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1 Proof: T-Modules are torque-balanced

Siip; x MRz =0, (1)
> MR (1) = 0, 2)
S MRz = AR'2. (3)

Proposition 1. If a module is a T-module, defined by the tilt angle n, the module is
a torque-balanced module.

Proof. By the definition of a T-module, the tilted rotors are in the axis-angle repre-

sentation, where p; = H%H is the axis of rotation and 7; is the angle that satisfies
J
m = —1n2 = n3 = —ng = 1. We apply Rodrigues’ rotation formula to obtain the
rotation matrix MR; = I + (sinn;)P; + (1 — cos nj)P? from the axis-angle pair
Dj mj, where P; = (ﬁj)x. Since a module has a square configuration, we assume
T T T T .
b, = [a,a,O] y P2 = [CL,—G,O] y Pg = [_a’ —Q,O] ) and by = [—a,a,O] . Replacmg

MR, in terms of 1) and a, the left-hand side of (1) simplifies to 2sinn (P} —P3)% = 0.
Similarly, we simplify the left-hand side of (2) to 2(1 — cosn)(P3 — P7)2 = 0. Replac-
ing R; in (3) shows that R* = I. If and only if MR; = I for all j = 1,...,4,
A = 4; otherwise, A < 4. O



2 Different Structures and force polytope

The first structure is omnidirectional. The second structure has its force polytope
(which is scaled in the z- and y-axes of {S} by a factor of 4 for better visualization)
thinner than that of the third structure. Although the wider force polytope of the third
structure indicates a wider range of tilting in hovering, the maximum payload capacity
is less than that of the second, indicated by the smaller “height” of the polytope.

connected bot-
tom to bottom.

rotors idling.

Structure Force polytope Description Characteristics Applications
Omnidirectional 3D
structure of 2 Ability to hover .
. environment
T-modules at an arbitrary imasin
with 7y = = attitude with N,
and o = -T2 half of the &

in cluttered
environment.

Fully-actuated
2 X 2 structure
composed of 4
R-modules,
used for
experiment 3.

Ability to
generate strong
lift force while
remaining
fully-actuated.

o Transporting
heavy
packages.

o Base station
for coverage
control.

Fully-actuated
2 x 2 structure
of 4 T-modules,

Ability to
achieve higher

e Transporting
delicate objects

used for tilt angles when | with attitude
experiment 4, hovering. constraints.
5, and 6.

Ability to » Navigating

Fully-actuated
5 X 1 structure
of 5 T-modules.

accelerate in

one direction
faster than in
another.

through narrow
spaces.

o Fixed-
direction
transportation.

Fully-actuated
plus-shape
structure
composed of 3
T-module of 2
types and 2
R-modules.

Ability to move
in cluttered
environments
such as a
half-collapsed
building.

e Exploring
cluttered
environment.

e Traversing
wind-disturbed
fields.

Table 1: Force polytopes of the corresponding H-ModQuad structures. The second
and third structures are the fully-actuated structures used for the real-robot experi-

ments.




3 Module components

3D-printed corner connector x8
with FormLabs flexible v2 resin
disc-shape Neodymium magnet x2
on each connector

'Tracking markers for Optitrak system

Carbon fiber rods:
.\ 20cmx8; 8cmx4; 30cmx2; 15cm x4

’3—inch tri-blade propeller ><4‘

.\ ./ [EMAX RS-1108 brushless motor ><4‘

Crazyflie Bolt control board and
AKK 20(Amp) 4 in 1 BLHeli ESC
3D-printed base

with FormLabs durable v2 resin

3D-printed motor support x4
with FormLabs tough 2000 resin

3D-printed side connector x4
with FormLabs tough 2000 resin

Fig. 1: The main components of an H-ModQuad prototype, exemplified by a T-
module.



4 Experiment

state plot
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(a) The desired and recorded position
and orientation of the structure in Exper-
iment 1.
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(b) The desired and recorded position and
orientation of the structure in Experiment 2,

tilted at 5° versus 0°.
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(c) The position and orientation of the
structure in Experiment 3, desired versus
recorded.
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(d) The desired and recorded position
and orientation of the structure in Exper-

iment 4.

Fig. 2: The trajectory tracking plots of Experiments 1 - 4.
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(a) The desired and recorded position (b) The desired and recorded position
and orientation of the structure in Exper- and orientation of the structure in Exper-
iment 5. iment 6.

Fig. 3: The trajectory tracking plots of Experiments 5 and 6.
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