and military capabilities. As 

design of these vehicles continues, improved understanding of the relevant flow physics is needed. 

While the understanding of fluid dynamics for airplanes and submersibles is well established, the 

transition between these domains is not well understood and is currently being investigated. 

Previous works have investigated efficient propulsion methods for these domains [6], and dynamic 

modeling of passively draining structures for cross-domain vehicles [7]. However, for maintaining 

control of a vehicle, an important missing element of this transition is an understanding of the 

changes in wing lift during egress.  

Existing studies of the water-air interface transition have been mostly motivated by naval 

and industrial needs such as ship hulls entering and exiting the water in large swells or the loads 

on horizontal cylinders passing through the transition [8,9]. Between water entry and exit, the entry 

problem has been more heavily studied [10]. Numerous fundamental studies on the water exit of 

bodies have dealt with symmetric bodies in axisymmetric flows [8, 9, 11–13]. As there are no 
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available models or experimental data for a lifting body during this transition, researchers have 

made their own approximations. One proposed solution is a linear scaling factor for the lift 

generated based on the wetted area of the wing [14]. Under this assumption, as the wing transitions 

between water and air, the lift is simply assumed to vary linearly from the water to air values. As 

this assumption has not been directly validated, its applicability remains unknown. 

A testing apparatus has been constructed to characterize the lift of a wing translating 

through the water-air interface. In addition to using the data from the experiments for comparison 

with existing approximations, the effects of angle of attack, velocity, and starting depth are studied. 

The remainder of the paper is organized as follows. Section 2 details the experimental setup and 

procedures. Section 3 provides comparisons to existing models and the effects of angle of attack, 

velocity, and starting depth on the lift during egress. A visual comparison of surface deformation 

during egress is also presented. Section 4 provides the conclusions from this study.  

 

2.  METHODS 

A.   Experimental Setup  

Experiments are conducted in a 98,000 liter (26,000 gallon) quiescent freshwater reservoir with 

a depth of 1.83 meters. The filtration system is turned off while testing to minimize external 

disturbances. A linear motion testing apparatus built using 80/20 extruded aluminum supports a 

linear rail as shown in Figure 1. A ball-bearing linear rail slider provides smooth motion of the 

wing while traversing below the water and through the water-air surface. In order to minimize the 

interaction with the 80/20 structure, the load cell and wing mount are mounted on a 0.1 m support 

sting. The wing is separated 0.06 m from the load cell by a streamlined wing mount. This wing-

load cell spacing is consistent with the apparatus used by Mancini et. al [15] for an impulsively 
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started wing. Both the support sting and the wing mount feature forward positioning to ensure that 

the wing is the first component to break the water-air surface. The net distance between the wing 

and the base plate is 0.16 m or 1.6 chord lengths. The angle of attack on the wing is set using the 

bolt pattern on the wing mount and a different wing mount is fabricated for each angle of attack 

setting. As a result, the relevant load cell measurement axis always aligns with the 

aerodynamic/hydrodynamic lift axis.  
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Figure 1. Schematic of experimental apparatus in testing reservoir. Note: not to scale. 

An aspect ratio 4 wing with NACA 0015 airfoil section is fabricated using a Stratasys Objet 

30 Polyjet 3D printer. This wing has a chord of 0.1 m, features a glossy finish, and is reinforced 
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with two hollow aluminum tubes. The 80/20 support structure allows the wing to travel 9.7 chord 

lengths underwater and approximately 2.5 chords in air.  

To achieve constant wing velocity, feedback control is used. The wing is actuated using a 

brushed DC motor equipped with a US Digital E6 optical encoder. This encoder has a resolution 

of 3600 counts per revolution, or 0.011mm with the sprockets used in this experiment and is 

clocked at 6 MHz. A timing belt and sprocket assembly are used to connect with the wing base 

plate as shown in Figure 1. Proportional-integral-derivative (PID) control logic is programmed in 

Simulink and implemented in real-time using dSpace 1103 Field Programmable Gate Array 

(FPGA) and ControlDesk Next Generation. The motor is powered using an APS 125 power 

amplifier. The same dSpace FPGA concomitantly interfaces with the load cell and records data at 

1 kHz.  

In order to avoid impulse loading on the load cell and exciting excessive structural vibrations, 

a two-stage motion control strategy is implemented. In the first stage, the velocity of the wing 

carriage is gradually increased to the desired velocity as shown in Figure 2. The velocity increase 

occurs over a distance of one chord length. In the second stage, constant velocity is maintained 

until the test is terminated with the limit switch shown in Figure 1.  

The force sensing for this experiment is achieved through a waterproof (IP-68 rated) ATI 

Nano25 six-axis load cell. The load cell on the support sting is mounted such that lift is along the 

load cell’s x-measurement axis, which offers superior force resolution (1/48 N) and is unaffected 

by the depth-dependent hydrostatic forces acting along the z-measurement axis. The force 

measurements are passed through an accompanying signal conditioner and then recorded by the 

dSpace FPGA.  
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The water surface deformation during wing egress is captured using a Sony α6500 camera set 

to record video at 120 frames per second with a fixed shutter speed of 1 ms. The camera was 

housed in a watertight container with the lens centered just above the water surface. The video is 

synchronized with the wing egress using a position-triggered LED located within the camera 

frame. The frames extracted from video are used to visualize the surface deformation. 

B. Procedure  

Each trial starts with the wing at the initial depth and angle of attack. A 3-minute dwell time is 

then allowed for large-scale turbulence structures from previous motion to dissipate [16]. During 

the dwell time, an operator enters the test parameters in the dSpace software interface, ControlDesk 

Next Generation. When the wing motion is initiated, the wing automatically goes through the 

velocity increase and the constant velocity stages and crosses the water-air surface. The motion is 

terminated with the limit switch.  

The data presented for each condition in this work represents the mean of 10 identical trials. 

The high-frequency noise in the data is attenuated using a fourth-order low-pass filter. The filter 

break frequency is 60 Hz or greater. By using forward and backward filtering, the phase distortion 

is minimized. To capture the variation of the experimental data, grey regions are used in all plots 

to mark one standard deviation above and below the mean value. 

 

3.  RESULTS AND DISCUSSION 

The coefficient of lift, CL for a finite wing in steady state, either in air or water is defined as: 
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where L is lift force, ρw is density of water, ρa is density of air, V∞ is the freestream velocity, and 

S is the wing planform area. When the wing transitions from water to air, the standard definitions 

of density and wing planform area become invalid. 

 Figure 2 shows the experimentally determined lift coefficient and velocity profile of the 

wing undergoing water to air egress. In this case, the wing leading edge starts at approximately 9.7 

chord lengths below the water surface and breaks the nominal surface at zero position. The 

coefficient of lift for all experimental runs in this work is calculated using Eq. 2; this 

nondimensionalization allows consistent comparison and also attenuates noise when the wing is 

in air. 

 

Figure 2. (Left) Velocity profile of experimental trials. (Right) Comparison of experimental CL 

profiles at 10° angle of attack to Jones’, wetted area scaling, and steady-state approximations. 
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The steady-state coefficient of lift, 
ss

LC in Figure 2 is calculated using Prandtl’s lifting-line 

theory (LLT). The airfoil lift-curve slope value of 0.12/° for the NACA 0015 airfoil is calculated 

for inviscid flow using Xfoil [17]. The steady-state wing lift coefficient is calculated using Eq. 3.  

 
2

ss

L l

AR
C C

AR
=

+
  (3) 

where 
ss

LC is the steady-state lift coefficient, lC


is the airfoil lift curve slope from Xfoil, AR is the 

wing aspect ratio, and α is the angle of attack. 

When the wing reaches steady-state velocity, the measured CL does not instantaneously 

approach the 
ss

LC approximated using inviscid methods. This phenomenon is well documented in 

literature and was first observed by Wagner [18]. Jones’ approximation provides an algebraic 

model for wing lift for an impulsively started wing prior to reaching steady state [19]. 

 
0.0455 0.3

2

1 0.165 0.335

L l

s s

AR
C C

AR

where

e e




 −

=
+

= − −

  (4) 

where lC


is the airfoil lift-curve slope, ∂Cl/∂α, α is angle of attack, ϕ is an experimental 

parameter, AR is the aspect ratio, and s is the distance travelled in semi-chords. These early works 

used an impulsive start and showed that the CL typically starts at half the steady-state value. The 

experiment in this work used a different velocity profile but the previous observations help explain 

the increase in CL as the wing moves forward and compares closely with Jones’ approximation 

plotted in Figure 2 for impulsively started wings. In this experiment, the wing approaches steady 

state several chords prior to egress and as a result, the variations in lift during egress are deemed 
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not related to the initial start of the wing but caused by the water-air surface interacting with the 

wing. Thus, we can proceed to investigate the effects of egress separately. 

As the wing approaches the surface, the lift starts to deviate from the asymptotically 

approached steady-state CL. In the slower case with an egress velocity of 0.2 m/s, there is a sharp 

increase in the CL starting around one chord below the surface whereas in the faster case with an 

egress velocity of 0.74 m/s, the wing suffers from a loss of lift around this same depth. Due to this 

observation, egress effects are considered to start near one chord depth. This velocity-dependent 

CL behavior has not been previously studied in literature and merits further investigation. 

As the wing egresses from the water to air, the experimentally measured lift is highly 

repeatable. Intuitively, this portion of the data would be rife with noise and variability. The grey 

regions in Figure 2 are difficult to see for most of the lift profile but are particularly narrow during 

the egress. This observation applies not only to Figure 2 but to all cases presented in this work and 

provides the basis that a phenomenological model can be developed.  

During the egress, the wing is partially under water and partially in air. As a result, the 

definition of CL in Eq. 2 becomes invalid. One approach for modeling a wing undergoing water to 

air egress proposed by Siddall and Kovac [14] used wetted area scaling, i.e., the total lift is the 

sum of contributions from the area of the wing under the water and the area in air. 

 
2 21 1

        ( )
2 2

w L wet a L wetL V C A V C S A  = + −   (5) 

where Awet is the wetted planform area of the wing area under the nominal water surface. This 

simple model for lift during egress assumes that CL remains constant and that the lift scales with 

the wetted area and dynamic pressure of each fluid medium. This formulation can be more 

succinctly described in Eq. 6. 
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where Q is the scaling factor defined in Eq. 7 [14]. 
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This approximation readily calculates the lift force but the comparison in Figure 2 requires a 

coefficient. For this comparison, an equivalent wetted area scaled coefficient, 
wet

LC is defined in 

Eq. 8. 

    wet a
L L

w

C C Q



=   (8) 

This equivalent coefficient is plotted in Figure 2. As this approximation is egress velocity 

independent, it fails to capture the variation in lift before and during egress. In order to develop a 

more complete understanding of lift during egress, the effects of starting depth, velocity, and angle 

of attack are experimentally studied in this work. 

A.  Effect of Starting Depth  

To confirm that the egress CL profiles observed in Figure 2 are due to egress and not starting 

depth effects; we first investigate the effect of the initial wing proximity to the free-surface in order 

to eliminate this potential variability from further results. The implications of starting depth on the 

egress lift profile is investigated at α = 5° for V = 0.2 m/s and V = 0.44 m/s by starting experiments 

at depths of 9.7, 7, 5, and 3 chords below the surface. These experiments are used to compare 

effects of starting depth on the egress lift profile (Figure 3) and lift development (Figure 4). The 

egress lift profile is qualitatively compared by plotting leading edge position vs CL in Figure 3. It 

appears that while the CL egress profiles scale slightly with depth, the overall shape remains 

similar. For all of the test cases presented in this paper, an initial CL growth is observed. This 
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growth towards a steady-state value is typical with impulsively started wings as predicted by 

Wagner’s method. The deeper the starting depth, the larger the peak value reached during the trial, 

p

LC . For the V = 0.2 m/s test case, the negative peak, 
np

LC , showed much lower sensitivity to 

starting depth than the positive peak. For the V = 0.44 m/s test case, the overall profile seems to 

be evenly scaled with starting depth. Comparing the 
p

LC to 
ss

LC shows that the values of 
p

LC /
ss

LC  

increase with depth. For example in the 0.20 m/s test case, 
p

LC /
ss

LC  increases from 180%, 210%, 

220%, and 240% for the 3, 5, 7, and 9.7 chord starting-depth cases, respectively. A similar trend 

in the 0.44 m/s case is observed with 
p

LC /
ss

LC  percentages of 100%, 120%, 130%, and 130% for 

the 3, 5, 7, and 9.7 chord starting depth cases, respectively. Interestingly, the 
np

LC /
ss

LC  percentages 

for the 0.2 m/s cases are relatively unchanged at 40%. For both the 0.2 m/s and 0.44 m/s tests, as 

the starting depth increased, the sensitivity to starting depth decreased. 

 

Figure 3. The coefficients of lift vs leading edge position at 0.2 m/s and 0.44 m/s with starting 

depths of 9.7, 7, 5, and 3 chords at 5◦ angle of attack. 

To determine if differences in CL values were primarily due to egress effects specific to the 

starting depth or the continued lift development predicted by Jones’ approximation, the lift profiles 
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are compared by plotting distance travelled vs CL. This comparison reveals that prior to egress 

effects, the CL profile is independent of starting depth as is shown in Figure 4. The CL profiles for 

the 3, 5, and 7 chord starting-depth test cases overlap the 9.7 chord starting-depth test case until 

they diverge prior to egress. This trend implies that the initial lift increase is insensitive to starting 

depth to approximately one chord depth. For the 0.20 m/s case, the location of divergence is 

approximately one chord below the surface for the 9.7, 7, and 5 chord starting-depth cases and 

approximately 0.75 chords for the 3 chord starting-depth test case. In the 0.2 m/s egress, the 

positive peak scales with the higher CL of the deeper starting-depth cases, however the negative 

peaks remain unaffected. Because the V = 0.44 m/s profiles do not show a pronounced peak in CL 

prior to the leading-edge reaching the surface, only the 0.2 m/s case is quantitatively evaluated. As 

egress effects start around a depth of one chord, except for the 3-chord starting-depth case, the CL 

from this depth is used as a point of comparison, and is given as 
1

LC . The relative magnitude of 

p

LC /
1

LC  shows low sensitivity to starting depth, as it is approximately 60% for all starting depths. 

The CL profiles for the 3, 5, and 7 chord starting-depth cases overlap the 9.7 chord starting-depth 

case prior to divergence, which shows that the egress profiles are not caused by the starting depth. 
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Figure 4. The coefficients of lift vs distance travelled at V = 0.2 m/s and V = 0.44 m/s with 

starting depths of 9.7c, 7c, 5c, and 3c at 5° angle of attack. 

B.  Effect of Velocity  

To observe the effects of velocity on lift, experiments are conducted at 0.2 m/s, 0.32 m/s, 

0.44 m/s, 0.62 m/s, and 0.74 m/s at both 5° and 10° angle of attack. The vehicle presented by 

Weisler et al [5], has an egress velocity of 3-4 chords per second which is included in the testing 

range of 2-7 chords per second. Results from these tests are shown in Figure 5 and provide strong 

evidence that lift during egress is dependent on velocity. For both the 5° and 10° cases, the 

maximum CL value and its location change with velocity. In the 0.2 m/s case, the peaks occur when 

the wing leading edge breaks the water surface. However, as the velocity increases the magnitude 

of the peaks decrease. This trend continues until, for the 0.74 m/s case, there is no peak, but rather 

just a decrease in lift. The magnitude of CL at each peak is written as
p

LC . In addition, the location 

of the peak or decrease point, increases from 0 chords depth to approximately 1.2 chords depth for 

the 0.2 m/s and 0.74 m/s cases, respectively. Table I shows that as velocity increases, CL decreases 

when the wing begins to break the surface. For example, with α = 5° and the leading edge at x/c= 
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0, CL = 0.97 for V = 0.2 m/s case, whereas CL = 0.26 for V = 0.74 m/s case. Thus, as the leading 

edge breaks the surface for the slowest case at 5°, the CL is nearly 4 times greater than that for the 

fastest test case. However, this same comparison for the 10° case reveals that the CL is only 3 times 

greater for the slowest case than the fastest case. This demonstrates that the egress is sensitive to 

velocity and also angle of attack. 

It is observed that for the 10° case, the CL profile prior to egress is similar for all velocities. 

However for the 5° case, before the egress effects begin, the CL profile shows continued growth 

beyond LLT, especially for slower test cases. As these tests are conducted over a range of Reynolds 

numbers from 20,000 to 80,000, the discrepancies in the 5° case are possibly due to transition 

effects and laminar separation bubbles at these relatively low Reynolds numbers [20]. Work by 

Mancini et al. [21] presents experimental results showing that for an impulsively started wing at 

low Reynolds numbers, the CL for these angles of attack may still be well above 
ss

LC even after 

travel of 14 chords. As this present study is focused on the lift changes during the water to air 

egress and not on the flow development at low Reynolds numbers of impulsively started wings, 

these results are still useful for showing the egress trends. 
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Figure 5. The coefficients of lift at 0.2, 0.32, 0.44, 0.62, and 0.74 m/s at 5° and 10° angle of 

attack. 

Table 1.
p

LC , 
p

LC /
ss

LC  , and CL when the wing leading edge breaks the surface for 0.2, 0.32, 0.44, 

0.62, and 0.74 m/s at 5° and 10° angle of attack. Note the decreasing trends with increasing 

velocities. 

α 5° 10° 

Velocity (m/s) 0.2 0.32 0.44 0.62 0.74 0.2 0.32 0.44 0.62 0.74 

p

LC  0.98 0.60 0.54 0.47 0.44 1.40 0.98 0.90 0.87 0.86 

/p ss

L LC C  (%) 240 150 130 120 110 170 120 110 110 110 

/ 0x cLC
=

 0.97 0.60 0.46 0.32 0.26 1.40 0.96 0.74 0.59 0.53 

 

C.  Effect of Angle of Attack  

The effect of angle of attack is evaluated at 2.5°, 5°, 7.5°, and 10° at wing translation speeds 

of 0.2 m/s and 0.44 m/s. The resulting CL profiles are shown in Figure 6. Figure 6 shows that angle 

of attack scales CL across the entire time history for both velocities with higher angles of attack 
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resulting in higher CL values. However, when evaluating the CL values for the 0.2 m/s case, an 

interesting dependence of the maximum CL on angle of attack is observed. At this speed, a large 

peak in CL is noted. Increasing angle of attack not only increases the steady CL values, but it also 

increases the
p

LC . The relative size of the peak is observed by calculating the percentage of 
p

LC to

ss

LC . For example, the 2.5° case at 0.20 m/s has a 
p

LC /
ss

LC  = 350% while the 10° case is 170%. 

This same trend of decreasing relative contributions of egress effects to 
ss

LC is also observed in the 

0.44 m/s case. For the 0.44 m/s case 
p

LC / 
ss

LC were 160% and 110% for 2.5° and 10° respectively.  

For both cases, the CL values begin to experience egress effects when the wing leading 

edge is approximately one chord from the water surface. For the 0.2 m/s case the CL value begins 

to grow, while for the 0.44 m/s case CL initially grows but then starts to decrease. For the 0.2 m/s 

case, the negative peaks, 
np

LC appear to be slightly sensitive to angle of attack, decreasing from 

60% to 40% of 
ss

LC for 2.5° and 10° respectively. However, when compared to
1

LC , the negative 

peaks appear to be insensitive with a constant value of approximately 30% 
1

LC . Comparing 
p

LC to 

1

LC shows a decreasing trend with increasing angle of attack, going from 180% to 150% for 2.5° 

and 10° , respectively. Interestingly, the relative size of the positive peak to 
1

LC decreases with 

increasing angle of attack, while the negative peak is unchanged. 
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Figure 6. The coefficients of lift at α =2.5°, 5°, 7.5°, and 10° at 0.20 m/s and 0.44 m/s. 

D.  Surface Deformation Comparison 

The deformation of the water surface when the wing egresses out of water is visually 

compared for the V = 0.2 m/s and V = 0.74 m/s cases at α = 10° with a starting depth of 9.7 chords. 

The comparisons are made by extracting select frames from videos of the egresses as shown in 

Figure 7. To help visualize the surface deformation, a dashed line highlighting the water-air 

interface is added to the images. The first frame in each series shows the leading edge of the wing 

at the mean free surface height of the water. It is observed that there are differences in the shape 

of the water surface deformation depending on the egress velocity. In the V = 0.2 m/s case, the 

water on the left side of the wing is observed initially mounding up (Figure 7-A i-ii). The surface 

then drops down below the mean water level (Figure 7-A iv-vi) before returning to a near-mean 

level (Figure 7-A vii). On the right side of the wing, the surface height exhibits an oscillating 

behavior. The water level is initially pulled down (Figure 7-A ii) before it rises up higher than the 

mean surface level (Figure 7-A iv). After this initial oscillation the water level returns to its mean 

position.  



66 

 

In the V = 0.74 m/s case, height oscillations in the surface are not observed and the overall 

magnitude of the deformations are larger. On the left side of the wing, the water continues to 

mound up until it reaches a maximum height (Figure 7-B iv). After this, the water level recedes 

slightly but never drops below the mean free surface. On the right side of the wing the water is 

drawn down below the mean free surface (Figure 7-B ii) and stays depressed for the remainder of 

the egress. The oscillation in the V = 0.2 m/s case causes the side of the wing with the highest 

deformed water surface to change. Whereas, for the in the V = 0.74 m/s case the highest deformed 

water surface stays on the same side. As any water height difference between the two sides of the 

wing produces a hydrostatic pressure differential, it is proposed that these surface height 

oscillations for the V = 0.2 m/s case contribute to the peak oscillations in the CL profile as seen in 

Figure 5. 

 

 

Figure 7. Image composite of water-surface deformation during wing egress for A.) V = 0.2 m/s 

and B.) V =0.74 m/s at α = 10°. The dashed lines highlight the deformation of the water surface. 

4.  CONCLUSIONS 

This study presents an experimental investigation of the effects of angle of attack, velocity, 

and starting depth on wing lift when egressing from water to air. A 0.1 m chord NACA 0015 wing 

with an aspect ratio of 4 is used for the experiments. Lift is measured using a waterproof load cell 
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and nondimensionalized lift histories are calculated for each test case. The results show that 

although CL increases throughout the motion for increasing angle of attack, the ratio of the 

maximum CL to 
ss

LC  decreases with increasing angle of attack. At some conditions, a peak lift 

during egress is observed nearly 3.5 times higher than that estimated by lifting-line theory. The 

velocity of the egress has a very strong effect on the egress CL profile observed. At the slowest test 

velocities, a large positive spike in lift occurs when the leading edge breaks the surface. However, 

before the wing completely exits the water, a negative spike in lift is observed. As egress velocity 

increases, the maximum CL decreases, the depth of the maximum moves from the water surface to 

1.2 chords below the surface, and the egress profile becomes increasingly linear. It is observed that 

the starting depth did not affect the shape of the egress lift profile, but did affect the relative 

magnitude of the peak value. This effect on the peak value is caused by continued flow 

development while the wing is submerged. 

The assumption that the CL profile during egress is solely dependent on wetted area of the 

wing is evaluated. While the faster egresses exhibit a more linear lift decrease than the slower 

cases, the lift is observed to start changing well below the free mean water surface. Furthermore, 

the slower cases exhibit a large spike in lift as the wing breaks the water surface. These 

discrepancies demonstrate that a simple wetted area scaling method is not sufficient to model the 

lift generation of a wing during this egress as velocity dependencies can not be accounted for. 

As design of fixed-wing vehicles capable of transitioning from water to air continues, 

additional work is needed to model and better understand the underlying physics during egress. 

Our experiments demonstrate that the lift generation of an egressing wing is highly sensitive to 

velocity and can even include lift direction reversals during the egress. Thus, depending on the 

velocity of cross-domain unmanned vehicles, widely varying forces during egress could be 
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encountered. To successfully perform egresses in varying conditions, the vehicle control systems 

will need to be able to account for these complex and variable egress lift behaviors. 
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CHAPTER 3 

Design and Testing of a Centrifugal Fluidic Device for Microarraying Cancer 

Spheroid Cultures  

(Weisler, W., Miller, S., Jernigan, S., Buckner, G., Bryant, M.) 

 

The work presented in this chapter is a journal paper manuscript co-authored by Mr. 

Warren Weisler, Mr. Samuel Miller, Mr. Shaphan Jernigan, Dr. Matthew Bryant, and Dr. Gregory 

Buckner.  Mr. Warren Weisler, a graduate student in Dr. Matthew Bryant’s lab, led efforts on the 

design, fabrication, initial testing, and subsequent refinement of the micro-funnel array.  His 

description of this process is detailed in the Methods section from Design Phase 1 to Final Device 

Operation in this chapter. Mr. Samuel Miller, a graduate student in Dr. Gregory Buckner’s lab, led 

testing and validation of the final prototype and was also responsible for handling the biological 

components.  His description of this work is detailed in the Methods Final Testing through the 

Discussion sections.  Mr. Shaphan Jernigan, the lab manager in Dr. Gregory Buckner’s lab, led 

efforts on the agar receiver block development and generally assisted in design, fabrication, and 

testing.  He provided the Introduction section for this chapter.  Dr. Matthew Bryant and Dr. 

Gregory Buckner provided technical guidance and direction throughout the entire research project, 

and authored the grant proposal that led to the funding of this work.  

 

ABSTRACT 

In current cancer spheroid culturing methods, the transfer and histological processing of 

specimens grown in 96-well plates is a time consuming process. A centrifugal fluidic device was 

developed and tested for rapid extraction of spheroids from a 96-well plate and subsequent 



73 

 

deposition into a molded agar receiver block. The deposited spheroids must be compact enough to 

fit into a standard histology cassette while also maintaining a highly planar arrangement. This size 

and planarity enable histological processing and sectioning of spheroids in a single section.  The 

device attaches directly to a 96-well plate and uses a standard centrifuge to facilitate spheroid 

transfer. The agar block is then separated from the device and processed. Final testing of the device 

was conducted using six full 96-well plates cultured with Pa14C pancreatic cancer spheroids. On 

average, 80% of spheroids were successfully transferred into the agar receiver block. Additionally, 

the planarity of the deposited spheroids was evaluated using confocal laser scanning microscopy. 

This revealed that, on average, the optimal section plane bisected individual spheroids within 27% 

of their mean radius. These results demonstrate the capabilities of the device to facilitate rapid 

histological evaluation of spheroids grown in standard 96-well plates. 

 

1. INTRODUCTION 

Cell culturing is a key experimental tool for the study of solid tumor biology, 

pharmacology, and the search for more effective cancer treatments. Two-dimensional (2D) in vitro 

cell culturing, in which cells are grown on flat glass or plastic substrates, gained widespread 

acceptance in the 1950s, and remains the most common choice for drug screening studies partly 

due to its well-developed compatibility with high-throughput and automated methods. 

Unfortunately, several factors limit the accuracy with which 2D cultures model in vivo tissues, 

leading to the development of phenotypes in 2D cultures that vary significantly from cells in vivo 

[1, 2]. These factors include: differences in strain distributions for cells grown on 2D rigid 

substrates versus 3D environments [3–6]; differences in mass transport, which limits cellular 

access to oxygen, nutrients, and soluble factors; and the lack of molecular gradients [7–9]. For 
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these reasons, 2D cell culture-based drug screening can lead to misleading or non-predictive results 

[10]. 

Three-dimensional (3D) in vitro cell cultures are finding increased application in 

pathobiological and pharmacological studies of solid tissues. “Simple spheroid” cultures derived 

from single established cell lines can be readily established using round bottom 96-well plates 

molded from ultra-low attachment substrates. Because these 3D cultures more closely resemble in 

vivo tissues than their 2D counterparts, they may provide more accurate modeling of in vivo tissues. 

For example, spheroid cultures have been demonstrated to more accurately predict the magnitude 

of in vivo tumor response in KRAS driven cancers [11].  

Microscopic analysis of 3D cell cultures is of particular interest, as it enables spatial 

characterization and mapping of biomarkers associated with biological function (e.g. metabolic 

activities) and responses to targeted therapies. A limiting factor is the histologic analysis of 3D 

cultures using existing tools and techniques: the manual process, as it involves manual extraction 

and isolation of the spheroids from the well fluid, is time-consuming and cannot compete with the 

throughput of robotic systems used in the screening of 2D microwell plate formats. 

We have developed a prototype centrifugal funnel array that enables simultaneous transfer 

of 96 spheroid cultures from standard 96-well plates to agar-encapsulated microarrays for 

histological processing and analysis. This technology has the potential to expedite the preparation 

and analysis of 3D spheroid cultures, enabling high-throughput drug screens, better predictions of 

solid tissue responses, and more rapid development of therapeutics. Because the specimens 

maintain their relative position and registry within the array during transfer, the effects of 

experimental conditions in each well can be precisely tracked. Each microarray can then be 
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embedded in paraffin and sectioned as a single specimen, enabling simultaneous microscopic 

analysis of all 96 spheroids.  

This paper presents the development and testing of this device. The methods section is 

divided into three design phases: 1) conceptual, 2) preliminary prototype, and 3) final prototype. 

The methods section is concluded with final prototype operation and testing subsections. Next, the 

resulting design is tested using cultured spheroids and evaluated using confocal microscopy. The 

outcomes of this testing are presented in the results section which is then followed by a discussion. 

Finally, the design methods and testing are concluded. 

 

2. METHODS 

A. Design Phase 1: Conceptual 

To initiate the design process, a simple concept of operations was first developed, as shown 

in Figure 1. The objective of the device is to transfer spheroids from a 96-well plate to an agar 

block suitable for histological processing.  The position of each spheroid within the 96-well array 

should be unchanged while the overall dimensions decrease as shown in Figure A. The agar block 

can then be histologically processed and sectioned, enabling microscopic imaging of all 96 

spheroids on a single slide. The proposed process begins with a 96-well plate containing 

formaldehyde-fixed spheroids (Figure 1B). A funnel manifold consisting of a converging array of 

96 tapered funnels is attached to the 96-well plate along with the molded agar block containing 96 

microwells (Figure C). The device is then inverted and placed in a centrifuge which facilitates 

spheroid transfer from the 96-well plate to the agar block (Figure 1D). The populated agar block 

is then removed from the device (Figure 1Figure E). Next, the transferred spheroids are fully 

encapsulated by backfilling the agar block with liquid agar. The backfilled block then undergoes 
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paraffin embedding and histological processing (Figure 1F). Microtome sections of the block are 

mounted on glass slides such that all 96 spheroids can be examined on a single slide (Figure 1G). 

 

 

Figure 1.   Conceptual design and operation: A) Objective of proposed device showing 

the relative sizing of the 96-well plate and agar block; B) Spheroids (red) grown in a 96-well 

plate (light grey) with liquid medium (blue); C) Funnel manifold (green) with attached agar 

block (dark grey) mounted on a 96-well plate; D) Centrifuge process using centripetal 

acceleration to move spheroids into the agar block; E) Populated agar block removed from 

funnel manifold; F) Agar block encapsulated and paraffin embedded after backfilling with liquid 

agar (light green); G) Top and side view of a histological section of the agar block.  Note: Not to 

scale, spheroids enlarged for clarity. 

 

B. Design Phase 2: Preliminary Prototype  

The first design phase focused on demonstrating two key device capabilities: 1) the ability 

to transfer spheroids from a standard 96-well plate to a single plane with spacing sufficiently tight 
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to fit within a standard histology cassette; 2) successful paraffin embedding and sectioning of 

spheroids transferred to the histology cassette. To establish the spheroid transferability, a micro-

Funnel Manifold (μFM) prototype was developed. The physical dimensions and mass of this 

prototype were limited by the testing centrifuge (Sorvall Legend RT, Thermo Scientific, Waltham, 

MA) bucket volume and mass capacity, respectively. A device geometry was established which 

met this geometric constraint, while adequately mating with the 96-well plate. Indexing features 

were used on the μFM top to ensure that it lined up precisely with the 96-well plate. To provide a 

tight seal between the μFM top and the 96-well plate, a gasket was designed and fabricated by 

laser cutting neoprene sheet to the appropriate shape and dimensions. 

Next, the interior length and width dimensions of a standard histology cassette, 3.0 cm and 

2.5 cm, respectively, were used to determine the hole spacing and sizing for the μFM bottom. 

Based on a maximum spheroid diameter of 500 µm, these dimensions resulted in a hole diameter 

of 2200 μm with a center-to-center spacing of 3800 μm. The proof-of-concept device was printed 

on a Stratasys Objet 30 Polyjet 3D printer (Stratasys, Ltd., Rehovot, Israel) using an acrylic photo 

polymer (Stratasys VeroWhitePlus) and support material.  

The initial prototype was tested using surrogate spheroids (Embospheres, Merit Medical 

Systems, Inc., South Jordan, UT) with 300-500 µm diameters and a specific gravity of 1.1. A 

low attachment 96-well plate (Corning Costar 7007, Corning Inc., Corning, NY) was populated 

with surrogate spheroids and 250 µL of phosphate-buffered saline (PBS) in each well. Fine 22 

μm filter paper (Whatman Quantitative Filter Paper: Grade 541, GE Healthcare, Chicago, IL) 

was placed over the bottom of the device, in lieu of the agar receiver block shown in Figure , to 

capture the surrogate spheroids that exited the funnels during initial testing. This filter paper 

allowed the fluid in each well to drain but captured and retained the spheroids directly under 
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each respective funnel for subsequent outcome assessment. Centrifuging the device at 300xg for 

five minutes revealed that approximately 75% of the surrogate spheroids were successfully 

transferred from the 96-well plate to the filter paper. The surrogates that did not successfully 

transfer were found to be adhered to the device in three typical locations (Figure 2). These 

locations were the wells of the 96-well plate, the interface between the gasket and the wells, and, 

most commonly, the interior of the funnels. Closer inspection of the funnel interiors revealed that 

excessive surface roughness was responsible for the undesired spheroid adhesion. 

 

Figure 2.  Micrographs of surrogate spheroids that did not successfully transfer: A) 

Surrogate adhered to wall of 96-well plate; B) Surrogate adhered to gasket material; C) Surrogate 

stuck on matte finish inside funnel. 

 

While 3D printing enabled rapid fabrication of complex manifold geometries, a limitation 

of this technique is the inability to manufacture parts with a sufficiently smooth surface finish. 

This printer uses support material to fill in voids within parts to print overhanging or cantilevered 

model material. The final surface finish is determined by the presence of (or lack of) support 

material abutting the model material surface. The absence of abutting support material produces a 

glossy finish; the use of support material adjacent to a surface produces a matte finish. Because of 

the complex funnel geometry, support material must be used within the funnels. This led to a matte 

finish on the interior surfaces of the device. Only the top or the bottom surfaces of the device could 
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be printed with a smooth finish. Testing revealed that spheroid adhesion on matte surfaces was a 

recurrent problem.  

Having demonstrated the capabilities of the initial prototype to transfer surrogate spheroids, 

efforts were shifted to capturing and processing spheroids in agar gel. Although work by Ivanov 

et al. [12], demonstrated that an array of 11 by 6 spheroids deposited in agar gel could be made to 

fit in a histology cassette by manual micropipetting, testing was needed to ensure that a full plate 

of 96 (12 x 8) spheroids could be successfully deposited by the μFM and encapsulated in an agar 

block of these dimensions. For the histology processing of the captured spheroids to be most 

effective, all 96 should be imageable in the same section (i.e., all spheroids must lie on the same 

plane).  

To evaluate the feasibility of planar arrangement, agar blocks similar to those used by Ivanov 

et al. were cast from liquid agar and used to capture spheroids from the μFM.  Several of these 

agar blocks (with surrogates deposited from the centrifuge tests) were backfilled with agar to fully 

encapsulate surrogate spheroids. These specimens were then snap-frozen in a slurry of dry ice and 

ethanol and cryosectioned. Cryosectioning was used to expedite planar evaluation and design 

iteration by removing the lengthy tissue processing steps required for paraffin embedding. A 

limitation of this process was that during encapsulation some of the surrogates were buoyed by the 

liquid agar solution from their original locations. In addition, aligning the cutting plane of the 

cryostat to match that of sample plane proved to be challenging.  

Typical cryosectioning results are shown in Figure 3. For this test, the contents of a 96-well 

plate, populated in its four corners and along one row and column (23 total surrogates), were 

centrifuged into an agar block. The sample was then embedded in agar and cryosectioned. Even 
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though seven of the surrogates were not successfully deposited, this test demonstrated that it was 

possible to process an array compact enough to contain all 96 spheroids within a histology cassette. 

 

Figure 3. Composite image of a cryosection slice of surrogate spheroids deposited in an 

agar receiver block.  This demonstrates that the hole sizing and spacing is sufficient to populate 

and process an agar block compact enough to fit in a histology cassette.  Note only one row, one 

column, and the four corners were populated in the 96-well plate as indicated by the circles.  The 

circles with an “X” indicate locations missing surrogates. 

 

C. Design Phase 3: Final Prototype 

With the key elements of this methodology demonstrated, detailed design optimization 

began. Initial modifications were divided into two main areas: 1) improving spheroid transfer from 

the 96-well plate through the device; 2) developing a method for the direct capture and 

encapsulation of spheroids in agar gel. After several iterations and rounds of testing, a final 

prototype system was produced. The parts for the final device are listed from the top downward: 

96-well plate, mating plate, 96 High-Density Polyethylene (HDPE) inserts, μFM, agar receiver 

block, nylon mesh, support grid, containment base, an absorbent mat, and a gasket (Figure 4). The 

mating plate, μFM, support grid, and containment base were all 3D printed. The μFM equipped 

with HDPE inserts and epoxied to the mating plate forms the micro-Funnel Manifold Assembly 
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(μFMA), which is used in operation as a single component. Each of these components and their 

functions in the system is described in the sections below. 

 

Figure 4.  A) Exploded view of device in a centrifuge bucket (gasket and absorbent mat 

not shown). B) Cross section view of fully assembled device in centrifuge bucket (gasket and 

absorbent mat not shown). C) Photo of assembled device ready to mate with a 96-well plate. 

 The design and iteration of the device focused on a top-down approach to resolve the issues 

discovered by the initial proof-of-concept device.  To be successful, the spheroids must first exit 

the 96-well plate during the centrifuge process. As physical changes to the 96-well plate were not 

desired, variations in methodology and the use of additives to improve transfer from the 96-well 

plate were tested. Ultimately, it was discovered that the presence of fluid within the wells at the 

beginning of the centrifuging process helped promote the passage of the spheroids, as the fluid 

was likely to carry the spheroids with it. Slowly inverting the 96-well plate allowed the spheroids 

and fluid to remain in their wells under the surface tension of the liquid medium prior to placement 

into the centrifuge.  This reduced the number of surrogates which remained in the 96-well plate.  
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Next, work was shifted to transferring the spheroids into the device. The proof of concept 

device mated the 96-well plate to the μFM using a gasket interface, however numerous spheroids 

were unable to pass this interface. The top of the μFM was thus redesigned without a gasket such 

that the walls of each individual well to mate with a chamfered recess slightly below the top surface 

of the device. These design changes were tested by printing the device interface, mating it with a 

96-well plate, and centrifuging the device on a piece of felt. After testing and iteration, a geometry 

was selected that maximized spheroid transfer into the device. 

With successful spheroid transfer from the 96-well plate into the device, efforts to reduce 

spheroid stiction inside the μFM were made. After testing multiple methods for smoothing the 

funnel interiors, such as polishing and coating, the use of inserts was determined to be more 

practical. Therefore, instead of the μFM directly guiding the spheroids, it would simply be used as 

a guide for the inserts. HDPE inserts were selected as they were compliant, smooth, and able to be 

tapered. To accept the inserts, the underside of the mating plate was terminated in 96 barbed fittings 

that seated into the tops of the tapered inserts. Tests of the new device utilizing the HDPE inserts 

demonstrated successful transfer of the spheroids from the 96-well plate to filter paper at the 

bottom. The final μFMA assembly consisted of the mating plate, HDPE inserts, and μFM epoxied 

together into one assembly. 

A requirement for the agar receiver block was that deposited spheroids should be coplanar 

and the relative positions of the spheroids in the array should be maintained. Initially, the agar 

receiver blocks utilized blind holes to capture and hold the spheroids. It was hypothesized that the 

higher specific gravity of the spheroids relative to the solution would ensure the spheroids 

remained at the bottom of the blind holes while excess fluid drained. During testing the agar block 

did not consistently withstand the 300xg loading, and would often cleave and pull away from the 
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sides of the base under its own weight. Additionally, the agar was too soft to support the spheroids 

at the bottom of the wells as they would sometimes become embedded in the agar. These issues 

were resolved by increasing the agar gel concentration to a 4% w/v solution. With a stiffer agar 

receiver block, the spheroids were more likely to stay at the bottom of the well and not penetrate 

into the agar itself.  

Ultimately it was determined that the blind hole configuration was not a reliable method 

for the receiver block, and thus the design transitioned to through holes with a 99 μm nylon mesh 

filter screen below. Upon exiting the funnel manifold and entering the agar receiver block, the 

spheroids were retained by nylon mesh at the bottom of the agar receiver block. The agar receiver 

block and nylon mesh rested on a support grid. This allowed fluid to pass through the agar receiver 

block and into the containment base while supporting the agar, as shown in Figure 5. A neoprene 

gasket and absorbent foam were used to prevent the waste medium from exiting the containment 

base and contaminating the centrifuge. Following centrifugation, the agar receiver block was 

backfilled with liquid agar to encapsulate the spheroids. After gelation of the newly added agar the 

nylon mesh was removed, providing a flat surface against which sectioning planes could be 

registered. The agar receiver block and its supporting structures, along with preliminary testing 

results of the through hole and nylon mesh capture method, are shown in Figure 5. 
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Figure 5.  A) CAD rendering showing the bottom of the micro-funnel manifold assembly 

(blue), agar receiver block (translucent), nylon mesh (grey), support grid (pink), containment 

base (tan). B) Surrogate spheroids deposited in the agar receiver block after centrifugation. Note 

only two rows, one column, and four corners were populated in the 96-well plate. C) 

Encapsulated agar receiver block. 

D. Final Device Operation 

The final prototype device operation begins by preparing the agar receiver block and 

populated 96-well plate. Next, the agar block, nylon mesh, support grid, absorbent pad, and gasket 

are placed in the containment base. The manifold assembly is then mated with the containment 

base. Next, the entire assembly is inverted and clipped onto the upright 96-well plate. The device, 

now incorporating the 96-well plate, is then carefully inverted and placed in the centrifuge, 

utilizing a counterweight as needed. After centrifuging at 300xg for 5 minutes, the device is 

removed and the manifold assembly is detached from the containment base. Liquid agar is poured 

over the agar receiver block, filling the through holes, and allowed to gel. After removing the agar 
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receiver block, the nylon mesh is separated from the block and replaced with a thin layer of liquid 

agar. Once the final layer of agar is set, the receiver block with the encapsulated spheroids is ready 

for standard histological processing.   

E. Final Testing  

The preceding section detailed the pragmatic methods used to carry the design from a proof 

of concept state to an operational prototype. This highly iterative design process focused on 

overcoming the technical challenges posed by the design constraints and objectives to produce a 

feasible design. This design was then tested to quantify how well it satisfied the original objectives. 

These consisted of two main objectives: spheroid capture success and spheroid distribution 

planarity. Spheroid capture success refers to the percentage of spheroids that were successfully 

transferred from the 96-well plate to the agar receiver block. The spheroid distribution planarity 

determines if it is possible to take a single histological section from the agar receiver block which 

contains a cross section from each spheroid.  

The final design was tested with fixed spheroids cultured from the Pa14C pancreatic 

adenocarcinoma cell line [13]. Cells were grown in a growth medium consisting of Dulbecco’s 

Modified Eagle Medium supplemented with 10% fetal bovine serum. Cells were then harvested 

and seeded into ultra-low attachment round bottom 96-well plates (Corning Costar 7007) at a rate 

of 3000 cells per well in 50μL of spheroid medium. The spheroid medium consisted of growth 

medium supplemented with 5% Laminin I. Plates were then centrifuged at 300xg for 3 minutes 

and allowed to incubate at 37°C. After 3 days, an additional 150μL of growth medium was added 

to each well. Another 150μL of growth medium was added to each well 7 days after seeding. 

Spheroids were cultured for a total of 10 to 14 days prior to being fixed. 
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Spheroids were fixed by removing half of the culture medium from each well and replacing 

with an equal amount of 8% paraformaldehyde (PFA) solution (Electron Microscopy Sciences). 

The spheroids in PFA were then refrigerated at 4°C overnight. The following day, the spheroids 

were washed in phosphate buffered saline (PBS) by transferring each spheroid from the PFA 

solution to a 96-well plate containing 150μL of PBS. Next, the PBS was decanted from each well 

leaving the spheroid behind. Finally, 150μL of fresh PBS was added to each well. The fixed 

spheroid plates were wrapped in parafilm (BEMIS Parafilm “M”) and stored at 4°C for future use.  

Evaluation of the final design was done with the fixed spheroid plates using the same 

procedure described for the surrogates in the previous section. All tests were performed with the 

same μFMA which was cleaned and inspected for stuck spheroids and other debris between each 

test. Following each spin, the receiving block was backfilled with liquid agar to fully encapsulate 

the spheroids and then stored in PBS at 4°C in preparation for downstream processing. 

Because the paraffin embedding and microtome sectioning process is largely dependent on 

the skill of the histotechnologist, optical sectioning was utilized to assess the placement of 

spheroids within the agar receiver block. In this way, the receiving block is not physically cut but 

rather an image is generated by focusing a very thin plane of light within the sample. Images 

acquired as this plane is moved through the sample can be “stacked” to form a 3-dimensional 

image. This technique also has the advantage of allowing for rapid “sectioning” of the entire block 

so that every spheroid in its entirety can be captured regardless of planarity. Optical sectioning 

was done using a Zeiss LSM 880 confocal laser scanning microscope (CLSM). The use of agar 

for the receiving block had the added convenience of being optically clear which is essential for 

imaging thick samples. Agar receiver blocks were imaged by using a 10x/0.45 plan-apochromat 

objective to scan an approximately 2.5cm x 1.5cm x 1mm region of the block in a series of 30μm 
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thick optical sections. To provide contrast between the spheroids and the agar, the spheroids were 

stained with HCS CellMask™ Deep Red stain (Thermo Fisher Scientific) which was excited with 

a 633nm laser and detected over 634-735nm. This stain was chosen because it stains the entire cell 

cytoplasm as well as the nucleus to highlight the entire volume of the spheroids, it can be used 

with standard Cy®5 filter sets, and its longer absorption/emission wavelength penetrates tissue 

more deeply than the shorter wavelengths of other available stains. 

Spheroids were stained after being deposited and embedded in the agar receiver block. This 

was done to increase staining throughput, reduce loss of spheroids during the staining process, and 

minimize variations in staining between spheroids on the same plate. The HCS CellMask™ 

staining solution was prepared as per the manufacturer’s instructions. Prior to staining, the 

spheroids in each agar receiver block were permeabilized in a 0.1% Triton X-100 solution for 1 

hour. Next, the agar receiver blocks were washed twice in PBS for 30 minutes each and then 

soaked in the HCS CellMask™ staining solution for 1 hour. Finally, the agar receiver blocks were 

washed twice in PBS for 1 hour each and stored in PBS until imaging. All solutions and stains 

were applied in Coplin staining jar style containers which were designed to hold the receiver blocks 

upright so as to allow for adequate diffusion through the top and bottom surfaces of the agar.  
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3. RESULTS 

 The final design was tested with a total of six full 96-well plates. Four of these six plates 

were also optically sectioned using the LSM 880. For these six plates, the average spheroid capture 

success rate was 80%. That is to say, on average 80% of all spheroids were successfully captured 

in the agar receiver block for each test. The capture success rate was also recorded for each well 

on the 96-well plate. These results are summarized in Figure 6 which indicates the average success 

rate for each well. Additionally, Fig. 7 and Fig. 8 show spheroid capture success rates averaged 

across rows and columns respectively.  

 
Figure 6. Spheroid capture success rate. The success rate out of 100% is shown for each 

well of a Costar 7007 ultra-low attachment round bottom 96-well plate (N = 6). The average 

success rate over all 6 plates was 80%. 
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Figure 7. Mean capture success rate for each row. Error bars indicate standard error. (*) 

the mean success rate of this row is significantly different (𝐩 < 𝟎. 𝟎𝟏) from the mean success 

rate for all rows. 

 

 
Figure 8. Mean capture success rate for each column. Error bars indicate standard error. 

(*) the mean success rate of this column is significantly different (𝐩 < 𝟎. 𝟎𝟏) from the mean 

success rate for all columns. (**) 𝐩 ≈ 𝟎. 𝟎𝟏 for this column. 
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The spheroid distribution planarity was evaluated for four of the six plates by using CLSM 

as stated before. The resulting image stacks were processed using Fiji [14] which is an open source 

distribution of the popular image analysis program ImageJ. Using this software, the CLSM data 

was visualized in 3D, sectioned on arbitrary planes, and analyzed for spheroid position and size. 

Figure 9 shows an optical section from a receiver block containing 91 out of 96 spheroids. When 

imaging a plane passing through the far side of a spheroid (with respect to the objective), the 

fluorescent signal must pass through a large portion of spheroid tissue. This results in signal 

degradation, causing a reduction in image intensity as seen in Figure 9. This figure shows that a 

30μm thick section from this sample contains a cross section from all 91 spheroids in the agar 

receiver block.  

 

 

Figure 9. Optical section from CLSM. This 30μm thick section shows a cross section of 

each spheroid captured (91 out of 96 spheroids were captured in this sample). Variations in the 

light intensity of the spheroids is due to their depth relative to the section plane. Higher intensity 

spheroids are deeper relative to the section plane than lower intensity spheroids. 
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 The spheroid distribution planarity was assessed by first computing points on the external 

surface of all spheroids in a sample. Then for the 𝑖𝑡ℎ spheroid, the average distance from the surface 

of the spheroid to its centroid, 𝑟̅𝑖, was calculated. Next, a plane was fit to the centroids and the 

distance from the 𝑖𝑡ℎ centroid to the plane, 𝑑𝑖, was calculated. This value was then normalized by 

𝑟̅𝑖 yielding the normalized distance to the fit plane, 𝑑𝑖/𝑟̅𝑖. The fit plane and normalized distance 

statistics for each sample are shown in Table 1. If the fit plane passes directly through a spheroid’s 

centroid, then 𝑑𝑖/ 𝑟̅𝑖 =  0. If this value is greater than 1, then it is likely that the fit plane misses 

the spheroid altogether.  

Table 1. Spheroid distribution planarity statistics 

 Centroid Plane Fit Normalized Distance 

 𝑧 =  𝑝00  +  𝑝10𝑥 +  𝑝01𝑦 (𝜇𝑚) 𝑑𝑖/𝑟̅𝑖 

Sample 𝒑𝟎𝟎 𝒑𝟏𝟎 𝒑𝟎𝟏 Mean Median Max 

1 812.76 -0.006266 -0.01693 0.2071 0.1805 0.6915 

2 888.18 -0.00760 -0.01678 0.3508 0.2762 1.1007 

3 799.91 -0.011548 -0.00528 0.2306 0.2053 0.6558 

4 512.34 -9.09E-05 -0.01062 0.2813 0.2218 1.2853 

 

 Figure 10 illustrates how well the fit plane sections the receiving blocks. In this figure, (A) 

shows a selection of four spheroids from sample 2 while (B) shows a selection from sample 3. The 

selection in (A) was chosen to show the most out-of-plane spheroid through which the plane only 

sections a small piece. This is reflected in the maximum normalized distance of 1.1 for this sample.  
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Figure 10. Plane passing through the cross section of a selection of spheroids from 

sample 2 (A) and sample 3 (B). This figure shows a selection of 4 spheroids and the 

corresponding fit plane calculated for the entire array. The spheroid surfaces (magenta) are 

generated from the CLSM image stacks. 

 To show spheroid distribution trends for an entire sample, spheroid centroids were fit with 

a locally weighted regression. Figure 11 shows the spheroid centroids (magenta circles) and their 

corresponding regression (𝑅2 = 0.87) for sample 2. Here, the z-axis scale was increased to show 

the variations in spheroid position.  
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Figure 11. Spheroid centroid distribution for sample 2 using the same coordinate system 

as that used in Figure 10A. The magenta markers represent centroid locations and do not indicate 

spheroid volume. While not indicative of sectionability, a locally weighted regression was added 

to highlight the non-planar trends in the distribution (𝐑𝟐 = 𝟎. 𝟖𝟕). 

4. DISCUSSION 

Some notable trends can be inferred from Fig. 6-8, the most obvious being the relatively 

low success rate for wells H3 through H9 which includes the well with the lowest average success 

rate: H3. Figure 7 shows that on average, the success rate of row H is significantly lower (𝑝 <

0.01) than the mean success rate of 80%. This effect is possibly explained by the technique used 

to invert the device prior to centrifugation. For example, if the device is rotated around a particular 

column or row then the effects of the motion on the samples in those wells may be different. In 

contrast, Figure 8 indicates that no columns had a significantly lower success rate than the mean, 

however column 10 was significantly higher than the mean (𝑝 < 0.01).  

After each test, the device was inspected for uncaptured spheroids. An overwhelming 

majority of the spheroids which were not captured in the receiving block remained inside the inside 

the 96-well plate. This also shows that the device itself is providing a reliable passage from the 96-
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well plate to the receiving block. As stated before, this effect may be the result of the technique 

used to invert the device. While fine tuning this technique such as adding or minimizing agitation 

could be done to improve the transfer between the well plate and the device, robustness to 

variations in end-user technique is a priority.  

One proposed method of addressing this issue is by using media additives. It is unclear as 

to the exact reason some spheroids adhere to the plate, however some possible explanations include 

surface tension effects, surface adsorption of biomolecules, friction, and electrostatic forces. There 

is a considerable amount of research in the area of surface modifications for reducing cell and 

tissue adhesions to engineered materials [15, 16]. This information can help in the design of surface 

coatings for the μFMA but has limited applications to the use of standard off-the-shelf 96-well 

plates which would not have this coating. This makes media additives an attractive option for 

modifying spheroid surface interactions. Possible additives for future research include biological 

lubricants such as those found the synovial fluid [17], water-based lubricants such as 

methylcellulose, ionic and anionic detergents, and poloxamers [18].  

For spheroids that were successfully transferred, the results in Table 1 show that the 

optimal section plane passes through the spheroids within approximately 27% of their mean radius. 

Thus, it appears that the spheroids are mostly distributed in a planar fashion. However, the 

maximum normalized distance for samples 2 and 4 are greater than 1. This indicates that there is 

at least one spheroid that may not be sectioned by the fit plane. This also points to a limitation of 

these statistics: the sphericity of the spheroids affects the strength of the conclusion. It is not 

entirely true to say that a normalized distance of greater than 1 means that a spheroid was not 

sectioned by the fit plane. As demonstrated by Figure 10A, the spheroid sitting well below the 

plane is more of an ellipsoid. This indicates that the mean radius underestimates the size of the 
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spheroid along its major axis. Along its minor axes, the mean radius overestimates the size. Figure 

10B shows spheroids from a sample with a maximum normalized distance of well under 1. This 

selection shows more uniformity in the size of the cross sections generated by the fit plane. 

Upon further investigation of the CLSM results, it became apparent that some of the 

samples had spheroid distributions that were more parabolic than planar. The regression in Figure 

11 shows a depression running through the sample parallel to the y-axis. In fact, the selection from 

Figure 10A shows how spheroids in this depression relate to the fit plane. In Figure 11, 𝑥 = 10mm 

corresponds with the bottom of the depression in this range of y-positions. This anomaly in the 

distribution could be caused by bending of the sample during preparation or handling that remained 

through imaging. In addition, during imaging the agar receiver block was placed on a glass 

coverslip. Thus, if the surface contacting the coverslip was not perfectly flat the block would 

deform from its original shape. The planarity statistics are likely to be improved by adjusting the 

sample preparation and handling procedures, such as using a vibratome to plane the surface of the 

agar block prior to mounting on the glass coverslip. 

These testing results helped identify a specific area of the design which needs 

improvement: transfer of spheroids out of the 96-well plate. In some cases, spheroids adhered to 

the inside of their wells accounted for over 85% of the failed captures. This prompts further 

investigation into the use of media additives as previously discussed or using plates made of a 

different material. The planarity results indicate that the spheroids are largely being deposited in a 

plane, however some outliers still exist. Further analysis of the CLSM results shows that some 

samples have spheroid distributions that are more parabolic than planar. As mentioned earlier, this 

is likely the result of an uneven agar surface or bending of the receiving block. Embedding 

alignment features in a plane in the agar could allow for correction of sample deformation during 
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CLSM, however more refined sample preparation and handling should abate this problem without 

the need for more complex image analysis techniques. 

 

5. CONCLUSIONS 

This paper has presented the development and testing of a novel device for the transfer of 

spheroid cultures from a 96-well plate to a histology cassette, while maintaining the same relative 

location of the spheroids before and after the transfer. The device uses a centrifuge to move the 

spheroids from the 96-well plate through funnels and into an agar receiver block, forming an agar-

gel embedded microarray which can then be processed and imaged. Testing of the device utilized 

surrogate microspheres for initial testing and pancreatic cancer spheroids for evaluation of the final 

device. Final testing revealed that on average 80% of the spheroids were successfully deposited in 

the final agar receiver block. The planarity of the spheroids in the agar block was evaluated using 

a confocal laser scanning microscope which demonstrated that, on average, spheroids were 

sectioned within 27% of their mean radius. Thus, the vast majority of deposited spheroids were 

able to be examined in the same section. This device could reduce the time required to evaluate 

spheroids from 96-well plates by not only reducing the labor intensive task of extracting spheroids 

individually from plates, but also by allowing the spheroids to be processed in a single histology 

cassette and imaged as a single specimen.    
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