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Abstract—1In aerial cooperative transportation missions, it
has been recognized that for small-sized but heavy payloads, the
cable-suspended framework is a preferred manner. However,
to maintain proper safe flight distances, cables always stay
inclined, which implies that horizontal force components have
to be generated by UAVs, and only partial thrust forces are
used for gravity compensation. To overcome this drawback,
in this paper, a new cooperative transportation system named
Truss Aerial Transportation System (TATS) is proposed, where
those horizontal forces can be internally compensated by the bar
spherical joint structure. In the TATS, rigid bars can powerfully
sustain the desired distances among UAVs for safe flight,
resulting in a more compact and effective transportation system.
Thanks to the structural advantage of the truss, the rigid
bars can be made lightweight so as to minimize their induced
gravity burden. The construction method of the proposed
TATS is presented. The improvement in energy efficiency is
analyzed and compared with the cable-suspended framework.
Furthermore, the robustness property of a TATS configuration
is evaluated by computing the margin capacity. Finally, a load
test experiment is conducted on our made prototype, the results
of which show the effectiveness and feasibility of the proposed
TATS.

I. INTRODUCTION
A. Motivation

In recent years, Unmanned Aerial Vehicles (UAVs) have
shown their potential in transportation tasks [1]-[2]. Multi-
UAVs can carry heavier payloads than a single one, but
in turn, the system structure and control become more
complex. It can be divided into two categories according to
the structure of the transportation system: cable-suspended
framework and rigid framework.

The cable-suspended framework means the connections
between the payload and UAVs are tethered cables, which
is commonly adopted as the preferred solution for small-
sized but heavy payloads. However, due to the inclined
tensed cables, horizontal force components always exist for
maintaining proper flight distances between UAVs. Only
partial thrust generated by UAVs is used to compensate for
the gravity effect of the payload, which leads to low energy
efficiency.

The rigid framework means the connections between the
payload and UAVs are rigid or by spherical and universal
joints. It can avoid energy loss caused by horizontal force
components in the cable-suspended framework, but the rigid
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framework requires the size of the payload should be large
enough to place UAVs. For a small-sized but heavy payload,
the rigid framework may not be applicable anymore.

Hence, the motivation of this paper is to develop a more
efficient aerial transportation system for small-sized but
heavy payloads. Inspired by the truss structure, the Truss
Aerial Transportation System (TATS) is designed, which
can overcome the profile limitation of the payload in rigid
frameworks and energy loss from horizontal distance main-
tenance between UAVs in the cable-suspended frameworks.
Furthermore, benefited from the inner-connected rigid bars,
the integrated TATS can be compact in size.

B. Related work

Many research works about cable-suspended framework
have been carried out including the inverse kinematics
[3], payload tracking control [4], obstacle avoidance [5]-
[6], formation-based transportation [7], and communication
problem [8]. Apart from these, the energy consumption
problem is studied in [9] using optimization technique.
However, none of the above-mentioned works considers the
energy efficiency from the perspective of mechanical struc-
ture improvement. The essential horizontal force components
always exist along with inclined cables.

Another commonly used one is the rigid framework, where
no inclined cables or horizontal force components exist,
and UAVs can be directly attached to the payload [10] in
a rigid manner. This integrated system constitutes a new
aerial vehicle with the payload as the frame and UAVs as
actuators. On the other hand, spherical [11] or universal [12]
joints are used to connect the payload and UAVs. With these
connecting mechanisms, the degrees of freedom is increased.
The directions of thrusts related to the payload can also
be changed so that the payload will be better operated.
However, it is worth noting that regardless of the connection
method between UAVs and the payload, the payload is
always required to be large enough and high stiffness, so as
to place UAVs and avoid destruction of the payload under the
traction from UAVs. Therefore, the existing rigid framework
is not applicable for small-sized but heavy payloads.

Trusses play a crucial role in modern engineering fields
[13]. A truss structure consists of bar elements connected
by pin joints to grow a rigid graph [14]. In a truss frame,
no shearing force exists and all stresses are along the axial
direction of bar elements, which allows the trusses to be
manufactured with lightweight and strong mechanical struc-
tures using little material [15]. In addition, external forces
on a truss joint can be distributed into the tensile network so
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Fig. 1.

Overview of the Truss Aerial Transportation System (TATS).

that the mechanical strength of a single bar element can be
reduced [16]. Because of those structural advantages, truss
structure has been applied in robotics, such as tensegrity
robot [17], joint design [18], and protective structure design
[19]. According to the best of our knowledge, no research
has been reported yet on the application of trusses to aerial
cooperative transportation.

C. Contribution

In this paper, a new aerial cooperative transportation sys-
tem TATS is proposed, which enjoys the superior properties
of the truss structure resulting in a compact and effective
transportation system, especially targeting small-sized but
heavy payloads. The high energy efficiency is verified in
comparison with the cable-suspended framework when car-
rying a heavy payload. In addition, the robustness of the
TATS configuration is analyzed in terms of capacity margin.
All the theoretical results are further tested on the prototype
system.

The remainder of this paper is organized as follows.
Firstly, the design of the TATS is introduced in Sec-
tion II. The energy efficiency of the TATS is compared
with the cable-suspended framework in Section III. Then
in Section IV, the robustness of the TATS configuration
is quantified by the capacity margin. Finally, a prototype
and associated physical experimental results are given in
Section IV.

II. SYSTEM DESCRIPTION AND DESIGN

In this section, the quasi-static motion of the TATS will
be analyzed to show the difference from the cable-suspended
framework. Then, the principles of determining the bar-
connection topology are presented for the TATS construction.
Finally, a method to check the strength of bars is provided.

A. System Description

The TATS is shown in Fig. 1, where the system consists
of n (n > 3) homogeneous UAVs, n cables, m bars and a
mass point payload. In inertial frame, the ith UAV is located

at p; with the mass of my. The position of the payload is
p1., whose mass is my. The payload connects n UAV via
n cables. Bars only connect some specific pairs of UAVs’
Center Of Mass (COM). The endpoints of bars link the COM
of UAVs via spherical joints, whose maximum rotation is
limited by §. The attitude of each UAV can be decoupled
from the truss. It is assumed that the center-axis unit vectors
of spherical joints are all along the same direction of gravity,
thatn; = [0 0 l]T.

When the TATS hovers, connected bars and cables form a
tensile network, which can be regarded as a truss structure.
The quasi-static motion of the TATS is

W = —G, (1)
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f; represents the thrust of ith UAV; r; = p; — p,. denote
the related position from the COM of the TATS (denoted by
p.) to ith UAV; m, is the total mass of the TATS and g
represents the gravity.

Due to the rotation limitation of spherical joints and the
maximum thrust magnitude f,.x of each UAYV, there holds

where

fr [0052313 — nian]fi <0, )
FiFi < fo: 3)

In view of (1), there are no horizontal force components
and all of the thrusts of UAVs are used to compensate
the gravity, which is benefited from the existence of inner
compressive stresses such as ;""" and F;""¢"? shown in
Fig. 1. Meanwhile, as a price, some extra bars need to be
added. Notice that the features of the forces on bars are all
along with the axial directions of bars. Hence, those bars can
be manufactured lightweight with strong resistance to axial
stress, which is one of the structural superior properties of
truss structures.

Remark 1: Safe flight distance is a crucial factor that must
be considered in the cable-suspended framework. Especially
in the environments of low-accuracy positioning. In field
GPS conditions, the requirement of safe flight distance will
rise further. However, the TATS is insensitive to positioning
accuracy because connected bars naturally impose distance
constraints on UAVs. In addition, the TATS can be designed
even more compactly to meet the various task requirements.

B. TATS Construction

Assumption 2: UAVs will not collide with additional bars
due to the appropriate spherical joint constraint.

The construction of a TATS can be started from a cable-
suspended framework, where n cables connect n UAVs to the
same payload. UAVs and the payload have been determined
in the cable-suspended framework. What left for us is to
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An example of Henneberg construction. A minimally rigid graph has been constructed consisting of nodes and edges in blue. The red node

is a new one to be added into the graph. (a), (b) and (c) show three feasible configurations, in which none, one, and two original edges are removed,
respectively. The dashed lines in blue represent the removed original edges and the red lines are new edges.

decide which and how many pairs of UAVs require additional
bar connections.

UAVs and the payload compose the node set . Cables and
additional bars form the edge set E. The topology relations
among the node set V' and the edge set E can be described by
a graph G. In the cable-suspended framework, it is remarked
that cables are tensile under gravity so that they can be
regarded as massless rigid bars. To construct a truss structure,
bars, cables, and the payload need to compose a rigid body
under gravity, or rather the corresponding graph G of the
TATS must be a rigid graph.

The fewer additional bars will raise the less extra weight
for the TATS, which implies a minimal rigidity [20] construc-
tion problem. A graph is minimally rigid if it is rigid and
if no single interagent distance constraint can be removed
without causing the formation to lose rigidity. According
to Laman’s theorem [21], for a rigid graph G in three
dimensions, it is minimal rigidity if and only if |E| =
3|V|—6, where |E| and |V| are the numbers of edges and
nodes of the graph G. For the TATS, |V| = n + 1, has
been determined by n UAVs and the payload in the cable-
suspended framework. n edges have also been determined by
originally connected cables. Therefore, m = 2n — 3 bars are
required.

Henneberg construction [20] is a technique for growing
minimally rigid graphs, which starts from three noncollinear
nodes and three edges joining the nodes forming a trian-
gle. At each step, a new node and three new edges are
added. Three new edges connect the new node with three
noncollinear nodes in the original rigid graph. Besides, more
new edges can also be added with equivalent original edges
removed. For the same node addition, Fig. 2 presents one step
of Henneberg construction in different feasible minimally
rigid configurations. More details may refer to [14] and [20].

As for the TATS, Henneberg construction will start from
two UAVs and the payload, which is connected by two cables
and an additional bar. At each step, one new UAV will be
selected with an original tethered cable and two additional
bars, until all UAVs are included.

C. Bars Strength Check

Assumption 2: The bars are uniform, whose mass can
be averagely distributed to the pair of two connected UAV
nodes.

The strength of bars will be checked for a constructed
TATS. There are |V| = n + 1 nodes and |E| = n + m

edges forming a minimally rigidity truss. Those all nodes
and edges constitute a graph G. The node set consists of n
UAVs indexed by 1 to n and a payload indexed by n + 1.
The edge set consists of s = n cables and m = 2n — 3 bars.
We firstly introduce two matrices for a graph.

Connectivity matrix C € RIEXIVI: The first s rows of
C correspond to cable members and the rest m rows of C
correspond to bar members. If member k connects nodes i
and j (i < j), the elements in k-th row of C are

1 h=i
Ck,hy=3-1 h=j.
0 else

Adjacency matrix A = [a;;] € RIVIXIV]: The elements of
A are
ajj = 1< (U,’,Uj) e FE,

ajj = 0«& (U,’,Uj) ¢ E,

where (U,-, Uj) represents an edge from node j to i. For an
undirected graph, A is symmetric.

Force Density Method (FDM) [22] can calculate equilib-
rium forces in a networked truss structure. Under Assumption
1, the mass of each bar can be distributed to the connected
pair of UAV nodes. The mass on ith UAV node m; can be
computed as

l n
m; =my + 5 Zaijmij,
Jj=1
where m;; is the mass of the bar connecting the node i and
J-

The forces on each node include the gravity and thrust.
The thrust can be computed via the equilibrium with the
spherical joints limitation. The minimum power of thrusts
can be given via solving the following optimization [11] :

min Ty,
st (1).(2).03), @
where .
r=t 1 (5)

Now compute the tensile force along with edges. The kth
edge is with tensile force T in length /. The force density
is defined as

Ty

Qk:E'



The force equilibrium in the truss tensile network is [?]
CT diag (q) Cx = Fy,
CTdiag (q) Cy = F,, (6)
CTdiag (q) Cz = F.,
where
T
q= [611 QIE\] ,

x, y, z € RVl represent the Cartesian coordinates for all
nodes along with the respective axis; Fy, F, and F, are
the forces applied to the nodes in the x, y and z directions,
respectively.

It holds that diag (a) b = diag (b) a for two vectors @ and
b. A compact form can be obtained from (6), yielding

Hg=F, (7

where

CT diag(Cx)
CTdiag(Cy) | .
CT diag(Cz)

F=[FT FT FT]".

H=

Hence, the yielding strength of bars o should satisfy

l
a>max%qu—k}, ®)
Ak
where 0 < y < 1 is the factor of safety for practical
engineering; Ay represents the cross sectional area of kth
bar.

IIT. ENERGY EFFICIENCY

In the construction of TATS, the gravity of the additional
bars need to be compensated by extra thrusts. A comparison
between the TATS and the cable-suspended framework on
energy consumption will be drawn.

We consider a cable-suspended framework with a sym-
metric configuration. Cables are set with the same length
and inclined angle ¢. UAVs are evenly distributed on a
circle. A TATS is constructed based on this symmetric cable-
suspended framework.

The energy consumption during the transportation is in-
dicated by the total magnitude of thrusts. We focus on the
consumption caused by the payload and additional bars. The
energy consumption of the TATS is defined as

m = (mg +mg)|g|. )

The energy consumption of the cable-suspended frame-
work cost by the payload is defined as

= V[ FUS+ [P —nmo gl

Fl'= (my +nmy) gl
Ft =my |g|tan,

(10)

with

where FIl represents the total vertical components of all
thrusts; F1 is the total horizontal components of all thrusts.
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Fig. 3.  The relationship among J, @ and mj. Marked black point
corresponds to the load test in Section V.

Compared with the cable-suspended framework, the en-
ergy consumption decrease of the TATS is defined as

J=1-1
n2
To ensure the decrease of energy consumption, the upper

bound of bars’ total mass mp can be computed by letting
J =0, given by

Y

mp = \/(mL + nmU)2 + mitanzﬁ — (mp +nmy). (12)
It can be proved that
aJ

3 > 0, (13)
LA 0. (14)
3mL

The calculation details are presented in Appendix A. It
is obvious that the smaller mp will result in less energy
consumption. From (13) and (14), J is also monotonically
increasing with respect to ¢ and my. Therefore, the larger
inclined angle ¢ and the heavier payload mj will result in
more efficiency, which is also consistent with our motivation
aiming for heavy payload transportation. It is shown that the
TATS may not be preferable for light payloads, which has
been shown in Fig 3. The curves below the dashed black line
will result in inefficiency due to the gravity burden induced
by the addition bars.

Remark 2: Small inclined angle ¢ is adverse to neither
the TATS nor the cable-suspended framework. According
to Fig. 3, Small inclined angle ¥ corresponds to little and
even negative J. In the cable-suspended framework, small ¢
corresponds to configurations with low robustness [24]-[25],
and in which, cables can easily become slack. If the flight
distance of UAVs is fixed, the smaller inclined angle will
require longer cables, yielding a large-sized transportation
system.

IV. WRENCH SPACE ANALYSIS

In this section, the wrench space will be analyzed to
compute the capacity margin for evaluating the robustness of
the TATS configuration. We firstly introduce some necessary
definitions.
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Fig. 4. An example of force space of the TATS. In this case, a TATS consists of three UAVs, the payload, and some proper bars.

Wrench Space [23]-[25]: The wrench space is the set
of available external wrenches that the system can exert,
which is determined by the system structure and actuators’
capability. For 6-DOF rigid body, the wrench space consists
of force space and moment space.

Capacity Margin: The capacity margin y is an index used
to evaluate the robustness of the equilibrium. It is defined as
the shortest Euclidean distance from the equilibrium to the
wrench space.

It is considered the external force on the payload, which
also accordingly generates an external moment. How large
external force on the payload can be resisted is the meaning
of the TATS capacity margin.

The wrench space of the TATS is similar to the feasible
control set discussed in [11]. The force space F; and moment
space M are written as

Fi1=Wif +mcg,
M = W,f,

15)
(16)

with constraint (2) and (3).

As shown in Fig. 4(a), F1 is a cone, whose cone angle is
related to the maximum rotation angle § of spherical joints
and its height relates to the maximum thrust magnitude f.x
of UAVs.

Note that the external force can never destroy the rigid
structure of trusses. To be specific, all cables should be
in tension, which introduces an additional constraint to the
force space F. For the payload node, all admissible external
force will be compensated by the tension on those connected
cables. Under this constraint, the available external force set
is

]'-2 = W3t + mrg, (17)

subject to #; > 0, where
W3 = [v1
t= [ll

vﬂ] >
]

vi = (p; —pr)/Ilp; —prl, represents the direction of ith
cable. #; is the tension magnitude of ith cable. F; is presented
in Fig. 4(b).

Hence, the force space associated with the external force
on the payload is an intersection F = JFj()|JF2, which

can be found in Fig. 4(c). The resulting force space F is
presented in Fig. 4(d).

Notice that the units of force space / and moment space
M are different. The moment is generated by the external
force on the payload. Therefore, the moment space can be
homogenized by dividing the characteristic distance r =
Pz, —pell, [25]. The homogenized moment space M is
derived as

M = Wof/r. (18)
Finally, the capacity margin can be obtained by
y =min{yz. v, (19)

where yx and y y; are the capacity margin computed by force
space F and homogenized moment space M, respectively.

V. PROTOTYPE AND EXPERIMENT

In this section, a TATS prototype and its load test will be
presented.

A. Mechanics

Assembling more than one articulated connection into a
single component requires complex mechanical design, and
leads to heavy weights. According to the analysis in Section
III, the truss should be as light as possible. Hence, in our
prototype, multiple spherical joint buckles are connected to a
single component, which is shown in Fig. 5. The maximum
rotation angle of bar-connected spherical joint buckles can
be designed small, because bars and cables keep a rigid
truss structure during transportation. With the help of resin
material, the weight of one articulated node is only 3g.

B. Prototype

A TATS prototype, shown in Fig. 6, consists of four
quadrotor UAVs, four cables, five carbon fiber bars, and four
articulated components.

The weight of a quadrotor UAV is 1.18kg with a wheelbase
250mm. Each UAV is equipped with a PX4!' flight control
system and an NVIDIA Jetson Xavier NX? onboard proces-
sor. Each of the four T-motor F40 Pro motors can provide a
maximum thrust of 56N in total.

Uhttps://px4.io/
Zhttps://developer.nvidia.com/embedded/jetson-xavier-nx



(a) Articulated compo-
nent.

(b) Assembled articulated component.

Fig. 5. Articulated component.

Fig. 6.

Prototype of the TATS.
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Thrust magnitude of UAVs in load experiment.

The diameter of five hollow carbon fiber bars is 4mm.
Four of them are 0.6m in length and the rest is 0.8485m.
The payload is tethered by four cables of length 0.6m. It can
be found in Fig. 6 that those elements constitute a symmetric
square pyramid truss structure, whose connection topology
is minimally rigid. The total mass of these elements for
constructing the truss structure is only 80.4g.

According to the above mentioned geometric parameters
of the prototype, the inclined angle is computed ¥ = %
rad. The payload with a mass of 2.5kg is employed in the
load test. Following the FDM in Section III.C, it is computed
that the maximum stress on a bar in our prototype is 1.66N.
According to our material test, the bar with the maximum
length of 0.8485m can resist stress more than 10N. The
safety factor is selected y = 0.7. It has 10N%0.7 = 7N>
1.66N. Therefore, the structural strength of the truss fully
meets the requirement.

C. Wrench Space and Capacity Margin

Following the method in Section IV, the homogenized
moment space is presented in Fig. 7(a), and the force
space in Fig. 7(b). The black lines represent the shortest
Euclidean distance from the equilibrium to the homogenized
moment and force space, where y ;; = 30.3142N and yr =
14.1451N, respectively. Hence, the capacity margin of our
prototype TATS is y = min {yz, y,;} = 14.1451IN.

D. Load Test

The load test of our TATS prototype is conducted with the
help of OptiTrack® positioning system. The thrust magnitude
curve of UAVs during the experiment is presented in Fig. 8.
The pink line represents the theoretical thrust magnitude to
lift the payload, which is computed by evenly distributing the
total mass of the TATS to each UAV. The result is calculated
as frars = 17.59N.

As observed from the experimental result, all UAVs have
taken off before 6s. After a short period of hovering, UAVs
begin to rise. When the payload leaves the ground, tethered
cables become tensile, meanwhile, the truss structure is
formed. During the 23s-55s, UAVs are hoisting and trans-
porting the payload. The average thrust during this period is
calculated and compared with the theoretical value in Table I.
With the high-precision positioning system OptiTrack, devi-
ations between the experimental result and the theoretical
value are slight, which are all less than 4%. It supports the
correctness of the theoretical model analysis.

TABLE I
THRUSTS MAGNITUDE IN EXPERIMENT.
UAVI | UAV2 | UAV3 | UAV4
Average thrust magnitude (N) 17.15 18.15 17.60 17.54
Deviation from theoretical (%) 2.50 -3.16 -0.05 0.28

In Fig. 8, the green line is the computed thrust magni-
tude of the original cable-suspended framework, f..pie =
18.44N. Following the energy efficiency computing method

3https://www.optitrack.com/



in Section III, it is obtained that J = 11.52%, which
implies the prototype TATS saves 11.52% energy in this
transportation task. It also corresponds to the marked black
point in Fig. 3.

VI. CONCLUSION

In this work, a new aerial cooperative transportation sys-
tem TATS has been proposed, which integrates the structural
advantage of truss and rigid framework. The TATS has
high efficiency and compact volume, which is especially
suitable for small but heavy payloads. We have also made a
prototype following the proposed design steps and construc-
tion method. Then the theoretical analysis is carried out in
terms of the wrench space to calculate the corresponding. It
follows from the experiment on our prototype that 11.52%
energy can be saved compared with the same configurated
cable-suspended framework, which shows the high energy
efficiency of the proposed TATS structure.

APPENDIX
A. Computation of Partial Derivative
It is complex to directly compute the partial derivative
dJ /0v and dJ /dmy . We consider
Im
k2
i
55 =

=0,
m% tan (tanzﬁ + 1)

lg| > 0.

\/mitanzﬂ + (mp 4+ nmy)?

Thus, dJ /09 > 0.
Similarly,
I
3mL
s my 4+ nmy + mytan?®
2 _ N
amL \/_

= |gl,

lgl > |gl.

\/m%tanzﬁ + (mz + nmy)?
We have 0J /dmy > 0.
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