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A U T O N O M O U S  V E H I C L E S

A hybrid underwater robot for multidisciplinary 
investigation of the ocean twilight zone
Dana R. Yoerger1*, Annette F. Govindarajan1, Jonathan C. Howland1, Joel K. Llopiz1, 
Peter H. Wiebe1, Molly Curran1, Justin Fujii1, Daniel Gomez-Ibanez1, Kakani Katija2, 
Bruce H. Robison2, Brett W. Hobson2, Michael Risi2, Stephen M. Rock3

Mesobot, an autonomous underwater vehicle, addresses specific unmet needs for observing and sampling a vari-
ety of phenomena in the ocean’s midwaters. The midwater hosts a vast biomass, has a role in regulating climate, 
and may soon be exploited commercially, yet our scientific understanding of it is incomplete. Mesobot has the 
ability to survey and track slow-moving animals and to correlate the animals’ movements with critical environ-
mental measurements. Mesobot will complement existing oceanographic assets such as towed, remotely operated, 
and autonomous vehicles; shipboard acoustic sensors; and net tows. Its potential to perform behavioral studies 
unobtrusively over long periods with substantial autonomy provides a capability that is not presently available to 
midwater researchers. The 250-kilogram marine robot can be teleoperated through a lightweight fiber optic tether 
and can also operate untethered with full autonomy while minimizing environmental disturbance. We present 
recent results illustrating the vehicle’s ability to automatically track free-swimming hydromedusae (Solmissus sp.) 
and larvaceans (Bathochordaeus stygius) at depths of 200 meters in Monterey Bay, USA. In addition to these track-
ing missions, the vehicle can execute preprogrammed missions collecting image and sensor data while also carry-
ing substantial auxiliary payloads such as cameras, sonars, and samplers.

INTRODUCTION
Scientific exploration of the ocean’s twilight zone
The ocean’s midwater realm represents a challenging frontier for 
underwater robots. The ocean’s midwater or “twilight zone” teems 
with life and extends from about 200 to about 1000 m in depth. At 
depths below the upper bound, light levels are insufficient to sup-
port photosynthetic primary productivity, whereas at the lower bound, 
conditions are effectively aphotic (1). This vast region hosts abun-
dant life and plays a key role in the global carbon cycle, thereby 
regulating Earth’s climate and the biogeochemistry of its oceans. 
Technological limitations currently constrain our ability to study 
patterns and processes in this region. Existing marine robots excel 
at tasks such as efficient seafloor and water column survey and can 
conduct such surveys to the oceans’ greatest depths. However, the 
midwater presents different opportunities and challenges, such as 
making long-duration observations of sensitive animals without dis-
turbing them. Long-term observation (on the order of a day) will 
favor an approach that minimizes the role of the surface vessel; in 
contrast, our best present-day midwater observation assets (remotely 
operated and human-occupied vehicles) must be tended continu-
ously by the surface vessel.

Interest in the twilight zone is growing as the vastness of its bio-
mass and biodiversity become more apparent. Certainly, exploration 
of one of Earth’s largest, least understood, and most diverse ecosys-
tems can be motivated by basic scientific interests alone, but other 
more specific considerations are also emerging. Recent estimates 
suggest that midwater fish biomass may be 100 times larger than the 
total fish biomass harvested globally every year (2), and exploratory 
mesopelagic fisheries have recently been undertaken in many loca-
tions (3). Although midwater fish species differ markedly from the 

pelagic fish traditionally exploited for human consumption, mid-
water animals could find commercial markets in products like fish 
meal for agriculture and aquaculture, as well as other products like 
“nutraceuticals” such as fish and krill oil (4). Interest in the midwa-
ter ocean is also motivated by understanding how it supports spe-
cies living in near-surface waters and its role in regulating Earth’s 
climate. Recent observations obtained using tags confirm that many 
charismatic epipelagic species—such as whales, sharks, swordfish, 
and tuna—dive regularly into the twilight zone to feed on abundant 
populations of animals such as squid (5–7). Likewise, midwater an-
imals likely play a major role in transferring carbon from near-surface 
waters to the deep ocean, as part of the “biological pump” (8–10). 
These activities may mitigate the effects of rising atmospheric CO2, 
but the precise mechanisms involved and their global importance 
are not well understood.

Many midwater animals undertake diel (daily) migrations, spend-
ing daylight hours at hundreds of meters depth, presumably to avoid 
predation; rising to near-surface waters at night to feed in the cover 
of darkness; and then descending to safer, darker waters at daybreak 
(11). Some of these animals can be observed indirectly from vessel-
mounted sonars, forming the “deep scattering layer” (11). This phe-
nomenon occurs between about 60N and 60S latitude and occurs 
around the globe each day. This daily movement of animals results 
in the largest migration on Earth (12). When these animals feed 
near the surface then defecate after they retreat to deeper water, 
they physically carry organic carbon from shallow to deep water. 
However, the details of how much carbon is actually sequestered via 
these biological processes remain uncertain (12–14).

Guided by present and future community research priorities, we 
have developed a robot (Movie 1) that enables unique scientific ac-
cess to midwater environments, complementing other tools currently 
available. The detailed vehicle attributes were developed within our 
interdisciplinary group and discussed with a larger midwater re-
search community at several international meetings. Specifically, 
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we identified the need for a vehicle that could enable behavioral studies 
that are difficult with our current assets, with low avoidance/attraction 
and the ability to operate independently from the support vessel. 
We report here on the design, construction, and testing of Mesobot, 
which will advance our understanding of the daily lives of midwater 
animals by observing them over extended periods of time (hours to 
a day). Although human-occupied and remotely operated vehicles 
(ROVs) can operate very effectively in midwater (15), hybrid (16, 17) 
or fully autonomous vehicles have distinct advantages especially for 
long-duration tracking missions while imposing lower demands on 
the support vessel. In addition to automatically tracking animals 
with minimal disruption, Mesobot can perform a variety of midwa-
ter surveys, such as video transects. The vehicle carries a full suite of 
oceanographic sensors and can perform preprogrammed, targeted, 
or adaptive surveys (18). The vehicle also has substantial capacity 
(~20 kg of in-water weight, ~0.1 m3) for auxiliary specialized pay-
loads, such as plankton imaging systems, sonars, and samplers. 
Such observations from a hybrid vehicle will enable studies of be-
havior that until now were difficult to achieve.

Midwater exploration technology and the role of Mesobot
A variety of technologies have been used for midwater studies. These 
include in situ sensors, nets, acoustic echo sounders, water samplers, 
and a wide variety of specialized camera systems (9, 15, 19). Such de-
vices are typically lowered on a cable or towed behind a vessel al-
though, in recent years, they have been deployed on human-occupied, 
remotely operated, and autonomous vehicles. Mesobot was conceived 
to complement and fill important gaps not served by these existing 
technologies and platforms.

Much of what we know about midwater biota has been learned 
by towing or lowering nets. A wide variety of nets have been de-
vised, each with specific capabilities (19). Although essential for 
midwater studies, nets have many limitations. Many animals active-
ly avoid capture, so any particular net tow may not provide an accu-
rate representation of the diversity or abundance over the volume 
sampled (20). Likewise, nets may destroy many species of gelatinous 
zooplankton. Operations with nets fully occupy the research vessel 
while deployed, and processing of samples is labor intensive. How-
ever, obtaining specimens will be necessary for the foreseeable fu-
ture to enable taxonomic studies, to develop detailed studies of food 

webs and life histories, and to build genetic barcode libraries that 
will in turn enable the presence and perhaps abundance of particu-
lar organisms to be determined from environmental DNA (21).

In recent years, nets have been supplemented with specialized 
camera systems to observe midwater biota such as zooplankton 
(22–25). Such cameras have been used on towed platforms, powered 
autonomous underwater vehicles (AUVs), and profiling moorings. 
Several different optical designs have emerged, each making differ-
ent tradeoffs between image quality, volume, and depth of field. Im-
age quality for these systems can be very high, and combined with 
automated image processing, they can survey substantial volumes 
effectively. These imaging systems generally provide snapshots of 
the targets and are rarely operated in such a way that they can ob-
serve individual animals for extended periods of time as required 
for behavioral studies.

Echo sounders—either vessel mounted, towed, lowered, or moored—
also provide valuable data on midwater species. Vessel-mounted 
echo sounders are the dominant remote-sensing methodology for 
midwater studies, allowing large volumes to be scanned efficiently. 
Many efforts are underway to make these acoustic systems better 
able to identify species and obtain accurate estimates of biomass 
and biodiversity (26–28).

The oceanographic community uses many vessel-deployed and 
fully autonomous instruments and platforms to survey the midwa-
ter ocean. Conductivity, temperature, and depth profilers (CTDs) 
are lowered from research vessels on a cable. Modern CTDs now 
include a wide variety of other instruments and water sampling. 
Since 2000, thousands of fully autonomous profiling Argo floats, 
actuated by buoyancy engines, have been deployed worldwide. They 
have provided unprecedented data on a range of topics including 
ocean circulation, air-sea interaction, and climate change (29). Gliders 
carry similar instruments and are actively mobile; they profile and 
move laterally using a combination of a buoyancy engine, wings 
that supply lift, and control of their attitude by shifting their center 
of gravity (30). Long-range AUVs (31, 32) combine attributes of 
powered AUVs and gliders to perform surveys over thousands of 
kilometers with many weeks of endurance. Swarming underwater 
drifters (M-AUEs, mini-autonomous underwater explorers) are also 
emerging to survey the midwater ocean (33). ROVs are routinely used 
to observe and sample midwater animals, conduct manipulative ex-
perimental work, perform acoustic and visual surveys, and enable 
behavioral studies while attended by a surface vessel (15). The sen-
sor payloads carried by remotely operated and autonomous vehi-
cles have expanded in recent years and now include fluorometers, 
echosounders for bioacoustics, and even mass spectrometers.

Any marine robotic platform will disrupt the environment to 
some extent, causing some animals to flee while attracting others. 
Although skillful operation of human-occupied vehicles or ROVs 
can result in close-up observations of even very sensitive animals 
(9, 15, 34), platforms that can more robustly observe animals while 
minimizing animal disturbance are still needed. Animal behavioral 
responses can be evoked because of many factors, including light-
ing, hydrodynamic disturbances, acoustics, electromagnetic fields, 
or a vehicle’s chemical signature. Although all relevant factors can-
not be eliminated, they can be greatly reduced. Ambient light levels 
and spectral characteristics must be considered when trying to ob-
serve biology in the mesopelagic, where animal activity is strongly 
driven by light of varying sources (35). Even in the greater depths of 
the mesopelagic where light levels are extremely low (9 to 10 orders 

Movie 1. Summary video. Overview of Mesobot’s development and at-sea track-
ing capabilities.
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of magnitude lower than on the surface), light appears to strongly 
drive animal behavior (36–38). Although artificial illumination for 
imaging can be disruptive, these deleterious effects can be reduced 
(39) using lights with longer wavelengths (e.g., red, near infrared) to 
which many deep sea animal visual systems have minimal sensitiv-
ity (40–42). Many marine animals, including fish and invertebrates, 
are highly sensitive to hydrodynamic disturbances. As is the case 
with an underwater vehicle, an approaching predator generates a 
bow wave that can elicit escape responses in fish even in the dark 
(43). Likewise, invertebrates respond to hydrodynamic disturbanc-
es to maintain aggregations (44) and to avoid predation (45), and 
delicate gelatinous zooplankton can be damaged by the bow wave 
or thruster activity of an approaching vehicle (15). Technical solu-
tions to minimize these effects include providing the vehicle with a 
hydrodynamic shape, equipping the vehicle with low-powered 
thrusters that turn large, slow-moving propellers that do not direct 
flow into the imaging volume, minimizing and carefully controlling 
vehicle thrust, and making the vehicle near-neutrally buoyant and 
uncoupled from surface vessel motions (46).

The extent to which a marine robot should resemble typical ani-
mals is a topic of debate. Investigators have built marine robots that 
resemble fish in appearance either to minimize avoidance (47) or 
conversely to resemble predators to actively repel invasive species 
(48). These efforts focus on the robot’s appearance in sunlit waters 
but neglect many of the other mechanisms for avoidance and at-
traction that have been well documented for mesopelagic animals 
(34). Investigators have also documented how conventional survey 
AUVs can attract fish, which may follow such a vehicle in large 
schools (49) or even attack the vehicle violently (50, 51). Mesobot 
does not physically resemble any marine organism; rather, its de-
sign seeks to minimize all the other known mechanisms that might 
elicit avoidance or attraction.

Although existing midwater platforms are highly effective for 
their intended purposes, advances in autonomous vehicle technolo-
gy hold much promise for enabling longer-duration observations 
that are conducted less obtrusively, at lower cost, and while operat-
ing more independently from surface vessels (52). Our goals are to 
supplement or complement rather than replace the capabilities de-
scribed earlier. Accordingly, we conceived Mesobot (Fig. 1), which 
has the following attributes:

1) The vehicle shall be able to observe and image targets for 
extended periods, including slow-moving animals, particulates, 
aggregates, bubbles, and droplets. Our automated tracking efforts 
were motivated by previously documented successful efforts with 
the Monterey Bay Aquarium Research Institute’s (MBARI) Ventana 
(53) and Japan Agency for Marine-Earth Science and Technology 
(JAMSTEC)’s PICASSO (54) ROV systems. Compared with PICASSO, 
Mesobot has greater endurance and larger payload capacity and is 
capable of fully autonomous operation.

2) The vehicle design shall minimize disturbance of the imaging 
volume from a hydrodynamic, acoustic, and optical perspective.

3) Similar to many of its targets, the vehicle shall behave “mostly 
Lagrangian,” hovering efficiently and moving with ambient water 
masses, and maneuver actively with fine control to follow slow-moving 
targets.

4) The vehicle should have a mission duration exceeding 24 hours 
to observe diel migrations, with even longer endurance for less en-
ergetic tasks such as following oceanographic features and sampling.

5) The vehicle should work to a depth of 1000 m, enabling the 
vehicle to track most diel migrators and putting many important 
mesopelagic scientific problems within its reach.

6) The vehicle should be able to carry auxiliary payloads such as 
specialized plankton imaging system, sonars, or samplers to carry 
out a range of midwater survey tasks such as exploratory surveys; 
providing ground-truth for acoustic surveys; and following features 
such as isotherms, isopycnals, or neutral surfaces.

Typical Mesobot mission
Mesobot is a flexible platform capable of a variety of missions and 
can operate in a tethered or untethered mode. One important dive 
profile focuses on a mission to track midwater animals over a full 
diel cycle, including migrating and nonmigrating targets (Fig. 2). In 
this scenario, we begin by launching the vehicle with a lightweight 
(3 mm in diameter) fiber-optic tether that is typically about 50 m in 
length and is weighted so it assumes a stable configuration and does 
not tangle with the vehicle or clump. The tether is attached to MBARI’s 
SmartClump, which carries a navigational beacon, a depth sensor, 
cameras, lights, and thrusters that enable its heading to be controlled 
and provides situational awareness around Mesobot. The tether pro-
vides a high-bandwidth network connection, enabling a human pilot 
on the surface to control the vehicle such as an ROV while viewing 
images from the stereo and science cameras. After finding a suitable 
target and initiating tracking, the tether can be released from the 
vehicle and recovered along with SmartClump, and the vehicle will 
continue to track the target autonomously. Depending on the spe-
cies and local conditions, the vehicle may descend as deep as 1000 m 
while following a specific animal. During the dive, the vehicle can 
also carry other auxiliary packages such as additional sensors or  
samplers.

RESULTS
Tracking results in a test tank
We conducted a series of tracking tests in MBARI’s seawater test 
tank facility (10 m in width, 13 m in length, and 10 m in depth). In 
these tests, we used a simulated target (the Shacklefish; see fig. S1) 
that could be moved manually throughout the tank. We evaluated 
Mesobot’s ability to intercept and follow a target moving vertically 
through the imaging volume using the Shacklefish to simulate how 

Fig. 1. Mesobot rendering and photo. Mesobot is a hybrid underwater vehicle 
designed to follow slow-moving midwater targets such as zooplankton, fish, and 
particle aggregates. The vehicle carries stereo cameras for target tracking and a 
high-quality video/still camera for scientific documentation. Mesobot is 1.5 m tall 
and displaces about 250 kg.
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the vehicle would respond when a migrating animal enters Mesobot’s 
visual field. As shown in Fig. 3, the system performed well in repeated 
tests with the target either rising or falling at speeds exceeding those 

of typical migrating zooplankton despite 
positive vehicle ballasting, which requires 
more thrust to offset during descent. 
Running tests at a nominal target speed 
of about 10 cm/s (360 m/hour), which 
emulates a high migration speed for 
typical zooplankton (55), we conclude 
that the vertical response of the control 
system, including stereo imaging and 
dynamic control, is sufficient to enable 
the system to lock onto and follow mi-
grating zooplankton.

Tracking zooplankton in the field
In October 2019, we conducted field 
trials to test Mesobot’s ability to track 
zooplankton. The tests took place near 
Moss Landing, CA, USA (36° 45′N and 
122° 0.6′W) in water with a bottom 
depth of ~1000 m. We deployed Mesobot 
from MBARI’s research vessel (RV) 
Rachel Carson (56) with a 50-m-long 
and 3-mm-diameter fiber optic tether that 
was connected to SmartClump (Fig. 2). 
We deployed Mesobot first, drove it away 

from the vessel on the surface, deployed SmartClump, and then low-
ered SmartClump while driving the vehicle down. The vessel operators 
and Mesobot’s human pilot worked together to ensure that Mesobot 
remained within 50 m of SmartClump to avoid breaking the tether 
until the tether was released. An ultrashort baseline acoustic tracking 
system (57) and telemetry from both the vehicle and SmartClump en-
abled the vessel operators and the Mesobot pilot to observe their posi-
tion relative to each other and the vessel (Fig. 2). After reaching an 
operating depth of 200 m, we began searching for targets, with the 
human pilot using combinations of auto-heading, auto-depth, and 
fully manual operation. We encountered and successfully tracked 
giant larvaceans (Bathochordaeus stygius) and “dinner plate” jellyfish 
(Solmissus sp.) (Fig. 4). Both the science camera and the stereo cameras 
also recorded and demonstrated the capability to track marine snow 
particles. As we neared the end of the dive, we intentionally released 
the tether at the vehicle, after which the vehicle continued to track the 
target autonomously for several minutes as programmed. We re-
covered SmartClump and Mesobot after they returned to the surface 
autonomously using their thrusters. To avoid any disturbance of the 
Monterey Bay Marine Sanctuary in which we were operating, we did 
not release the steel weights as we normally would. Our autonomous 
emergency responses would have dropped the weights if a major fault 
occurred or if the battery packs had been depleted.

Solmissus tracking examples
We tracked several Solmissus sp., one for nearly 4 min while it de-
scended and another for about 2 min while it moved horizontally. 
The corresponding tracking and science video are shown in Movie 2. 
In the descending example, the animal moved actively at an av-
erage descent speed of 3.5 cm/s, which is a typical speed for migrat-
ing zooplankton (55). The video imagery shows the behavior of the 
animal and allows the animal’s body movements to be accurately 
correlated to its swimming speed. While tracking, the animal exhib-
ited well-known foraging behavior known as “ramming,” where the 

Fig. 2. Typical Mesobot tracking mission. Tracking missions will begin with a teleoperated phase, where the vehicle 
is controlled by a human pilot via a tether and an intermediate vehicle such as MBARI’s SmartClump. After locating a 
suitable target, the tether can be released, and the vehicle will track the target autonomously using its stereo camer-
as and on-board computers.

Fig. 3. Tank test performance. These plots summarize tank test performance that 
illustrate the system’s ability to intercept and track a descending target. The top 
shows the target vertical position in the vehicle frame. At the start, the tracking 
information is invalid as signified by the red symbols. The tracking information be-
comes valid when the target enters the top of the field of view. The vertical track-
ing value immediately converges to a low value as the control system maneuvers 
the vehicle to bring the target to the center of the visual field. As seen in the second 
panel, the vehicle begins to descend to track the target, converging to a descent 
speed of about 15 cm/s. Near the bottom of the tank, the target motion is reversed, 
and the system tracks the target as it ascends. The vertical force saturates when the 
target reverses, but the tracking information remains valid, and the target again 
returns to the center of the visual field.
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animal moves with its venomous tentacles directed forward to cap-
ture prey (58). At one point in the video, the Solmissus’ tentacles 
contact a siphonophore (Nanomia bijuga), known prey for Solmissus 
(58). In this case, the siphonophore escapes, and the active tracking 
of Solmissus continued.

While tracking the descending animal, the tracking algorithm 
converged quickly and without overshoot as it did in the examples 
from the test tank (Fig. 5). The vertical motion was smooth, and the 
thruster activity was low and exhibited only a very small limit cycle 
(a few percent of the maximum thrust value of 60 N). Tracking was 
lost at the end of the run when a large, bright, fast-moving animal 

(siphonophore) interrupted the tracking. 
Tracking that is robust to interfering 
organisms remains a priority for future 
efforts.

Giant larvacean Bathochordaeus 
tracking example
On the same dive (Mesobot015), we 
also tracked a giant larvacean, B. stygius 
(59), for more than 40 min, including a 
30-min continuous segment. Larvaceans 
are pelagic tunicates that spend much of 
their lives passively drifting rather than 
actively swimming. They build mucous 
structures, commonly referred to as 
“houses,” through which they pump 
water to enable filter feeding (60). These 
animals play an important role transfer-
ring carbon from near-surface waters to 
the deep ocean (9, 10). The outer house, 
which often reaches 1 m in size, acts as 
a prefilter to exclude large particles from 
clogging the inner house. The outer house 
is extremely fragile, whereas the sturdier 
inner house is typically ~20 cm across.

After encountering the larvacean, we 
approached it carefully and engaged au-

tomatic tracking for a few minutes before the extremely fragile outer 
house began breaking down. While the outer house deteriorated, 
the vehicle could not maintain tracking due to the complexity of the 
scene. However, once the outer house was gone, the system achieved 
very stable tracking on the inner house and the actual animal, as 
shown in Movie 3 and the still images in Fig. 6. The vehicle tracked 
the animal for more than 30 min with no signs that the inner house 
or the animal had been disturbed, as shown in Fig. 6 and Movie 3. 
The algorithm maintained target tracking despite many other tar-
gets entering the frame, including siphonophores and krill, which, 
in some cases, passed between the larvacean and the cameras. In 
summary, our attempts to minimize the vehicle’s influence on the 
target were partially successful. The vehicle damaged the extremely 
fragile outer house, but the vehicle observed the animal for an ex-
tended period without disturbing the more robust inner house or 
the animal despite interference from other animals.

Another noteworthy aspect of the Bathochordaeus tracking can 
be seen in the second panel of Fig. 6, the depth plot. Although the 
animal appeared nearly motionless in the vehicle camera frame, the 
measured vehicle depth reveals that the animal and the vehicle 
moved vertically throughout the entire tracking exercise, following 
a wave with a 20-min period and 6-m amplitude. Depending on the 
species, zooplankton may either exhibit active depth keeping, or 
they may respond to the ocean’s vertical dynamics much like a neu-
trally buoyant parcel of seawater (61, 62). In this case, the animal 
appears to act as if it was neutrally buoyant. It was likely vertically 
displaced by an internal wave, which commonly occurs in Monte-
rey Bay (63). This result is consistent with internal wave observa-
tions made using the M-AUE swarm off the coast of San Diego (33), 
although the M-AUE vehicles operated at constant depth and in-
ferred the presence of an internal wave through temperature anom-
alies and changes in the spacing of the elements of the swarm.

Fig. 4. Typical images from dive Mesobot015. Top left: Real-time tracking display showing left and right camera 
images while following a Solmissus jellyfish; the blue dots indicate the selected left and right targets. Bottom left: A 
video still from the science camera showing the Solmissus while Mesobot was tracking automatically, along with a 
siphonophore and marine snow. Top right: A giant larvacean inside its “outer house.” Bottom right: A giant larvacean 
(which resembles a tadpole) and its “inner house.” Larvaceans drive water through their inner house to enable 
filter feeding. Mesobot tracked this target for more than 30 min without disturbing it. Movie 2 is the corresponding 
Solmissus tracking video.

Movie 2.  Solmissus sp. tracking example. Mesobot actively tracking a Solmissus 
jellyfish as it descends at a speed of about 3.5 cm/s. The animal exhibits a feeding 
behavior known as ramming (58) when the animal swims with its venomous ten-
tacles forward to disable and capture prey. In this clip, the Solmissus “rams” a si-
phonophore, but the siphonophore escapes. The tracking algorithm maintained 
tracking during the ramming incident and while the siphonophore swam away.
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While tracking, the thrust was typically very low despite the in-
ternal wave motion. Such low thruster activity results in minimal 
environmental disruption through either hydrodynamic or acoustic 
disturbance and results in low energy consumption. Review of the 
average power consumption during this tracking exercise (~70 W) 
and the overall vehicle battery pack capacity [~4 kilowatt-hour (kWh)] 
implies that the total mission time could have been more than 48 hours.

This result illustrates that we have achieved one of our major design 
goals: Mesobot can behave “almost Lagrangian.” The vehicle tracked a 
seemingly motionless animal as it responded to dynamic oceano-
graphic features. Although the observation was limited to 40 min due 
to operational constraints, the tracking was reliable and robust.

DISCUSSION
We designed Mesobot to enable observations of midwater organ-
isms that are difficult or costly to observe using existing platforms. 
Such observations can improve our understanding of the behavior 
of midwater animals, which in turn improves our understanding of 
their role in the global carbon cycle and the potential impacts of 
increased exploitation. Our Mesobot design strives to make visual 
observations with minimal disruption, without evoking either at-
traction or avoidance of biological targets. The vehicle can track 
stationary and slow-moving animals using stereo cameras with either 
red or white lights and on-board algorithms. It can record high-quality 

HD and 4K video and 12 MP stills using low-light cameras. The 
vehicle has substantial auxiliary payload capacity to support addi-
tional sensors and samplers. More details about the vehicle and its 
sensors are presented later in Materials and Methods.

Our testing to date confirms many important design features of 
Mesobot. In tank tests, we showed that the system can lock onto, 
then track, moving organisms at speeds exceeding those of typical 
migrating zooplankton. In the open ocean at a depth of ~200 m, we 
demonstrated the vehicle’s ability to track two species of zooplank-
ton, the dinner plate jellyfish Solmissus sp. and the giant larvacean 
B. stygius. Power consumption during these tests projects an opera-
tional endurance exceeding 24 hours, which will enable the vehicle 
to study animals while they undergo diel migration and other daily 
movements.

The Solmissus sp. tracking experiment verified several key Mesobot 
attributes. The vehicle was able to track the animal while it moved 
vertically or horizontally. The thrust levels were modest, and we saw 
no indications that the animal was disturbed by the vehicle. The 
video showed several interesting aspects of the animal’s behavior 
such as ramming, including a failed predation encounter with a si-
phonophore. Those observations also allowed the animal’s motions 
to be precisely correlated to its swimming speed. Although our ini-
tial trials were relatively short, these results illustrate the potential 
insights we should gain from much longer surveys.

The tracking of the giant larvacean B. stygius confirmed other 
important Mesobot attributes. Although the vehicle’s initial track-
ing disturbed the extremely fragile outer house, Mesobot was able to 
track the animal and its more resilient inner house without substan-
tial disturbance for ~40 min as the animal engaged in filter feeding. 
Although the giant larvacean was not moving actively, the pressure 
readings show that the animal was following internal waves, rising 
and falling ±6 m over a ~20-min period. The animal appeared to 
be following the ocean dynamics much like a parcel of seawater. 
Mesobot matched those motions precisely using minimal thruster 
activity, illustrating the “near Lagrangian” behavior we hoped to 
create. JAMSTEC’s PICASSO vehicle has achieved similar results, 
albeit for shorter periods (64).

Movie 3.  Bathochordaeus tracking example. Mesobot actively tracked a larva-
cean Bathochordaeus (the tadpole-like animal) as it pumps water through its inner 
house while filter feeding. The total tracking period was more than 40 min, with 
30 min of continuous tracking. While hydrodynamic disturbances from Mesobot 
destroyed the extremely fragile outer house shown in Fig. 4, we observed no dis-
turbance of the more robust inner house or the animal. The tracking exercise was 
terminated because the vessel had to return to port.Fig. 5. At-sea Solmissus sp. tracking results. These plots document system per-

formance while tracking a descending jellyfish Solmissus in the open ocean at a 
depth of about 200 m. Science camera and stereo tracking snapshots from this 
mission segment are shown at the top. The corresponding science video can be 
viewed in Movie 2. The x axes of the bottom panel show time in hours:minutes. The 
top time plot shows the target vertical position in the stereo frame. After acquiring 
the target, the vertical displacement in the stereo frame lagged slightly while 
maintaining an error of at most a few centimeters. Tracking was degraded at about 
20:47.7 when the tracking algorithm briefly locked onto another target (a very 
bright, dynamic siphonophore), but the system was recovered. The middle panels 
show vehicle/target depth and depth rate, illustrating the near-steady motion of 
the target and vehicle. The bottom panel shows the vertical force, revealing a limit 
cycle that was low in magnitude (the full-scale thrust command is 60 N). During 
this tracking exercise, the vertical thrusters operated near the low end of their dy-
namic range.
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Our first in-water tracking experiences suggest a number of im-
provements. Although our tracking algorithm shows some robust-
ness, tracking an animal over a full diel cycle will result in many 
challenges that we have not yet observed. We will use the datasets 
presented here as a training set for more modern object detection 
and tracking methods. Automatic recovery from a loss of tracking 
due to rapid target motion or overwhelming interference must also 
be improved.

We expect that Mesobot will emerge as a vital tool for observing 
midwater organisms. In addition to tracking animals for extended 
periods, we will be able to dispatch Mesobot to image and identify 

features observed from vessel biosonars. 
Mesobot is an ideal platform for imple-
menting adaptive survey and sampling 
protocols, and we are learning much 
about how to minimize animal avoid-
ance and attraction. Mesobot can survey 
and track midwater organisms while 
providing compelling imagery, which 
we hope will reveal previously unknown 
swimming behaviors, species interactions, 
morphological structures, and use of 
bioluminescence.

MATERIALS AND METHODS
Overall layout
The design of Mesobot prioritizes stable 
hovering and efficient vertical movement 
while enabling forward transit and ac-
commodating a substantial auxiliary pay-
load for other sensors and samplers. 
The vehicle is fully actuated; the thrust-
ers can exert forces along and moments 
about all three body axes. The vehicle 
has high-static pitch and roll stability, 
with the buoyant elements placed high 
and the heavy, dense elements placed low. 
All thrusters, on adjustable mounts, were 
placed carefully so that they naturally 
create decoupled motions; accordingly, 
the forward and vertical thrusters in-
duce minimal pitch moment. The con-
trol system does not actively change 
pitch or roll. The main thrusters for the 
forward/aft and vertical axes are low-
powered (limited to under 60 W by the 
control electronics), slow-moving, and 
large-diameter thrusters to minimize hy-
drodynamic disturbances. The lateral 
thrusters that create heading moment 
and lateral (sway) force are small-diameter 
thrusters to fit into the limited available 
volume. Although the lateral thrusters 
create higher disturbance than the large 
thrusters, their thrust is directed sideways 
and not toward the volume imaged.

Thrusters and motor controllers
The thrusters for Mesobot must meet 

some unusual requirements compared with those used on conven-
tional marine vehicles. For any battery-powered vehicle, efficiency 
will always be a concern. For Mesobot, additional constraints in-
clude creating minimal hydrodynamic disturbance, low-acoustic 
noise, and fine-scale thrust control to permit very stable hovering. 
Accordingly, we chose to use low-powered thrusters with large-
diameter propellers to minimize hydrodynamic disturbance created 
by the vehicle (65, 66). For an equivalent amount of input power, a 
larger-diameter propeller will be more efficient but will create a 
broader jet with lower translational and rotational velocity profiles 

Fig. 6. At-sea larvacean tracking results. These plots show tracking results for a 30-min segment while tracking a 
larvacean (see Movie 3). Science camera and stereo tracking snapshots from this mission segment are shown at the 
top. As for the previous Solmissus example, the vertical displacement in the tracking frame converged quickly then 
remained at small values (on the order of 1 cm) with a few exceptions from which the system quickly recovered. The 
short segments of poor tracking were caused by new targets (siphonophores) entering the field of view; the longer 
segment about 21:46 was caused by our adjustments to the cameras and lights. In each case, the tracking was recov-
ered. Adjustments to the tracking algorithm prevented interruption of tracking by the bright, fast-moving siphono-
phores as had occurred with the Solmissus example. The depth plot in the second panel shows that the target and 
vehicle moved vertically throughout the tracking exercise; most likely the animal was passively responding to an in-
ternal wave and acting like a parcel of ambient seawater. This result confirms that Mesobot can achieve near Lagrangian 
behavior when tracking a suitable target.
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(65), which will in turn be less disruptive to the environment. Anal-
ogously, cargo vessels with larger, slower-turning propellers do less 
damage to harbor infrastructure when they accelerate compared with 
vessels with equivalent power applied to propellers with smaller di-
ameters and higher shaft velocity (66).

Because no large-, low-powered thrusters were commercially 
available, Mesobot’s thrusters and corresponding motor controllers 
are based on customized versions of commercially available prod-
ucts. They were specifically chosen and modified to support quiet, 
efficient operation and to enable thrust control over a wide dynamic 
range, which in turn supports smooth vehicle control with minimal 
limit cycling and reduced environmental disturbance compared with 
conventional thrusters. The core of the thrusters is motors from Blue 
Robotics T200 submersible thrusters that use pressure-tolerant 
brushless motors and normally drive a 79-mm-diameter propeller 
(67). Unlike most underwater vehicle thrusters that use oil-filled de-
signs, these thrusters allow seawater to fill the gap between rotor and 
stator, relying on insulation to prevent electrical faults. In addition 
to simplicity, the lack of a shaft seal to separate the oil-filled volume 
from ambient seawater reduces friction and corresponding startup 
torque, thus improving the thruster dynamic range. The large-diameter 
Mesobot thrusters are Blue Robotics custom variants on the T200 
thruster that include an 8:1 gear reduction and drive 46-cm propellers. 
The motor controllers are open-source VESC (Vedder Electronic Speed 
Controller) controllers (68) that feature sensorless commutation, which 
reduces the number of parts and minimizes the number of electrical 
connections (three wires versus six for typical motors with sensor-based 
commutation). In addition, VESC controllers support field-oriented 
control (69), which enables low acoustic 
noise and good torque control at very low 
shaft speeds. Because the VESC control-
lers are designed for larger motors (up to 
240 A peak), the current sense resistors 
and corresponding firmware settings were 
adjusted to better measure current (maxi-
mum current, <6 A).

Cameras and lights
Mesobot (Fig. 7) carries a stereo pair of 
cameras used primarily for tracking and 
searching for targets, a color 4K video/
still camera for scientific imagery, and 
a pair of commercially available light-
emitting diode (LED) light arrays (70) 
that can emit either red (700 nm) or 
white light (~2500 K) at varying inten-
sity under software control.

The stereo camera pair uses Allied 
Vision G-319B monochrome machine 
vision cameras with Gigabit Ethernet 
interfaces. These cameras have 1/1.8′′ 
complementary metal-oxide semicon-
ductor sensors with global shutters, which 
are critical to supporting synchronized 
operation in support of quantitative 
stereo imaging. The machine vision 
cameras have excellent sensitivity espe-
cially for red light and 2064 pixels (H) × 
1544 pixels (V) resolution. They operate 

in commercial off-the-shelf (COTS) housings (Marine Imaging Tech-
nologies) with glass-domed optics, providing a 62° horizontal field 
of view and 47° vertical field of view. The cameras weigh 2.5 kg in 
air and 1.3 kg in water. They draw 2 W each at 12 V. These cameras 
were set up for a large depth of field, extending from just past the 
dome ports to infinity, thereby providing sharp focus without any 
real-time adjustment. The left camera faces directly forward, and 
the right camera is spaced at 0.28 m and rotated so that its field of 
view converges with the left camera’s field of view 1.0 m ahead. The 
cameras were calibrated in water by acquiring image pairs of a cali-
bration pattern. The MATLAB Stereo Calibrator App (71) was used 
to perform the final calibration.

Mesobot’s science camera (Sony UMC-SC3A) provides high-
quality color video (HD or 4K) and high-resolution stills (12 MP). 
The camera features a full-frame 35-mm sensor. The camera has 
outstanding low light capability (0.004 l× /ISO 409,600), compresses 
and records data to on-board memory, and is configured for remote 
control and limited viewing through a USB (universal serial port) 
port. Similar to the stereo cameras, this camera runs in a domed 
housing (Marine Imaging Technologies) weighing 11 kg in air and 
10 kg in water and draws about 6 W at 12 VDC (volts direct cur-
rent). A macro lens (Sony FE 90 mm F2.8 macro G OSS) supports 
operation through the dome without any additional corrective op-
tics. The full-frame sensor not only provides high-resolution, sen-
sitivity, and high-dynamic range but also creates a limited depth 
of field for reasonable f-stops. The field of view of the science cam-
era is 27° wide and 17° high. The lights were pointed to converge at 
the focus point of the science camera (1  m forward), and baffles 

Fig. 7. Mesobot overview. This figure shows the vehicle with the protective side “skins” removed. For pitch and roll 
stability, the flotation material is at the top of the vehicle, and the heaviest components are low. The thrusters have 
adjustable mountings and have been positioned to minimize induced pitch and roll when forward and vertical thrust 
is applied. The large, slow-moving thrusters used for forward and vertical motion enable excellent servo control and 
result in little disturbance to the surrounding water. For recovery, the vehicle can drop up to 13 kg of steel weights. 
Those weights can also be released by a number of fail-safe mechanisms to ensure that the vehicle returns to the 
surface should unexpected failures occur. When the vehicle returns to the surface, its bright yellow upper section 
make it more visible, and it also carries three flashers, a VHF radio beacon, and a GPS/Iridium unit that transmits the 
vehicle’s location via satellite.
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were installed to prevent the out-of-focus near-field volume from 
being illuminated.

Tracking system
The tracking system provides real-time (10 Hz) updates of the 
target position (range, bearing, and vertical offset) using images 
from the stereo pair. The tracking results are passed to corre-
sponding servo controllers, which close the appropriate loops to 
bring the target to the center of the tracking frame (zero bearing 
and vertical offset) while holding the range constant. The track-
ing methodologies used are based on the methodology presented 
in earlier jellyfish tracking work (53) but were updated to take 
advantage of advances in computing hardware and open-source  
software.

Although the on-board computing infrastructure has sufficient 
computational capability to support a variety of tracking algorithms, 
we chose to begin with a straightforward approach based on well-
established methods and available software libraries that do not require 
training sets. Figure 8 illustrates results from the tracking algorithms, 
which can be summarized as follows:

1) A blob detector [OpenCV (72)] that 
isolates individual particulates and or-
ganisms from each camera view. The 
algorithm accepts a number of param-
eters for target size, threshold, and shape.

2) The suitability for tracking is then 
based on targets of sufficient size that 
have the smallest epipolar error (53). 
Constraints are also applied to disallow 
targets that move too quickly between 
frames. The epipolar calculations also 
provide the range, bearing, and vertical 
offset values, which are then transmit-
ted to the servo system.

3) To deal with situations where the 
target moves out of the field of view, the 
algorithm maintains a “world frame” 
view of the target position based on the 
vehicle’s heading. Should the target be 
lost, the control system attempts to re-
acquire the target based on the coordi-
nates of that position.

From these initial field efforts, we 
now have data that we can use to develop 
training sets for object detection, classi-
fication, and tracking methods [e.g., YOLO 
(73, 74) and SiamMask (75)]. These 
data sources can also be augmented by 
FathomNet, an open underwater image 
training set that leverages MBARI’s 
30-year expertly annotated Video Anno-
tation and Reference System (76). Open-
source implementations for these methods 
are well developed for Mesobot’s on-
board computing environment (NVIDIA 
TX2). Although we anticipate many chal-
lenges due to specific aspects of Mesobot’s 
imaging setup and the environment (e.g., 
uneven lighting and low-contrast targets 

that change shape markedly), the incorporation of machine learning 
into tracking algorithms should improve performance.

Control system
Mesobot’s control system provides the necessary functions to mon-
itor and control the sensors and actuators, to implement low-level 
servo control of heading and depth, to implement the automated 
processes such as programmed missions and automatic tracking, 
and to provide fail-safe responses should unexpected circumstances 
arise. The low-level functions (device interfaces and fail-safe responses) 
are implemented in a computing environment developed for MBARI’s 
long-range AUVs (31). The LRAUV computing system provides an 
interface card (Load Controller Board) to each device, which imple-
ments the power and data communications interface (serial, analog, 
controller area network, etc.). The power control includes electronic 
switching, current monitoring, and ground fault detection.

The higher level control functions are implemented on an NVIDIA 
TX2 (77), a popular high-performance, low-powered graphic pro-
cessing unit–based computer. The TX2 communicates with the 

Fig. 8. Tracking algorithm overview. This figure illustrates the function of the tracking algorithms with snapshots 
from the jellyfish and larvacean tracking examples. These images are from the machine vision cameras that are used 
for stereo tracking. Blobs are independently identified in the left and right images, with blob size indicated by the 
green circles. Blobs are filtered by intensity, size, intensity, or inertia. Epipolar calculations are performed for all blob 
pairs in both images, and the pair with the lowest error is selected as the target. Those results are converted to range, 
bearing, and vertical offset and passed to the control system. The top panel shows an example while tracking Solmissus; 
the algorithm succeeds despite potential interference from marine snow and several siphonophores. The bottom 
panel shows an example from the larvacean tracking, where again the track remains on the desired animal despite 
the presence of several other prominent targets. The annotations in the top left-hand corner show the resolved 
tracking data, which were commanded for range 1.0 m, bearing 0°, and z position 0.0 m. This dataset will be used to 
train and test advanced object classifiers and tracking algorithms.

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 26, 2026



Yoerger et al., Sci. Robot. 6, eabe1901 (2021)     16 June 2021

S C I E N C E  R O B O T I C S  |  R E S E A R C H  A R T I C L E

10 of 12

LRAUV computing system and the cameras through Ethernet con-
nections, with data transfer implemented in Lightweight Commu-
nications and Marshalling (LCM) (78). Functions implemented on 
the TX2 and LRAUV computer include the following:

1) Thruster and sensor interfaces.
2) Background daemons for low-level monitoring of fault 

conditions and triggering appropriate responses (e.g., exceed-
ing maximum mission depth, maximum mission time, seawa-
ter intrusion, etc.).

3) Thruster allocation: transformation from body forces/moments 
to individual thruster commands, including saturation logic.

4) Heading and depth servos: closed loop control of heading and 
depth when under joystick control, mission scripts, or tracking.

5) Mission scripting capability, enabling the vehicle to execute 
survey and sampling tasks.

Oceanographic sensors
Mesobot carries a suite of oceanographic sensors. These include a 
unit to measure conductivity, temperature, depth, and dissolved ox-
ygen [Seabird GPCTD (79)] and an optical triplet [dual fluorome-
ters and optical backscatter, Wet Labs ECO Puck (80)]. In addition 
to characterizing the environment in which Mesobot is operating, 
the sensor data are available to the control system in real time, en-
abling adaptive survey and sampling. Mesobot has a flexible payload 
bay, so it can carry a variety of sensors and samplers or be config-
ured with only its core sensors.

Energy and power management
Mesobot carries a lithium-ion battery pack with a specified capacity 
of about 4.5 kWh driving a nominal 12-VDC power bus. The pack 
consists of 12 subpacks, which are each in turn composed of four 
commercial battery modules (Inspired Energy NH2034HD34). The 
decision to use a 12-VDC (4S) power bus allowed Mesobot to take 
advantage of existing LRAUV power control elements (31). A Woods 
Hole Oceanographic Institution–designed battery controller mod-
ule on each subpack enables the 12 subpacks to be balanced inter-
nally and with each other when the batteries are charged. In real 
time, monitoring information can be used to automatically end a 
dive when the batteries reach a critical level. Eleven of the 12 sub-
packs are used in normal operation; the remaining pack is used as a 
reserve, which is used should the primary subpacks be depleted. 
The vehicle’s power consumption during the active tracking phase 
of the dive averaged 93 W, so the battery pack provides enough en-
ergy for well more than 24 hours for a tracking mission with ade-
quate reserves.

Lightweight fiber optic tether
Mesobot’s tether uses 3-mm–outside diameter OFNR (Optical Fiber 
Nonconducting Riser) cable, which includes one buffered single-
mode optical fiber, a Kevlar strength member, and a polyvinyl chlo-
ride jacket. Such cable is normally used to route fiber optic network 
connections in buildings when some strength and robustness are 
required, such as vertical runs between floors where the cable must 
support its own weight. Cables can be readily purchased from a 
number of vendors in any desired length complete with connectors. 
The tether is typically 50 m in length, and weights are attached mid-
span for predictable deployment.The tether is physically dropped 
from Mesobot at the end of each mission. The vehicle end has a 
modified ST (Straight Tip) termination (81), with the ST locking ring 

replaced by a magnet. A small motorized actuator on Mesobot ex-
tends nonmagnetic ejector pins, which push the tether cable out of 
the ST ferrule, allowing it to fall away from the vehicle. The tether is 
then recovered with the SmartClump for either reuse or disposal.

Recovery aids
Mesobot carries several features and devices to enable it to be located 
when it surfaces. First, the upper part of the vehicle is painted bright 
yellow, making it easier to see when on the surface. The vehicle car-
ries three strobe lights to redundantly support night recoveries. A 
VHF radio beacon (82) can be detected when the vehicle surfaces 
and an approximate bearing determined with either a handheld or 
a ship-mounted radio direction finder. Mesobot also carries a Global 
Positioning System (GPS)/Iridium unit (83) that transmits the ve-
hicle location over an Iridium satellite connection when the vehicle 
is on the surface. The resulting position fix can be read with a web 
browser provided the vessel has an internet connection. Should the 
vessel not have a working internet connection, the location can be 
received using a handheld Iridium terminal or ashore and the re-
sulting fix communicated to the vessel by radio or satellite phone.

The vehicle is also equipped with a wireless network connection 
(Bullet M2HP). When the vehicle surfaces within ~1 km of the ves-
sel, it automatically connects to the shipboard network, although at 
longer ranges the connection can often be lost depending on sea 
state. The wireless connection allows a human pilot to drive the ve-
hicle toward the vessel and to make fine-scale maneuvers to help the 
deck crew attach a lift line onto the vehicle.

Last, the vehicle carries a set of drop weights, which can weigh 
up to ~13 kg in water. At the end of a dive, these are released using 
an electrically controlled “burn wire” backed up with a passive cor-
rodible link. The release can be activated under program control or by 
a low-level self-powered deadman circuit that is engaged automati-
cally should the primary computer system or main batteries fail.

Design summary
We have designed a marine robot to make observations of midwa-
ter targets unobtrusively, reducing effects that induce avoidance or 
attraction as much as possible. With endurance exceeding a full day, 
the vehicle can operate as a remotely operated or fully autonomous 
vehicle. Its automated tracking capabilities enable the vehicle to fol-
low slow-moving targets, and we have demonstrated those capabil-
ities on several species of zooplankton in the open ocean. Because 
these capabilities are not presently available, we anticipate that 
Mesobot will enable improved understanding of the complex daily 
lives of midwater animals. The vehicle carries a full suite of oceano-
graphic sensors and has sufficient auxiliary payload capacity to carry 
other sensors and sampling devices. The vehicle also has a number 
of practical features for fail-safe return to the surface in response 
to faults and carries multiple radio and optical devices to aid in 
its recovery.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/55/eabe1901/DC1
Fig. S1
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