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Abstract
Alfonso Parra Rubio,Dixia Fan, Benjamin Jenet, Jos
Ferrandis, iippos Tourlomousi, Amira Abdel-Rahm
In this study, we present a method to construct meter-scale deformable structures for underwater robotic by Preiss, Jiri T ! Triantafyllou, and Neil |

discretely assembling mechanical metamaterials. We address the challenge of scaling up nature-like deformable structures Modular Morphing Lattices for Lerge-Scale Underwa
while remaining structurally efficient by combining rigid and compliant facets to form custom unit cells that assemble into :Z:""::;“":Z‘“A'jzzm o

Iattices. The unit cells generate controlled local anisotropies that architect the global deformation of the robatic structure. D D e

The resulting flexibility allows better unsteady flow control that enables highly efficient propulsion and optimized force

profile manipulations. We demonstrate the utility of this approach in two models. The first is a morphing beam snake-like . August9, 202
robot that can generate thrust at specific anguilliform swimming parameters. The second is a morphing surface hydrofoil Online Ahead of Print: February 2, 2023

that, when compared with a rigid wing at the same angles of attack (AoAs), can increase the lift coefficient up to 0.6. In
addition, in lower AoAs, the L./ D ratio improves by 5 times, whereas in higher angles it improves by 1.25 times. The
resulting hydrodynamic performance demonstrates the potential to achieve accessible, scalable, and simple to design and

assemble morphing structures for more efficient and effective future ocean exploration and exploitation. Robot actuator J| Soft robotics
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re to solve state
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problem for linear homogeneous agen e agents are

eterogeneous, the previous notion of graphical games car used anymore and a

new definition is required. In this paper, we define  novel concept of differential
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urbances, which contain the pr

10 external unmodeled

d graphical game for homogeneous

ve both the output

special case. Using ou

ed Hamiltos uations, which are, in general, Impossible to solve

analytically. Therefore, we propose a new actor-critic algorithm to solve these coupled
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RO 2.1: Methodology for collaborative assembly of
modular structures

K. Hengster-Movric, J. Zemdanek

o Generate the construction plan and low-level local strategies from
their high-level goal.

o Develop distributed self-assembly methods, possibly via
biologically inspired control paradigms.

o Coordinate multiple assemblers/robots by collaborative control,
cooperative consensus of multi-agent systems, or simultaneous
manipulation by force fields.
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RO 2.1: Methodology for collaborative assembly
of modular structures
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RO 2.1: Methodology for collaborative assembly
of modular structures
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RO 2.1: Methodology for collaborative assembly of
modular structures
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This paper proposes an algorithm for decomposing and possibly distributing an optimization prob
naturally emerges in distributed manipulation by shaping physical force fields through actuators d Abstract Tocite this article:

Alfonso Parra Rubio, Dixia Fan, Benjamin Jenett, Jos|

in space (arrays of actuators). One or several manipulated objects located in this field can “feel the _ _ Ferrandis, Filippos Tourlomosis, Amira Abdel-Rahm)
In this study, we present a method to construct meter-scale deformable structures for underwater robotic applications by Preiss, Jiri Zemének, Michael Triantafyllou, and Neil
discretely assembling mechanical metamaterials. We address the challenge of scaling up nature-like deformable structures Modular Morphing Lattices for Large-Scale Underwal

Robotic Structures.

while remaining structurally efficient by combining rigid and compliant facets to form custom unit cells that assemble into
Soft Robotics. Aug 2023. 724736,

lattices. The unit cells generate controlled local anisotropies that architect the global deformation of the robotic structure. http://doi.org/10.1089/sor0. 2022.0117

The resulting flexibility allows better unsteady flow control that enables highly efficient propulsion and optimized force

profile manipulations. We demonstrate the utility of this approach in two models. The first is a morphing beam snake-like Published in Volume: 10 Issue 4: August 9, 202|
robot that can generate thrust at specific anguilliform swimming parameters. The second is a morphing surface hydrofoil Online Ahead of Print: February 2, 2023

that, when compared with a rigid wing at the same angles of attack (AoAs), can increase the lift coefficient up to 0.6. In

addition, in lower AoAs, the L[ D ratio improves by 5 times, whereas in higher angles it improves by 1.25 times. The Topics

resulting hydrodynamic performance demonstrates the potential to achieve accessible, scalable, and simple to design and

assemble morphing structures for more efficient and effective future ocean exploration and exploitation. Robot actuator B Soft robotics
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RO 2.2: Methodology for control of assembled
modular structures

Z. Hurdk, M. Sebek, J. Zemdnek

o Develop accurate (with quantified uncertainties) yet simple
mathematical models for model-based control.

o Explore data-driven approaches.

o Treat and exploit nonlinear and weakly damped dynamics.

o Exploit the module interconnection structure that heavily
influences these systems’ dynamic behavior.
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RO 2.2: Methodology for control of assembled
modular structures
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Decentralized Design of Distributed Observers for LTI Systems

Xueji Zhang

, Member, IEEE, and Kristian Hengster-Movric

, Member, IEEE

Abstract—This note p a novel decent
osed design of dlslrlbuied observers for general continuous-time
linear time invariant systems. Each observer can only observe
a portion of the system. By transforming the system to a real
Jordan canonical form, an observability decomposition is per-
formed based on Popov—Belevitch-Hautus test. Each observer re-
constructs observable states from its local measurements. The
unobservable states are reconstructed relying on a communica-
tion network, by virtue of synchronizing region design in pinning
control theory. The required graph connectivity is milder than
strongly connected graphs. The propcsed d95|gn |s decemrallzad
in the sense that ns comp p
via solving | lity algebrai Fllccatl Juati The
computational plexity is thus i of the total number
of agents in the graph, exhibiting a high level of scalability on large
networks. Another key feature of the proposed design is that the
rate of estimation errors can be tuned to be arbitrarily
fast. Numerical simulations demonstrate the design procedure and
the corresponding performance.

Index Terms—C ive control,
tributed observer, Jordan form.

design, dis-

I. INTRODUCTION

In the past decades, with rapid advances and integration of com-

puting, communication, and sensmg, technologies, embedded sensors
L hiliviac baa b domlosad &

distributed observers with finite-time convergence are studied in [14],
[15], [16]. Special structure of the system, including a scalar measure-
ment, is required in [14] and [15], making their applicability rather re-
stricted. In [16], finite-time convergence of estimation errors is achieved
with parameter estimation-based observers. Though the authors claim
that the existence of an open Hamiltonian walk—a condition milder
than strong connectivity—is imposed on the communication network,
itis only the last node in that walk that can reconstruct the full state of
the environment. It is clearly stated in [16] that the existence of a closed
Hamiltonian walk is still required if all nodes need to reconstruct the full
state, and this means the digraph still needs to be strongly connected,
(see [17, Sec. 1.5]). Approaches, somewhat similar to that presented
in this note, are studied in [18] and [19], where the state-space is first
decomposed into observable and unobservable subspaces. Distributed
observers with freely assigned convergence rate are designed by solving
linear matrix inequalities in [18] on strongly connected digraphs, facil-
itated by the fact that each digraph has an associated undirected graph.
Decentralized designs are studied in [19] for both strongly connected
and more general digraphs. However, the orthonormal transformation
matrix employed in that work needs to be carefully selected for each
agent to make the convergence rate freely a

In this note, based on a Jordan lmnsfurmdllan and observability

decomponlmn we present a novel decemmllzed and decomposed
docs L i 1T L

Control Engineering Practice
Volume 139, October 2023, 105629
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Fig. 1: (@) The rigid face, (b) the compliant face, an assem-
bled voxel (§). and Larger suucture ) 3: Demonstation of the real actuated voxel @ at rest;

6 tled o te ket ) tilted 10 the right

4P e

Data-driven Feedback Control of Lattice Structures
with Localized Actuation and Sensing

Dominik Fischer, Loi Do, and Jifi Zeminck

Abstruc— Lattices are periodic structores cansising of dis-
ree bl Macks, cvblag the cumparition of b, b

reconfigurable objects. Becae of the
s malerak ar being rronchy by

tiams of various m-(u-r- aind even robotic systeims (rom digital
the existing likrature has predominantly

i this paper, we present # povel

of e wrictures.
namics. We

apprvach les in its purely data-driven nature, not Felviog on
stem’s structure. We illustrate
il Bexible Lattice beam,
complish various tisks even with
m sensing and actuation resoarces. In_particular. we
address two peoblesns: stabilization tegether wilh disturbance
aticnuation, and referenee tracking
Tndex Term—lattice stroctures, digital materials, evtended
o o devopstion. Konpan et prediine oo
trol

L. INTRODUCTION

Luttice stuctures are commonly found in nature and
their high siffocss-to-weight ratio is onc of the reasons
why rescarchers across multipk domains, such as robofics
civil cagincering. and architecture, have been studying these.
materials. Such structures arc also referred 10 as digital
structures, as they are compased of discrete clements insicad
af continuous matir. The periodicity of lattices allows for

i decomposition into repeated discretc blocks. Amranging
buikding clements in fepeating patiers is also typical for
i - Al el 0 s 2 o
entional propertic:

Having discrete ocks simplifics the process of mking
changes and ropains to the system since malfunctioning
blocks can be casily replaced. Along with that, reconfig-
wrability, modulasity, and replicability are amoag the main
reasons why digital structurcs are suitable for many appli-
cations. Unlike the conventional approaches 1o fabrication,
this approach cnablcs the avembly of large, hetcrogencous
structures by combining individual blocks with (possibly)

This work wis sppeed by D G Ageny of the Cioch Techaical
Uepmersiy @ Pragu: SG82 KVAT/I3

Do Fy . Zemiock e, wih sy o
i Engcring Coech Techmeal Unieeity 8 Pagae |

Teodoos  Actiasod Joint  Actuatod wixel

Fig, 4: Comparison of actuators type

separate distinct module, an actuated join. In contrast, the

actastion mechanism prescoied in s poper s sel-contained

in a single voscl. Additionally, the bousing voxel is identical

10 other building blocks, which simplifies the construction

o s orenl v S Fig. @ for an illustration of
the

different propertics. Addtionally, discretc strocture allows
Addieeety = differcaces beoween

s
dominantly studicd in con. €. Sensing Voxel
nection to their structural design (1], 21, (31 [4] and static Foe
behavior 5], Compechensive description of feed-forward and
integral force feedback control of attice.structured sstllies
was given in [6]. In recent years the focus has been shifting
0 owads sadying axd conrlig th dyranic poperies
In [7], the suthors
m-...-.m by assembling boilding clements into @ latice:
morphing snake-ike robot
Active control was introduced into these structures allowing
the wing (0 change shape and the robot to achieve swimming,
nature-inspined motion. Amoag other fields where digital D. Problem Defnision
material find relevance are soft robotics, production of wear- Consider a gencral (arbitray) voxel-latice structure with
able devices, prosthetics (8], as well as optimized electronic fixed armungement of cmpty, actunted and sensing voncls. We
devices [9). Posible applications of digital metamaterials assume, that the strcture’s armangement allows controlling
extend even 10 the constnuction of spuce structures 10, 1 cutget y wih s fupet
showcasing their diverse pocatial
Our primary focus is o sinxtures akin 1o those pre-
seated in (7). These structures have so far boen subjected Front View Side View
10 precomputed input sequences, leaving space for more
advanced control algorithms 0 be explored and applicd. In
present a novel mechanism of actuation of
digital lattice stroctures and develop @ syskematic method
for feedback control synthesis. Controlling digital structures
presents a challenge. This is mainly because of the involved
process of obtaining  dynamical model of a structure
with many distinct buikding blocks. Furthermore, flesible
st mamesly et osiver i n it of

messuring the systen’s motion, we use an inertial
measurcment unit (IMU) inserted into a voxel, see Fig. [§
Comparably 10 the actusted Yol the seasing is .m ml
el We created
ng. oy righd faccs, bt eat optons coud aho b v
possible with mipor changes 1o the construction. We used
MPU9250 IMU, which allows measurcenca of acceleration,
angular speed, and (cstimatcd) oricatation along all three
anes.

Fig. §: Sensing Voxel

that we opted for eiven modk
e Extcndd dynamic mode decomponition (EDMD) ago-
rithm [11], Using the EDMD, we were abic to obtain a lincar
predictor, allowing us 10 use standurd lincar control synthesis
thods. We use Lincar Quadratic Regulator (LQR) and
Koopman Model Predictive Control (KMPC) 10 address the
tasks of stabilization disturbance ateuation. and reference
tracking. The steps taken and results presentcd in this paper
will facilita the solution of more complex tasks and expand
the potential applications of digital lattice-hased structures,

11 SYSTEM DESCRIPTION AND PXOBLEM DEFINITION
A, Cuboctahedron as Building Block

We focus an e srcues whers he wq.k m.umg
block X
lar and six square faces. |n.-..n.n.‘|. we .xd.‘u aconstrection
design developed by the Center for Bits and Atoms a1 MIT
published in [12). We asemble a singe cuboctahedron by
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is used

Furthermore,
1o maasu the position of 110 Marspulaiod otjects in 30 (and the full 3D is needed 1o dkC-
trophorasis since particies kvilak 800V 1he alectiodd amay), Thanks 1o dighal holograpty, 1he.
Gevice has a relatvely D3 NI of view (compared 1o comventional miscroscopes) and neads

naither lanses nor
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1 Introduction
Non-contact manpulaion of mcro-s2ed object i esental in

Tho e psaoniog o e o o e b s
rally required for numerous tasks, incloding buc 0o limited (0

ponents ineo functional units. Over the years, researchers have

sive review see Fassi and Shipley®). By exploiting these forces,
researchers aim to overcome the limitations imposed by tradi-

ot o G . ek o S b, Conk Tl
i LV, P, Cohin . +420:22035 708,

sttt {gests s opiene,

ackadod ], See DOE
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w papor

tional contact-based manipulation Techniques, which can be im-
Con.

soquendy, the development of non-contact manipalation tech-
niques has gained significant atiention, paving the way for novel
advancements and applications in various domains. Here, w
present navel compact platfarm designed for non-contact manip.
ulation of muliple micro-sized objects.

In this paper, we focus on manipulation by dielectrophorests
(DEP). DEP is 2 physécal phesomenon where 3 force acts on & po-
lartzable objoct surrounded by 3 spatially varying electrical icld.
By shaping the slectrical fiekd both in space and time, the position
of 3 manigulsted object can be controlled. DEP has the advan-
tage of being relatively simple from an instrumental pesnt of view

electrodes are needed. This simplicity makes DEP an sturactive
tochnique for various applications, including csll manipulation,
paricle soming, and microassembly. By exploiting the dielectric
properties of particles or cells, DEP enables precise and selective
contact, ng

Sl Mo o okl 18] 11
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