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Abstract— We present the first free-floating autonomous
underwater construction system capable of using active bal-
lasting to transport cement building blocks efficiently. It is
the first free-floating autonomous construction robot to use a
paired set of resources: compressed air for buoyancy and a
battery for thrusters. In construction trials, our system built
structures of up to 12 components and weighing up to 100Kg
(75Kg in water). Our system achieves this performance by
combining a novel one-degree-of-freedom manipulator, a novel
two-component cement block construction system that corrects
errors in placement, and a simple active ballasting system
combined with compliant placement and grasp behaviors. The
passive error correcting components of the system minimize the
required complexity in sensing and control. We also explore
the problem of buoyancy allocation for building structures at
scale by defining a convex program which allocates buoyancy
to minimize the predicted energy cost for transporting blocks.

I. INTRODUCTION

Near coast underwater infrastructure plays an important

role in many of the most basic aspects of society. The

United Nations estimates that about half of the world’s

seafood comes from aquaculture [1]. Offshore wind energy

currently produces 42MW of electricity in the U.S. alone

with numerous projects expected to expand that capacity [2].

While autonomous underwater vehicles (AUVs) have been

widely explored for aiding with inspection and exploration

tasks [3], little work has been done to explore using them to

directly aid in constructing underwater infrastructure.

Autonomous construction in water presents the unique

opportunity of controlling the construction vehicle’s buoy-

ancy, which allows an AUV to build heavier and larger

structures on limited battery capacity than drone-based sys-

tems. To exploit this opportunity, we developed the first

free-floating autonomous construction system that actively

tunes its buoyancy, allowing it to manipulate cement building

blocks efficiently. Figure 1 shows our system placing a

cement block on top of a 2D pyramid.

Our AUV system is wholly designed around the task of

constructing cement block structures. It consists of several

novel components: a novel one degree-of-freedom manip-

ulator that allows simple grasp behaviors which align the

AUV, a novel two-component cement building block system

designed specifically to accept large amounts of placement
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Fig. 1: Placing the final block on a pyramid while releasing excess buoyancy.

error, and a simple active ballasting system and associated

control behaviors that offset variable amounts of weight.

While it is common to design long term autonomous

systems with backup energy sources, the balancing of two

complementary and distinct resources during a manipulation

task is, to our knowledge, unexplored. We defined a convex

program which captures the trade off between battery power

and compressed air. The convex program can be used to

plan buoyancy allocations for large structures. We use this

convex programming formulation to explore the problem of

scale more deeply than possible in our physical experiments.

To alleviate positioning and localization errors, our system

builds structures with slightly modified cement blocks com-

bined with molded cement interlocking elements, referred to

as cones. Structures are built of alternating layers of cement

blocks and cones which ensure that each layer helps the next

slide into place. Our AUV’s novel manipulator is fitted with

two phases of error correction which when combined with

our novel compliant grasping strategies allows the AUV to

slide into the proper alignment as it grasps a component.

This work represents a first step towards large scale

construction. A number of future challenges, including robust

perception and adaptation to external disturbances, will be

study of future work, as discussed at the end of the paper.



II. RELATED WORK

In our previous work [4], we developed the basis used for

controlling and localizing our AUV. The previous iteration

of our system created a structure of eight smooth, uniformly

shaped, nearly neutrally buoyant blocks. Our current system

built a structure of twelve components of two different shapes

that are significantly negatively buoyant and high friction.

We presented preliminary work on our system at the ICRA

2022 construction robotics workshop [5]. We presented

preliminary results using the buoyancy allocation convex

program but did not apply it to the question of scale. The

system contained basic versions of several of the components

described here, but the control software and hardware were

not capable of stacking blocks.

Other autonomous underwater construction systems have

primarily focused on tele-operation such as the haptic

feedback system for operating a back hoe developed by

Hirabayashi et al. [6]. Augmented reality has been explored

as a way to manipulate large objects underwater using

waterproofed construction equipment [7]. Surface-level self

propelled blocks have also been explored for building bridge-

like structures [8]. One of our goals in designing the block

the robot builds with was to keep them simple and similar to

construction materials that are easily available. Self assembly

of robotic systems in water has also been explored [9]–[11].

Land-based construction systems. Land-based robotic

construction systems have seen more development than air

and water-based systems [12]. Land-based systems have used

a variety of mobility designs including wheeled robots [13]–

[15] and tracked robots [16], [17]. Robotic systems for

autonomously laying brick walls have been explored since

the birth of autonomous construction research [18], [19].

Mobile-base 3D printing robots are currently being explored

both in industry and in research [20], [21]. Land-based

robotic construction systems typically assume easy access

to a power source or spare batteries, limiting the need for

explicitly considering energy use during construction.

Drone-based construction systems. Latteur et al. ex-

plored using drones to stack interlocking cement blocks [22],

[23]. While the problems of designing easy to assemble

cement blocks and localizing the drone were explored, this

work was tested using human pilots. The problem of battery

capacity’s effect on scale was left as future work.

The largest structure assembled by drones appears in the

Flight Assembled Architecture Installation [24] in which a

team of drones manipulated 90 gram foam blocks. Because

the construction process centers around using a large team of

UAVs, the UAVs can be easily swapped out. This eliminated

the need for explicitly considering energy usage. The con-

struction of truss structures using teams of quadrotor drones

was explored by Lindsey et al. [25] and in simulation by

Santos et al. [26]. Using drones as the base of an aerial 3D

printing system has also been explored [27], [28].

Autonomous underwater manipulation. Autonomous

underwater manipulation systems, referred to as intervention

AUVs, are often designed to be general purpose agents

fitted with complex, high degree-of-freedom manipulators

for performing tasks such as manipulating a panel or col-

lecting samples [29], [30]. Problems such as station keeping

while manipulating an object using a high-degree-of-freedom

manipulator require complex control strategies [31], [32].

Manipulating objects using teams of AUVs has also been ex-

plored [33]. Most underwater manipulators are prohibitively

expensive. Even simple models with more than one degree

of freedom can cost tens of thousands of US dollars [34] and

range up to millions of US dollars.

To overcome the cost and system complexity associated

with most general purpose underwater manipulators, we

designed our system to be as simple as possible while

still achieving the task at hand. The most closely related

autonomous underwater manipulation system to ours is the

system by Palomeras et al. [35] in which the AUV docks in

a specially designed mount before executing a manipulation

task by forcing rods into cones mounted above the panel.

This work in part inspired the compliant plunging procedures

used to grasp objects with our AUV.

Buoyant robots. Active ballasting has long been used

by autonomous and remotely operated underwater vehicles.

Compressed air coming from an above-water source was

used to offset the weight of a payload during a recovery

procedure [36]. Other AUVs have exploited compressed air

based active ballast to accommodate changes in salinity and

thereby buoyancy in estuary environments [37].

Piston tank and pump based active ballasting systems are

commonly used in underwater gliders and submarines [38],

[39]. Detweiler et al. [40] designed a robotic platform for

repeatedly accommodating dynamic payloads using a piston-

tank-based active ballasting system and compensated for

changing centers of mass by moving the robot’s battery.

Their system could accommodate up to 1 kg of payload. They

explored the trade off between using buoyancy and thrusters,

however the model is not used for planning.

III. AUV CONSTRUCTION SYSTEM

Our AUV construction system is a low-cost AUV designed

specifically for construction with cement blocks. Its hardware

and software are co-designed to achieve robust assembly

while keeping complexity low.

A. Error correcting cement blocks

Our AUV builds structures using a novel two-component

process in which layers of error correcting cone inserts

provide passive error correction when inserted between lay-

ers of standard, commercially available rectangular cement

blocks. To facilitate sliding error correction, we ground slight

chamfers into the sides of the internal holes of the cement

blocks. The cone inserts weigh 3.9Kg (3.2Kg in water)

and the rectangular blocks weigh 12.9 kg (9.5Kg in water).

Figure 2 shows the cones and blocks.

The cone inserts are made of two part molded cement.

The top half (yellow in Figure 2) is made of a 30% by

volume perlite mix and the bottom half (orange in Figure 2)

is embedded with bolts in the tip. This creates an asymmetric
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“Floating underwater manipulation: Developed control methodology
and experimental validation within the trident project,” Journal of

Field Robotics, vol. 31, no. 3, pp. 364–385, 2014.
[33] E. Simetti and G. Casalino, “Manipulation and transportation with

cooperative underwater vehicle manipulator systems,” IEEE Journal

of Oceanic Engineering, vol. 42, no. 4, pp. 782–799, 2017.
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