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Abstract— Electrical motor and hydraulic actuation widely-
used in robotics are “internal actuation” with their actuators
sitting at the joint between two links. This internal actuation
is fundamentally limiting to construct a large-size dexterously-
articulated robot, since any external force (and its own link
weight) is to be accumulated to the base multiplied by the
moment arm length, requiring extremely strong/sturdy base
actuator/structure as the system size increases. In this paper,
we propose a novel robotic system, LASDRA (large-size aerial
skeleton with distributed rotor actuation), which, by utilizing
distributed rotors as ‘“external actuation”, can overcome this
limitation of internal actuation and enables us to realize large-
size dexterously-articulated robots. We present its design and
modeling, joint locking strategy to increase its loading capa-
bility, and also a novel decentralized control scheme to allow
for compliant operation with scalability against the number of
links. Trajectory tracking and valve turning experiments are
also performed to validate the theory.

I. INTRODUCTION

Large-size robotic systems with dexterously-actuated
limbs and skeleton structures have been the subject of our
imagination, frequently witnessed in the form of mega-
robots in numerous sci-fi movies and animations. Even so,
physical realization of robotic systems with such large-size
and dexterously-actuated many degree-of-freedom (DOF)
motion has been very rare, and, even those realized far short
from our imagination and the depictions. Some examples
include: Kuka Titan 1000 [1] (6-DOF motion, electrical
motor actuation, 3.6m height, 4.75ton weight), Kuratas [2]
(30-DOF motion, hydraulic actuation, 4m height, 4.5ton
weight), and Method 2 [3] (24-DOF motion, electrical motor
actuation, 4.15m height, 1.6ton weight).

This mismatch, we believe, can be attributed to the fun-
damental limitation of the two most dominant actuation
technologies in robotics: electrical motors and hydraulic
actuation. More precisely, these two actuation technologies
are all “internal actuation”, that is, their actuators (e.g.,
rotational motor or hydraulic piston) are situated at the joint
between two links. This then means that any external force
acting on one of its links, including its own weight, is to
be accumulated to the base, multiplied by the moment arm
length from that (e.g., required control actuation quadrati-
cally increasing w.r.t. the link number - see Fig. 4 in Sec.
IT). This further implies that, to realize such a large-size
robotic system, the base actuator should be extremely large
and the base joint extremely sturdy to withstand even a small
external load (or even only its own weight) through the
long-reach of the large-size links. In fact, this fundamental
limitation can be seen from the fairly heavy weight of all the
aforementioned large-size robots (i.e., around 1ton weight for
2m height).
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Fig. 1: Two-link LASDRA system consisting of two rigid links,
each fully-actuated by distributed rotors, and spherical joints be-
tween the links to maximize motion dexterity.

In this paper, we propose a novel robotic system, LAS-
DRA (large-size aerial skeleton with distributed rotor actu-
ation), which, by utilizing the distributed reversible rotors
as a means of “external actuation”, can overcome those
fundamental limitations of the electrical motor and hydraulic
internal actuation technologies as stated above, and, conse-
quently, enables us to realize a large-size and dexterously-
articulated mechanical system. An example of this LASDRA
system is depicted in Fig. 1, which consists of multiple rigid
links, each fully-actuated in SE(3) by distributed rotors as
designed in [4], and the spherical joints between the links to
maximize its motion dexterity. Then, if some external force is
on one of the links, it can be locally sustained by that very
link (together with the weight of the link itself), as long
as the actuation of the link is strong enough. In this way,
we can avoid the issue of load accumulation to the base of
the internal actuation. Of course, given the limitation of the
currently-available rotor and power technologies, for some
applications, it may be difficult to construct each link to be
strong enough to withhold the required interaction wrenches.
For this, we can utilize the strategy of joint locking, that is,
by locking some spherical joints of the LASDRA system,
external wrench on one link can be “spread” throughout the
set of the locked links, thereby, increasing the loading capa-
bility of the LASDRA system while sacrificing some motion
dexterity. This joint locking can be applied to render the
LASDRA system as the combination of articulated segments,
each composed of several joint-locked links. The target
loading rating of the LASDRA system is also not as large as
that of those large-size conventional robots mentioned above,
although its size much larger than theirs (e.g., 10-20m size
with 3-5kg loading rate).

The LASDRA system, due to its adoption of external
distributed rotor actuation, is much lighter than its motor or
hydraulic counterparts (e.g., less than 10kg for 3m height -
see Sec. V). It can also operate in a gravity-defying manner,
allowing for applications, that require long-reach operation
in narrow long space (e.g., painting of partitioned ship
interior). The design of the LASDRA system, that consists



Fig. 2: Some envisioned applications of the LASDRA system: (a)
fire-fighting in urban high-rise building (from the top); (b) painting
task through narrow long horizontal space with partitions; and (c)
large-size flying animating character in night sky with LED lights.

of multiple links and spherical joints, is also amicable to
modularization and easy to fold down, which, together with
the light weight, would make the LASDRA system portable,
suitable for deployment in densely-populated urban areas.
The LASDRA system may operate tethered to power supply
if long time operation and/or high loading capability is
desired; or untethered with battery if necessary to fly high.
Inheriting the backdrivability of rotor-actuated aerial plat-
forms (e.g., [4], [5]), this LASDRA system is also capable
of compliant interaction with external environments (e.g.,
impedance control possible). See Fig. 2 for some envisioned
applications of the LASDRA system.

This LASDRA system stems from the line of our previ-
ous research on the aerial manipulation: quadrotor-tool and
quadrotor-arm systems [6], [7], SmQ (spherically-connected
multiple quadrotors) system [5], and, particularly, ODAR
(omni-directional aerial robot) system [4], [5]. The idea of
using multiple quadrotors as actuators was also explored
in [8]-[10], yet, all these works [8]-[10] consider only the
case of arranging the quadrotors (and their rotors) all co-
linear, aiming to increase the vertical payload, not to achieve
dexterous articulation. Recently, large-size pneumatic soft
robots were proposed in [11], [12], yet, due to their relying
on pneumatic actuation and soft structure, their loading
capability is limited with the precise control difficult as well.
Also, related are the works of [13] (flying humanoid with
thrusters) and [14] (rigid object manipulated together with
robot arm and freely-rotating quadrotor), yet, in both of
them, the thrusters or quadrotors are utilized only for flying
modality or to assist the robot manipulating the rigid object,
not to attain dexterous articulation of structures as done in
this paper. In fact, to our knowledge, the idea of utilizing
the rotors used in aerial robotics as distributed actuators to
achieve a large-size dexterously-articulated structure while
recognizing its nature of external actuation to overcome the
fundamental limitation of the conventional internal actuation
to realize such large-size dexterous structures is proposed in
this paper for the first time.

The rest of the paper is organized as follows. In Sec.
II, some properties of external actuation are discussed as
compared to internal actuation. The LASDRA system is
then introduced in Sec. III with its kinematic and dynamic
modeling. The decentralized control of the LASDRA system
exploiting the backdrivability of rotor actuation is derived in
Sec. IV. Experimental results of the motion and interaction
control the LASDRA system are presented in Sec. V. Sec.
VI concludes the paper with concluding remarks.

II. INTERNAL ACTUATION VS EXTERNAL ACTUATION

The LASDRA system utilizes distributed rotors as means
of external actuation. These rotors render each of the links
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Fig. 3: Illustration of the n-link system with internal actuation
(top: with joint torque ;") and external actuation (bottom: with

force and torque, (u, 7;'), generated by distributed rotors).

fully-actuated in SE(3), thereby, alleviating the issue of load
accumulation toward the base, a fundamental limitation of
internal actuation for constructing large-size dexterously-
articulated structures. To better see this, consider the n-
link articulated system as shown in Fig. 3, which fully
stretches horizontally with the same mass m and length
L and experiences a downward load Fjyqg at the tip of its
distal link. Then, with the internal actuation (e.g., electrical
motors), the required control torque 7,™ to sustain the load
can be computed to be:

. " 1
7_'Ilcnt :Z(j_k+§)mgL+(n—k+1)andL (1)
=k

whereas, with the external actuation (bottom of Fig. 3), to
sustain the load Fjo,q, the control torque and force (75, u{™")
should satisfy the following relation:

1 - 1
T8 = (0~ kit S)mgL + Foual — | Y uf = Sui | L
j=k

2

Now, assume first that we do not use control force (i.e.,
us™ = 0). Even in this case, we can see from (1)-(2)
that, for the case of internal actuation, the required control
torque is quadratically increasing w.r.t. the link number n,
whereas, for the case of external actuation, it only increases
linearly w.r.t. n. Even more striking contrast appears if we
consider the case of external actuation with local gravity
compensation (i.e., uz‘” = myg), for which we have T,:"‘t
FioaaL (.e., constant!), Vk = 1,...,n. See Fig. 4 for this
analysis for a ten-link system. This then unequivocally shows
that the conventional internal actuation is fundamentally
limiting to construct large-size articulated systems, and the
external actuation would be more proper for that purpose
by providing completely different mechanism to propagate
the load throughout the system as compared to that of the
internal actuation.

The above analysis also shows that, with the external
actuation, each link would need to be strong enough to
withstand the contact load, individually. Given the currently-
available rotor and power technologies, this may not be easy
to attain for some applications. For this, we can utilize the
joint locking strategy, that is, by locking some of the spher-
ical joints, some large external load can be spread through
the set of the locked links, thereby, increasing the loading
capability of the LASDRA system while sacrificing some
motion dexterity. See also Fig. 6 for a joint design example
for this. To show the efficacy of the joint locking strategy, we
perform a simulation, where a three-link LASDRA system
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Fig. 4: Required control torque to sustain the load in Fig. 3 with
Fload = 20N, m = 1kg, L = 1.5m: 1) with internal actuation
(blue: quadratic w.r.t. link number); 2) with external actuation with
no control force u{*" = 0 (red: linear w.r.t. link number); and 3)
with external actuation w1th u$™ = mg (yellow: constant regardless
link number).

is situated in its sagittal plane (i.e., (x, z)-plane) with the
pitch angle of the three links given by (6; = 60°, , = 15°,
s = —30°). We also set the link mass m = 2kg, link
length L = 1.5m, and maximum rotor thrust 9.7N, all
similar to the experimental setup in Sec. V. We can then
compute the interaction force at the third-link tip, that can
be sustained with or without joint locking. We only consider
the locking of the second and/or third joints for this. The
space of this sustainable interaction force is then shown in
Fig. 5, from which we can see that, with the joint locking,
the space becomes much larger, manifesting the efficacy of
the joint locking. Note also from Fig. 5 that, with the joint
locking, even with bounded rotor actuation, the system can
still endure infinite force along some direction, which turns
out to be the singularity direction along with no motion
possible.

III. SYSTEM DESCRIPTION AND MODELING

The LASDRA system consists of multiple rigid links,
each fully-actuated in SE(3) with distributed rotors as the
means of external actuation, and spherical joint between the
links to maximize its motion dexterity. See Fig. 1 for an
example of the two-link LASDRA system. To render each
link to be fully-actuated, in this paper, we adopt the optimal
design of ODAR [4], [15], which utilizes asymmetrically-
attached eight rotors to attain the control actuation enough
to fly only with onboard battery and also to provide control
redundancy to circumvent the issue of sluggish direction
change of the reversible ESC (electronic speed control) with
sensor-less BLDC (brush-less direct current) motors (i.e.,
actuation singularity due to zero-crossing [15]). Of course,
the results presented in this paper are by no means bound
to a specific link design, and a general design optimization
framework of the LASDRA system given a set of target tasks
is a topic for future research

The control wrench (u?, T 7P) € se(3) of the i-th link of the
LASDRA system expressed in the body-frame B; of the i-th

link is then given by
b
Uil — B
{Tb} B B/LA/L

K2

where B; € R6%® is the (constant) thrust mapping matrix
determined by the geometric distribution of the rotors and
Ai € B8 is the thrust vector generated by the eight rotors.
In Sec. IV, we will design the control (u?, 7?) for each link
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Fig. 5: Space of the sustainable interaction force at the tip of
the third link of the planar LASDRA system with or without joint
locking: only locking of the second and third joints are considered.
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given the system-level control objective. This (u?, 77) is then
assigned to the eight-rotor thrust \; € %% s.t.,

X = Bju! + Np,uly ;

where BJr 586 is the pseudo-inverse of B;, Np, € R8*2
is the null space matrix of B; and u Ni € R2 is the
components of A; in Np,. We choose ub i to be the infinite-
norm minimizer (to avoid rotor saturation) under the selective
mapping (to avoid rotor zero-crossing), for which we utilize
the closed-form expressions provided in [15] as well. This
issue of thrust mapping is not the main concern of this paper
and we refer readers to [15] for more details on that.

All the links of the LASDRA system are connected via the
spherical joint between them to avoid any restriction on the
rotational motion, thereby, maximizing the system motion
dexterity. Commercially-available spherical joints, yet, have
fairly limited rotation range [S]. Due to this limitation, here,
we instead adopt PVC (polyvinyl chloride) ropes to connect
the two links - see Fig. 6. With the ropes tightened, these
PVC ropes turn out to behave similar enough to the spher-
ical joint (i.e., high-stiffness position constraint with low-
compliance rotation motion) - see the experimental results in
Sec. V. We also design the joint locking mechanism as shown
in Fig. 6: with the branched ball-and-socket mechanism, it
can lock the two links at a certain relative angle with each
other. In this paper, we do not implement this joint locking,
although analyzed in Sec. II. Mechanism design for this joint
locking and its experimental validation is the topic of our
ongoing research.

With the spherical joint (via the PVC ropes), we then have
the following kinematic constraint and its time derivative for
each link:

i—1
ZRjr?’jH—i—Rirf’ci, i=1,...,n 3)

i=1
P?:*ZR S(r J]+1

where pg,p¢ is the center-of-mass position and velocity of
the i-th link expressed in the inertial frame O, w? € R3 is
its angular velocity expressed in B;, w® := [wl;--- ;uwb] €
3" is the combined angular velocity of all the links, R; €
SO(3) is the rotation matrix from B; to O, r?,,, € §R‘3 i

the position vector from the i-th joint to the (i + 1)-th joint
expressed in the body frame 3; with ¢; denoting the center-

of-mass position of the ¢-th link, and n > 1 is the number

2

- R; S( T cz) 1b:: Jiwb (4)



Fig. 6: Joint designs of the LASDRA system: spherical joint with
PVC ropes connecting two links to maximize motion dexterity
(left); branched ball-and-socket mechanism for joint locking (right).

of the links, J; € R#3*3" is Jacobian for translation velocity,
S(-) € R3%3 is the skew-symmetric matrix mapping of the
vector such as S(a)b = a x b. Throughout the paper, z°
and x° of the i-th link represent x expressed in O and B;.
Due to this constraint (3), the motion of each link reduces
from SE(3) to SO(3) (relative to its preceding link), and the
motion-DOF of the n-link LASDRA system from 67 to 3n.

The LASDRA system is envisioned to be constructed with
many links and with various topological structures. Due
to this reason, for the modeling, control and analysis of
the LASDRA system, we aim to rely on the Newton-Euler
formulation (i.e., maximal coordinates [16]) rather than the
Lagrange formulation (i.e., generalized coordinates [16]) to
make the results scalable and also possibly decentralized (see
Sec. IV). This Newton-Euler dynamics formulation is then
given by: for each link of the LASDRA system,

mip? +miges = Roul + Rif? — Ria flq (5)

Iiw? + S(w?)Jiwi’ = Tz'b + S(TZi,i)fib
*S(TZi,i+1)R§+1ff+1 (6)

where m; € ® and Z; € 23*3 are the mass and the moment
of inertia of the i-th link, u?,7? € R3 are the control force
and the torque expressed in B;, f? € R? is the internal force
applied to the preceding link side of ¢-th link and e3 =
[0;0;1] is the z-directional basis vector. Since the spherical
joint allows free rotation, the internal wrench in (5)-(6) is
only the internal force f;, f;+1. In this paper, we also assume
the interaction with external environment takes place only at
the last n-th link possibly with some end-effector attached
there. Then, the dynamics of the n-th link will still be given
by (5)-(6), yet, the internal force only from the (n — 1)-th
link and the external force f.,; acting on that.

IV. DECENTRALIZED IMPEDANCE CONTROL DESIGN

We envision the LASDRA system to be constructed with
many links in various topology. For this, it is desirable to
design the control to be scalable and modular, particularly
for commercialization. This then suggests the direction of
decentralized control. At the same time, the rotor-actuated
aerial platforms are known to be backdrivable [5]. This then
means that each link of the LASDRA system is not only
fully-actuated but also backdrivable, thus, it would be rather
straightforward to attain its impedance control for compliant
interaction, which then would allow for not only the stable
interaction with external environment but also the prevention
of excessive internal force build-up at the spherical joints.
Along this reasoning, here, we design the decentralized
impedance control of the LASDRA system, and also analyze
some of its important theoretical properties. For this, we
also adopt high-stiffness impedance control for the rotational
motion, as it completely specifies the configuration of the

LASDRA system with the spherical joints, whereas high-
compliance (i.e., low-stiffness) control for the translational
motion to reduce the internal force at the spherical joints.
We then design the decentralized impedance control
for each link as follows: given the desired orientation
R; 4 €SO(3) and its resultant position Did € R3 from (3)
(e, pf 4= => R; dr i1+ Riar; m) which are formulated

from the high- Tevel des1red behavior of the LASDRA system,
uﬁ’ = Ri [miges +mip; 4 + kaépi + kpep,i] @)
7 =wl x Tw? — krer, —

krer;
Rz dwf d) (8)

where e, ; := p¢ —pj, € R? is the position error, ep, =
(REdRi — RTR; 4)V € R3 the rotation error, e, := w’ —
R?Ri,dwg 4 € 3 the angular velocity error, e Ii= f ew,i+
veg,idt € R? the error integral kp,ka, kR, kw, kr,v € 3 are
control gains and Rl 4= R R; 4. Note that the control (7)-
(8) are decentralized, as it only includes the its own link state
information (p¢, R;, p?, w ) and feedforward terms available
to all the links.

Then, the error dynamics can be derived by applying the
control inputs (7)-(8) to the link dynamics (5)-(6) s.t.,

Mi€pi + kabpi + kpepi = Rif? — Ris1firy )
Tibw,i + kwew,i + krer,i + krer; = S(rl; l)ff’
- S(rlgi,i+1) f+1 (10)

As mentioned above, with the spherical joint constraint,
SE(3) dynamics can be reduced into SO(3) rotation dy-
namics, thus, this error dynamics (9)-(10) can be reduced
to e,,-dynamics. For this, we rewrite e, ; as a function of
w;, R; using the spherical joint constraint (3) s.t.,

épi = RiS(ewi)rf o + RiS(R; qwi g)(I — R} )i o (11)

kwew,i -

i b
i)Ri,dwi,d -

+ZR S(ewi)r ;o1 + RyS(R

J=1

de ) — R; d) Tji+1

The reduced rotational error dynamics can then be obtained
by recursively substituting the internal force f; in (10) by (9)
and e, ; by (11) from the link n to 1. After substituting it,
by collecting the n-links reduced rotational error dynamics,
the total rotational dynamics can be expressed as following
matrix and vector form:

Mé,,

+ (Kw + K4+ C(wb))ew + Krer + Krey =

D — C(RTRde)ew (12)

where M, C(w®) € R3>¥3" are the combined inertia and
Coriolis-like matrix, Kg, K,, € R3"*3" are gain matrices
and D € R3™*! is the disturbance vector from metric
difference between ey, e,, and w®, wY, e, er, er € R>" are
the combined angular velocities and error vectors of n-links
and R = diag(Ry, -, Ry),Rq = diag(R1,4, -+ ,Rn,a) €
R3nx37 are the block diagonal matrix of R; and R;q
respectively. Expression of each matrices are summarized in
appendix. Note that, in the matrices of (12), all the matrices
are symmetric except C.

Proposition 1 The error dynamics (12) possesses the fol-
lowing properties:



1) M —2C(w®) is a skew-symmetric and M = C(w®) +
CT(wb).

2) K, is positive semi-definite.

3) If ¥, = %tr(RZdRi — RTR; 4) < 1, then the distur-

bance vector D € R3"*3" satisfies
ID|| < cllerll

where v > 0 is a constant.
4) The derivative of rotation error satisfies the following

inequality.
llerll < llewl|
5) The Coriolis matrix C € R3"*3" satisfies
1C(w")ewl] < cullw’l - [lewll,

IC(RT Rawg)ew|| < np,llew|
where ¢y, My, > 0 are the positive constants.

Proof:

1) This can be easily shown by using the M and C(w)
in appendix.

2) As shown in appendix, the symmetric matrix Ky =
kqJTJ where J is lower triangular matrix. Then,
2T Kgx = (Jz)T (Jz) > 0 for all x.

3) We can write R} ; = expi € SO(3) where exp(-) is
the matrix exponential and =z € R? is the instantaneous
rotation axis from Rodrigues formula [17]. Then, we
have

S(x)

(I = R Ria) = sin Hxllw + (1 = cos||z[])

S(x)°

|2

Using the above relation, the inequality is given by
I( = R{ Ria)ril| < sin|z[[¢

where ¢ > 0 is a positive constant. Here, we utilize a
inequality s.t., sin||z|| > 1 — cos||z|| for ||z|| < 7/2,
which is equivalent to ¥; < 1. On the other hand, the
error er can be written as egr = sin||z||. As a result,
all the terms in D are bounded by ||eg]||.

4) Please refer [18].

5) In the expression of C;;, S(r?, ) is a constant and
R; € SO(3) is bounded due to det(R) = 1. And

the desired angular velocity wi?’d is also bounded.

Therefore, C'(RT Ryw?) is bounded with its maximum
eigenvalues are smaller than 7,,,. Next, since C(w”)e,,
is a function of w’ and e,,, the inequality of C(w®)e,,
can be easily shown with the proper constant ¢,,. =

The stability of the proposed decentralized control without
external force (i.e., fep: = 0) is verified in the following
theorem with the properties in the Prop. 1. We then analyze
the stability with the external force later.

Theorem 1 Consider the n-link LASDRA system with its
dynamics of each links are given by (5)-(6) and the external
force feyi = 0. Then, (er,ew,ep) — (0,0,0) asymptotically
and the internal force f? converges to 0 with the decentral-
ized control input (7)-(8).

Proof: Define Lyapunov candidate function

1 1
V= 5egMew + KrVU (R4, R) +verMe,, + Kl§e?e,

where U = 7" | $tr(R] R;— R] R; q) is the summation of
¥; and -y is a constant. Then, from ey ; = f ew,i+YeR,idt €
R3, (12) and skew-symmetry of M — 2C (w), the time
derivative of V' is derived s.t.

V =el {—(Ky,+ Kq+ C(RT Rqwg))ew, + D}
- 76%(—M + C’(w) + K, + Kg+ C(RTRdwd))ew
+ VégMew — Veg(KReR - D)

From the Prop. 1, 1% satisfy following inequality

V < —(kw = g — Y000 lewl|* = (kR = ¢)l[erl|?
= (kw — ¢ = Ny — cullw’[lewl] - llerl]

where Az ps is the maximum eigenvalue of M. In the above
inequality, at ¢ = 0, if k,, is large enough, then the time
derivative of V satisfies V' (0) < 0 which is equivalent with
llew(®)|] < |lew(0)|]. Therefore, the angular velocity satisfy
following triangle inequality

W’ Ol = [|RT Rawg(#)|| < [[w®(0)]] + ||RT Rawg(0)]]

Due to the boundedness of .wfl(t), the angular velocity is
also bounded. As a result, V' is the negative semi-definite
function which implies (ey,er) — (0,0). This Lyapunov
stability only represents the stability of the rotational
dynamics. Therefore, we also need to check the stability of
the translational dynamics which is given by the translational
error dynamics (9). For this, from (e,,, eg) — (0,0) and the
definition of e, ;, we have (é,,,€,;) — (0,0). Therefore,
the internal force f,, converges to zero as left hand side of
(9) converges to zero. Next, for the (n — 1)-th link, the left
hand side of the error dynamics converge to zero and the
internal force f,, also converge to zero, thus f,_ 1 — O.
This concludes that the internal force f; converge to zero
by inductive way. [

We can see that the integral term Krey is cancelled out
in the inequality of V. Therefore, the decentralized control
without the integral term, i.e., k; = 0, the stability is also
preserved. Here, we employ the integral term to compensate
un-modelled error such as rotor thrust calibration error, rotor
allocation error, etc. However, in the case of the interaction
task, the integral control may induce the actuator saturation
problem, thus we set the integral control gain to small enough
or zero for the interaction task.

Since the conventional robotic arm is based on the internal
actuation, the perfect tracking control is impossible with
the proposed decentralized framework because the reaction
force also exists between each link via the control action.
To cancel out this reaction force, the state information of
the adjacent links are required. On the other hand, the
LASDRA system can independently actuate thanks to the
external actuation nature. In addition, as compared to the
case of internal actuation, for the LASDRA system, each
link requires smaller control wrench and experience smaller
deflection when there exists an external force as mentioned
in Sec. III. This is also the case for the decentralized control
framework and described in the following corollary.

Corollary 1 Consider the external force fe.: is applied to
the n-th link with the control input for the 1 to n — 1 link
are (7), (8).
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Fig. 7: Snapshots and position/rotation tracking errors of the
trajectory tracking experiment.

1) If the external force f.,s is known (e.g., force sensor),
then (er,ew,ep) — (0,0,0) with following modified
control input for last link

Rnufl* = Rnul;} + fext
TS* = Trli - S(Tlc)n,nJrl)femt

2) If the external force fey; is unknown, then the error
(eRr, ew, ep) are bounded with control input (7), (8)

13)
(14)

Proof:
1) The error dynamics (9)-(10) are same with the control
input (13)-(14). Therefore, according to Thm. 1, the
errors (eg, ey, ep) converge to zero.

2) The error dynamics with the external force is modified
from (12)
Mé, + (Kw —|—Kd—|—C(wb))ew + Krer+ Krer =

D — O(RTRde)ew + SRfeact (15)

where the external force mapping matrix S € R37*3
is defined as

Sp = [5(7"(17 2)R{; S’(ré’ 3)R2T§ T aS(TZ n+1)RrTL]

Then, the bounded additional term (eX + e TVSR fet
is added into V. According to the Th. 1, Vis negative
definite, thus, with the bounded external force f..;, the
ErTors (ew, er, ep) are ultimately bounded. [ ]

Similar to the analysis in Sec. II, we assume the steady
state case for Cor. 1, i.e., ew,wb = 0 and fe,s = O, then,
due to the integral term, the error is given as eg = 0 and
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Fig. 8: Snapshot and position/rotation deviation from their nominal
values due to the control compliance during the valve turning
experiment.

the integral term is given as e; = K *1SR fext from (15).
This result implies that the required control 1nput ub, 7P only
depend on the i-th link state R; and geometry 1"“ 11 with the
decentralized control framework while the internal actuation
system accumulates the force as explained in Sec. II.

V. EXPERIMENTS

We implement the two-link LASDRA system as shown
in Fig. 1 with the PVC-rope spherical joint in Fig. 6. Each
link is also constructed following the design of [4], [15].
The length of each link is 1.5m, making the height of the
LASDRA system 3m. See Sec. Il and [4], [15] for more
details. Each link of the LASDRA system is then equipped
with MCU (micro-controller unit), which communicates with
the reversible ESCs, IMU attach on that link and also
with the master computer. MOCAP is used to measure the
position and orientation of each link, which is then fused
with the IMU in the MCU on each link via the nonlinear
complementary filtering [19]. Ground AC power unit is used
to continuously supply power to the LASDRA system in a
tethered manner although the operation using onboard battery
is also possible [15]. Including all the components, cables,
etc., the two-link LASDRA system weighs less than 10kg for
the height of 3m, much lighter than other large-size robots
mentioned in Sec. L.

Two experimental verifications are performed for this two-
link LASDRA system with the decentralized control pre-
sented in Sec. IV: 1) trajectory tracking and 2) valve turning.
First, for the tracking experiment, we choose the following
desired trajectory for each link: with (¢;,0;, ;) € R being
the roll/pitch/yaw angles, (¢1(t), 61 (%), <p1(t)) = (0,—22.5—
17.5 cos(&51), ~19sin(51)) and (s (1), O (1), o (1)) =
(0, 5COS? t),19 sm( t)). We then compute the desired
position trajectory for (7) (8) applying the spherical joint
constraint (3). The results are shown in Fig. 7, where we can
see that the LASDRA system can track the desired trajectory



fairly well, with the RMS (root-mean-square) position/angle
errors of the first and second links being (2.25c¢m,1.85°) and
(2.29 cm,1.59°), respectively.

The second valve turning experiment is to show the
compliance of the proposed decentralized controller in Sec.
IV. For this, no force sensor or force estimator are used. The
period of the valve turning is 15sec. The results are shown in
Fig. 7 and Fig. 8, where we can see that the LASDRA system
can compliant and stably perform the valve turning task using
the compliant behavior provided by our decentralized control
(7)-(8), with RMS position/angle deviations of the first and
second links from their nominal values being (1.59cm,1.28°)
and (6.35cm, 5.70°), respectively. Here, note that the larger
deviation of the second (distal) link as compared to that of
the first (proximal) link. This is because the effect of the
external force attenuates throughout the LASDRA system
from the distal to proximal links as explained in Sec. II
and Sec. IV. This larger deviation of the second link may
be reduced by using some feedforward control with force
sensing/estimation, which, yet, may not be desirable for some
applications, where compliance is more important than stiff
motion tracking. Joint locking strategy may also be used to
increase the valve turning force, which is the topic of our
ongoing research and will be reported in a future publication.

VI. CONCLUSION

In this paper, we propose a novel LASDRA (large-size
aerial skeleton based distributed rotor actuation) system,
which consists of multiple rigid links, each fully-actuated
in SE(3) by distributed rotors as designed in [4], and the
spherical joints between the links to maximize its motion
dexterity. By utilizing the distributed rotors as external
actuation, this LASDRA system can attain large-size and
dexterous-articulation at the same time, a feat impossible
with conventional internal motor/hydraulic actuation due
to the issue of load/weight accumulation to the base of
the system, requiring often excessively strong/sturdy actu-
ator/structure. The loading capacity of this LASDRA system
essentially depends on the actuation strength of each link,
which can also be increased via the joint locking strategy. We
also present a novel decentralized control for this LASDRA
system to attain compliant operation and scalability. Pre-
liminary experiments (trajectory tracking and valve turning)
are also performed to show the feasibility of this LASDRA
system. Some possible future research topics include: 1)
joint locking mechanism implementation and experimental
validation; 2) design optimization of each link depending
for target tasks; and 3) multi-sensor fusion for MOCAP-less
operation of the LASDRA system (e.g., [20]).
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APPENDIX

Expression of each matrix in the error dynamics (12)
defined by:

M=T+J"mJ, Cw)=J"mJ, Kq=kqJ'J
where Z = diag(Zy,---,Z,) € RV, m =
diag(mq 13, -+ ,mpl3) € R33N J = [Jy;-- 3 J,] €

g3>3n - C(RTRyw) in (12) has the same structure with
C(w) and the only difference is that w? are substituted by
RTR; qu?. Next, D is written as

D=J%d
where d = [dy;--- ;d,] € R3". Here, d; € R defined as

i
— . .0 b
di =d;rj.; + E dijTj41

j=1
where its component d; ; is defined s.t.

iy = {mi(S(R it g) + SR g 0)?)

+de(R§,dw§,d) + kpl} (I - R;,d)
with the diagonal gain matrices

Kw = kwIPma KR = kRIPma KI = kIISn
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