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Abstract— In this paper, we present a novel trajectory
planning method for externally-actuated modular manipulators
(EAMMs), consisting of multiple rotor-actuated links with
joints that can be either locked or unlocked. This joint-locking
feature allows effective balancing of the payload capacity
and dexterity of the robot but significantly complicates the
planning problem by introducing binary decision variables.
To address this challenge, we leverage the problem’s intrinsic
structure, i.e., the payload at the end-effector being enhanced
by merely locking its immediate connected links; this allows
us to break down the complex planning problem into a series
of manageable subproblems and solve them sequentially. Our
approach significantly reduces the problem’s complexity: in a
serial n-link EAMM with m joint-lock mechanisms, where there
could potentially be 2m distinct configurational dynamics, we
require solving only n+1 trajectory optimization problems for
single rigid body dynamics sequentially, thereby rendering the
problem tractable. We substantiate the efficacy of our method
through various simulation and experimental studies, covering
ground-free and ground-bound configurations as well as both
motion-only and manipulation tasks.

I. INTRODUCTION

Recent advancements in rotor technology have led to
the emergence of a new class of actuation systems. This
innovation is particularly evident in the field of aerial
robotics, specifically in multi-rotor drones. Several newly
developed aerial systems not only exhibit high performance
but also demonstrate versatility in actuating other platforms.
Examples include cable-suspended payload systems [1–4],
passively-joined actuated systems [5, 6], multi-link systems
[7, 8].

Another research direction in this context is the devel-
opment of the Externally-Actuated Modular Manipulator
(EAMM) [9, 10]. Traditional robot manipulators, charac-
terized by internal actuation, encounter limitations. With
motors generating force or torque at the joints between
links, there is an inherent challenge: the accumulation of
payload from the end-effector reverting back to the base link.
This architectural design impedes scalability, especially for
expansive workspaces that necessitate potent motors at the
base to compensate for the payload at the end-effector.

Conversely, EAMM circumvents this limitation. Given that
every link can adequately counterbalance its own weight, a
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Fig. 1: A 4-link EAMM with 2 joint locking mechanisms.

quality we term as self-sufficiency, the robot can be devel-
oped to be of both lightweight and expansive workspaces.
This advantage stems from empowering each module to be
self-sufficient. However, a critical challenge is that EAMM’s
payload capacity predominantly hinges on the capability of
the distal link, i.e., the end-effector. Herein lies the ratio-
nale for introducing joint locking, allowing multiple links
to collaboratively enhance the system’s payload threshold.
See [11] for the detailed development of the joint locking
mechanism.

The incorporation of joint locking adds a layer of com-
plexity to the planning of the system. The binary states of
being either locked or unlocked at each joint intermingle with
the system’s continuous states, resulting in multiple modes
of smooth dynamics based on the locking status of each
joint. This hybrid nature of the dynamics poses a distinct
challenge in the development of our robot, setting it apart
from other existing multi-link aerial systems [7, 8]. Within
the domain of aerial robotics, there are instances of hybrid
systems [12]. However, successful developments have been
limited and typically involve fewer modes, as seen in works
on quadrotor-payload systems [13–15] with only two modes,
i.e., suspending cable being loose or taut.

The hybrid nature of the dynamics is widely acknowledged
as a significant hurdle in planning, a sentiment echoed in
fields like locomotion and manipulation. For walking robots
that have discrete contact points with the environment, trajec-
tory generation poses complexities. A common strategy is to
predefine contact sequences, e.g., with a separated footstep
planning, to avoid the problem’s combinatorial nature [16].
In manipulation tasks, where contacts introduce discrete
decision variables, similar planning challenges emerge. Pre-
defined contact sequences are often impractical for contact-
rich manipulation tasks, such as in-hand manipulation. Sev-
eral efforts aim to address this by conducting concurrent
searches across different contact modes [17–19]. However,
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these approaches frequently face computational challenges
and often rely on approximations, e.g., quasi-dynamics, to
mitigate these computational issues [19–21].

To tackle the planning challenges stemming from the
hybrid nature of the EAMM robot dynamics, we take ad-
vantage of the problem’s intrinsic structure. A key insight
informs our methodology: the payload at the distal link can
be increased simply by locking its immediate connectors.
This allows us to sidestep the discrete locking variables and
break down the complex planning problem into a series
of manageable subproblems to be solved sequentially. We
first start with determining the number of links requiring
the locking, followed by trajectory generation for each link,
taking into account obstacles and related constraints. This
strategy constitutes the essence of our algorithm, namely
sequential trajectory optimization.

Our methodology substantially reduces the complexity
of the problem. In a serial n-link EAMM equipped with
m joint lock mechanisms, there could be as many as 2m

distinct configurational dynamics, which would create daunt-
ing planning problems if using exact dynamics. Sequential
trajectory optimization only requires solving n+1 trajectory
optimization problems for single rigid body dynamics, ren-
dering the problem tractable. We validate and demonstrate
the advantage of our approach with a number of simulation
and experiment studies in various settings, ground-free and
ground-bound configurations, and also for both motion-only
and manipulation tasks.

II. EXTERNALLY-ACTUATED MODULAR MANIPULATOR

A. System Description

EAMM [9, 10] is a system composed of multiple modular,
fully-actuated, and self-sufficient links. See Fig. 2. Each
individual link is equipped with an adequate number of dis-
tributed rotors to obtain fully-actuated, i.e., able to generate
wrenches in arbitrary directions, and self-sufficient, i.e., able
to compensate for its own weight. For example, these rotors
are arranged in such a way that each link is fully-actuated
and can compensate for its own weight similar to the 8-rotor
omni-directional aerial robot (ODAR) [22]. The joint with a
locking mechanism connecting each sequential link permits
roll and pitch motion and can be locked or unlocked using
motors, as illustrated in Fig. 1. Other joints are spherical
joints, allowing roll, pitch, and yaw relative motion. Further
details on the design of the locking mechanism can be found
in [11]. Our recently developed system, partially introduced
in [10], comprises 4 fully-actuated, self-sufficient links and
2 joint locking mechanisms.

B. Dynamical Model

In Fig. 2, we have an EAMM system with n fully-actuated
links and m joint locking systems. Each individual link {Bi}
is equipped with multiple rotors, enabling it to independently
generate arbitrary wrenches, i.e., fully-actuated, and able to
compensate for its own weight, i.e., self-sufficient. Here, we
denote 1st and n-th links are respectively the base and the
distal link of an n-link EAMM system.

Fig. 2: Illustration of the n-link EAMM system
The relationship between wrenches acting on the link and

the rotor thrust can be written by

τi = Biλi, (1)

where τi ∈ ℜ6 are i-th link’s generated wrench expressed
in i-th link’s body frame, Bi ∈ ℜ6×8 is the mapping matrix
between wrench and rotor, λi ∈ ℜ8 is rotor thrust vector of
i-th 8-rotor link, e.g., using 8-rotor ODAR platform [22].

With the generated wrench, we can derive the dynamic
equation for the i-th link s.t.

Mi(qi)q̈i + Ci(qi, q̇i)q̇i +Gi(qi) = τi + fe, (2)

where qi = (pi, ri) ∈ ℜ6 is the position and Euler angle-
based orientation of the i-th link, Mi(qi), Ci(qi, q̇i), Gi(qi) ∈
ℜ6 are the rigid body inertia, Corriolis, and gravity term,
τi ∈ ℜ6 is the rotor-generated control and fe ∈ ℜ6 is the
external wrench from other links or the payload.

With the joint lock mechanism being lightweight and
its dynamics negligible, we here formulate the whole-body
dynamics using the Lagrange equations as follows:

M(q)q̈ + C(q, q̇)q̇ +G(q) = τ(u) +AT (z)µ+ Fe, (3)
zi · q̇i = 0, (4)

where q := [q̄1, q̄2, ..., q̄n] ∈ ℜ3n−m is the generalized
coordinate with q̄i := (ϕ, θ) ∈ ℜ2 being roll-pitch angles
at the joint with locking mechanism and q̄i := (ϕ, θ, ψ) ∈
ℜ3 at n − m spherical joints without locking mechanism,
M(q), C(q, q̇), G(q), Fe, τ(u) are the combined inertia, Cori-
olis, gravitation, external force and actuation term of the
EAMM system, u = [λ1, ..., λ8n] is the vector of all rotor
thrusts, z ∈ Zm is set of zi ∈ [0, 1] which is state of
joint with 1 being locked and 0 being unlocked, i.e., no
constraint on combined dynamics, A(z) ∈ ℜ2k×(2n+n−m) is
the switching Jacobian matrix, and µ ∈ ℜ2k are the Lagrange
multipliers introduced by k active joint locking zi · q̇i = 0,
following the derivation introduced in [23].

C. Problem Formulation

Given an EAMM system design, our objective is to find a
trajectory that allows the robot to complete a manipulation
task at the end-effector. We can formulate this objective as
a constrained optimization problem as follows:

min
q,q̇,u,z

J(q, q̇, u)

s.t. M(q)q̈ + C(q, q̇)q̇ +G(q) = τ(u) +AT (z)µ+ Fe,

zi · q̇i = 0, y(0) = yinit, y(T ) = ygoal,

u ∈ U , (q, q̇) ∈ Q, zi ∈ [0, 1],
(5)
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Fig. 3: Framework of sequential trajectory optimization for the EAMM system.

where J is a given objective, e.g., minimizing energy con-
sumption, yinit, ygoal is the initial and goal pose of the tool-tip
of the EAMM’s distal link, U is feasible rotor thrust region,
and Q is feasible joint configuration space involved obstacle
avoidance and other requirements.

The output of this optimization is the desired trajectory
and control for the system, which are subsequently passed
to the lower-level tracking controller. We here employ the
modular control architecture developed in our previous work
[9], where each link can be independently controlled through
a decentralized controller.

Our optimization problem is mixed-integer, as it requires
making binary integer decisions regarding the state of the
joint, which can be either locked (zi = 1) or unlocked
(zi = 0). Given that our dynamics and the primary objective
are nonlinear, our problem is non-convex in its general form.
The key challenge is the combinatory nature of the dynamics.
For a serial n-link EAMM equipped with m joint lock
mechanisms, there could be as many as 2m distinct configu-
rational dynamics, rendering a daunting planing problem. In
the subsequent section, we will demonstrate how to leverage
the problem’s structure to address this issue.

III. SEQUENTIAL TRAJECTORY OPTIMIZATION

Our primary observation regarding the problem’s structure
is that the distal link, due to external actuation and modular
control architecture, is the key factor influencing the payload
of the EAMM system. We then can enhance the payload
capacity by first locking the joint nearest to the distal link and
sequentially adding more links if needed. This observation
allows us to separate the discrete decision, regarding the
joint locking, from the optimization (5). With this strategy
in mind, for a given task, we initially attempt it using only
the distal link. If the thrust input required surpasses the
permissible thrust limit, we attach another link to the distal
link, lock the joint, and reattempt the task with the two links
fixedly attached. We continue this process of incorporating
links with locked joints until the locked links can together
execute the task within the thrust constraint. After following

Algorithm 1 Sequential trajectory optimization

Input: Distal link initial and goal pose, and payload
Output: Trajectory and control of links and locking state

payload sufficient ← false
qn, q̇n ← Distal Link TO(yinit, ygoal)
for i = n to 1 do

if payload sufficient is false then
q̄, ˙̄q, ū← Locked Link TO(qn, q̇n, τe)
if ū ≤ ulimit then

payload sufficient ← true
(qi, q̇i)← Kinematic Calc(q̄, ˙̄q)

end if
else

qi, q̇i, ui ← Unlocked Link TO(qi+1, q̇i+1)
end if

end for

this method, for any remaining links, we include them with
their joints in the unlocked state. This increases the EAMM
system’s degree of freedom, thereby maintaining its dexterity.

Based on the aforementioned approach, we can decompose
the trajectory optimization problem for the EAMM with a
joint locking system (a mixed-integer problem) into three
subproblems: 1) distal link trajectory optimization, 2) locked
links trajectory optimization, and 3) unlocked links trajectory
optimization. The mixed-integer trajectory optimization of
an n-link EAMM can then be found by sequentially solving
n+1 trajectory optimization problems for a single rigid body.
The framework for this sequential trajectory optimization is
described in detail in Sec. III-A and illustrated in Fig. 3.

We solve each optimization problem using the direct
collocation method paired with trapezoidal integration [24].
The specific dynamic constraints and other requirements are
detailed in the following subsections. For the given payload,
initial pose, and goal pose of the distal link, the algorithm
of sequential trajectory optimization for n-link EAMM is
illustrated in Algorithm 1.
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A. Decomposed Optimization Problems

As mentioned, the general optimization problem denoted
by (5) is decomposed into subproblems. Note that those
subproblems are no longer mixed-integer problems.

1) Distal link trajectory optimization: In this subproblem,
we optimize the distal link trajectory to accomplish the
task of moving from the initial pose to the goal pose
while respecting the environment with obstacles and the
connection to the base of the EAMM system. To obtain
an optimized trajectory that minimizes energy consumption,
we incorporated the sum of squared thrust values into the
cost function. We here only consider the dynamic of the
distal link, which is modeled as a simple rigid dynamics
(2). Additionally, we do not consider the payload on the
optimization problem at hand. Instead, we focus on assessing
the feasibility of the distal link’s motion for the given task
and environmental conditions. The payload is addressed in
locked link trajectory optimization for configurations with
joint locking states.

The optimization problem then becomes:

min
qn,q̇n,un

J(qn, q̇n, un)

s.t. Mnq̈n + Cnq̇n +Gn = τn,

y(0) = yinit, y(T ) = ygoal,

(qn, q̇n) ∈ Qn, un ∈ U ,

(6)

where qn := (pn, rn) ∈ ℜ6 is the position and Euler angles
of the distal link and un is the vector of rotor thrusts of the
distal link. Note here that we do not have the integer variable
in the optimization problem. The admissible search space Qn

here encompasses both the obstacle constraints and link-base
constraints, which are detailed in Sec. III-B.

The subproblem (6) is then a standard trajectory opti-
mization problem and in our current setting, we solve this
problem using the direct collocation method with trapezoidal
integration [24]. The result qn, un is the initial state and
thrust of the distal link. This is just the initial value of the
state and control of the distal link, and in the following step,
the value of the trajectory and control can be adjusted to take
into account the payload.

2) Locked link trajectory optimization: Next, we deter-
mine the required number of locked links to transport the
payload, if present, while adhering to the distal link trajectory
and other constraints. In this process, our objective is to
minimize energy consumption. Additionally, the multiple
locked links are modeled as a single rigid body. In this
context, we treat the relative angles η between the locked
links as variables for optimization. The problem is then stated
as:

min
η,q̄, ˙̄q,ū

J(q̄, ˙̄q, ū)

s.t. M̄(η)¨̄q + C̄(η) ˙̄q + Ḡ(η) = τ̄(ū) + τe,

y(0) = yinit, y(T ) = ygoal, (q̄, ˙̄q) ∈ Q̄,

(7)

where η is the relative angle between locked links, q̄ ∈ ℜ6

is the position and Euler angle of the rigid body formed by
all locked links, ū is the thrust vector of all locked links,

M̄, C̄, Ḡ, τ̄ are inertia, Corriolis, gravity, and actuation term
adjusted for locked links, τe ∈ ℜ6 is the wrench generated
by the payload, and Q̄ is the obstacle and connecting to base
constraints adjusted for locked links.

In this subproblem, the thrust limit is not incorporated
directly into this optimization and the payload is explicitly
included in the dynamic, in comparison to (6). We however
check the solution of the optimization to see if the thrust for
each rotor is feasible. If the thrust is feasible, the group of
locked links is capable of manipulating the payload. If the
thrust is not feasible, we consequentially add more locked
links and repeat the optimization. This approach allows us
to find the required locked links for a given payload while
reducing the complexity of the optimization problem.

The output of this subproblem is the trajectory and con-
trol of the locked links. We then can compute kinemati-
cally the trajectory and control of each single link, e.g.,
(qn, un), (qn1 , un−1), ..., (qk, un−k) and pass to the lower-
level controller.

3) Unlocked link trajectory optimization: Given the tra-
jectory of the locked and distal links, we now can find
the trajectory of other unlocked links consequentially. Here,
we want to find the i-th link trajectory and control input,
given (i + 1)-th link’s trajectory. We can then model this
as a trajectory optimization problem with an additional
constraint ensuring the position and velocity of the i-th link
kinematically following the (i+1)-th link in each time step.
The problem can be formulated as follows

min
qi,q̇i,ui

J(qi, q̇i, ui)

s.t. Miq̈i + Ciq̇i +Gi = τi + τe,

(qi, q̇i) ∈ Pi, (qi, q̇i) ∈ Qi, ui ∈ U ,

(8)

where qi ∈ ℜ6 is the position and Euler angle of the
addressed i-th link, ui is the thrust vector of the addressed
link, Pi is the kinematic constraint to ensure connecting to
the previous (i + 1)-th link in each time step, and Qi is
the obstacle and connecting to base constraints adjusted for
the addressed link. Note also that, here we need to add the
constraint on the thrust limit of the rotor to ensure feasible
control. Again, this is a standard trajectory optimization
problem for a rigid body dynamic and can be solved rel-
atively quickly.

B. Additional Requirements

1) Obstacle avoidance: In order to conduct tasks in envi-
ronments with obstacles, we integrate obstacle avoidance into
the trajectory optimization process. In our current research,
we only consider static obstacles in the form of ellipses. We
select three points for each link and form the distance to
the ellipses in order to adjust the constraints for avoiding
obstacles.

2) Link-Base constraints: As mentioned above, the tra-
jectory optimization for links needs to take into account
the constraints to the base. There are two types of bases
to consider: 1) In the case of ground-free bases like EAMM
attached to a helicopter, there are no additional constraint
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(a) 10-link EAMM simulation for motion-only
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(b) 10-link EAMM simulation for manipulation
Fig. 4: A 10-link ground-bound EAMM performing tasks while avoiding obstacles.
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Fig. 5: A 10-link EAMM attached to a helicopter navigating
through a maze to transport an object from location B to
location C.

collision

Locked links
Unlocked links

Fig. 6: A 10-link ground-bound EAMM manipulating an
object with obstacle collisions

requirements. 2) For ground-bounded bases, we can further
categorize them into attaching to ground mobile and fixed
bases. For a mobile base, the distance between the link and
the ground remains smaller than the total length of the links
suspended between the link and the mobile base. For a fixed
base, we imposed distance constraints between the base and
the link using distance constraints.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, we present a simulation study of our
algorithm and its experimentation on a physical robot. We
examine the algorithm under various conditions and settings,
encompassing both ground-free scenarios and modifications
for ground-bound configurations in the planar plane. A video
including our numerical and experimental studies can be
found here: https://youtu.be/NgLBstCAHJQ.

A. Trajectory Generation for Ground-free EAMM

We first tested our algorithm on a 10-link ground-free
EAMM with 9 lockable joints navigating through a maze
to retrieve an object. The possible configurational dynamics
are 512 modes. The entire sequence is depicted in Fig. 5.
Starting at point A, the robot, with all its joints unlocked,
maneuvers to the object’s location at point B, avoiding
obstacles along the way. Subsequently, the robot locks its
joints to enhance payload capacity (locked links are marked

in purple), retrieves the object, and then transports it to the
goal at point C. Obstacles in the maze are in gray shapes. We
employed the IPOPT solver [25] paired with the CasADi [26]
interface. The algorithm returned a viable mission within a
computational time of 14.36 seconds for 100-node trajectory
optimization and in 54.99 seconds for a 200-node scenario.
In practice, we find that introducing additional sample-based
pathfinding for the distal link as the algorithm’s initialization
tends to yield higher-quality outcomes. When initialized with
RRT∗[27], the total computational time is 13.31 seconds for
100 nodes and 29.24 seconds for 200 nodes, slightly faster
due to effective initialization.

B. Trajectory Generation for Ground-bound EAMM

We then explored the application of our algorithm to
ground-bound EAMM. In our initial scenario, we looked
at a situation where one end of the robot is anchored to
the ground, operating in an environment with obstacles.
The robot’s task was to execute a straightforward point-to-
point movement, both with and without carrying an object.
Through this study, we demonstrate that the algorithm can
ascertain the required number of locking joints and adhere
to all established constraints, encompassing robot dynamics,
obstacles, payload, and being ground-bound. See Fig. 4.

The primary objective of this section is to understand
the impact of the link-base distance constraints, i.e., being
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(a) 4-link EAMM experiment for motion-only
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(b) 4-link EAMM experiment for manipulation
Fig. 7: Simulation and experiment of a 4-link ground-bound EAMM performing tasks while avoiding obstacles.

anchored to the ground. As previously highlighted, this
constraint tends to be overly relaxed. We observed instances
where, even if this constraint was met, no viable solution
was found. An example of this can be seen in Fig. 6, where
the payload constraint and the requisite number of locked
joints, particularly in the terminal link, may conflict with
the ground-bound constraints. There’s a need for a more
balanced approach that explicitly negotiates between the
constraints and objectives associated with the distal link in
relation to the ground-bound constraint. We aim to address
this in our future work. Some potential solutions include:
1) finding a conservative estimate of the constraint that
retains the problem’s inherent structure, 2) parameterizing
the locking configurations and incorporating them into an ex-
ternal optimization loop, and 3) experimenting with sample-
based methods, though they typically yield only asymptotic
optimality.

C. Experimental Validation

In our recent developments, we have successfully engi-
neered a 4-link ground-bound EAMM system equipped with
2 lockable joints. Each link measures 1.01 m in length,
possesses 8 actuated rotors, and can handle a payload of 0.4
kg. The robot can reach within a spherical space with a radius
of 4 m and has a total weight of only 7.18 kg. The low-level
controller for the links employs the decentralized control
law developed in [9]. This controller receives input data on
the position and angular orientation of each link, which are
derived from our planning algorithm. The mechanism to lock
the link is separately managed by other motors.

To test our system, we developed a matching simulation.
We applied our algorithm to this simulation and then trans-
ferred its outcomes to the physical robot. Both the simulation
and the physical experiments were conducted for two distinct

tasks: simple motion and manipulation of an object weighing
0.72 kg, exceeding the payload capacity of a single link.

Our algorithm found a viable solution. It is also evi-
dent that our simulation aligns well with our experimental
outcomes. In Fig. 7, we showcase the experiment and the
simulation along with the real-time state of the robot’s sys-
tem. In our current implementation, the low-level controller
remains unaware of the object’s weight, leading to a drift
in the z-direction as illustrated in Fig. 7 (b). Building on
the successful estimation of external forces from our recent
research [10], future iterations can incorporate additional
payload estimation along with feedforward thrusts at the
lower level to overcome this problem.

V. CONCLUSIONS

We have presented a trajectory planning algorithm for
EAMMs equipped with joint locking mechanisms. Both
numerical and experimental results demonstrate the effec-
tiveness and practicality of our strategy, which leverages
the problem’s inherent structure to adequately bypass its
combinatorial complexity. Future research avenues include
1) refining our algorithm and its implementation for real-
time system control, and 2) investigating the system’s con-
figurational possibilities, especially the interplay between
fully-actuated and under-actuated links or the arrangement
of rotors within each link, where hardware and design
optimization would offer valuable insights.
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