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Dynamically Reconfigurable Force-Balanced
Aerial Manipulator for Varying Payload Tasks

Michele Bianconi, Martijn Brummelhuis, Salua Hamaza

Abstract—This research proposes a novel, dynamically re-
configurable, and force-balanced aerial manipulator design for
fast variable payload tasks. Its force-balancing minimizes aerial
platform disturbances from the manipulator during fast end-
effector movements. The manipulator is composed of three
pantograph legs connecting the end-effector to the drone base,
each equipped with two countermasses moved by bespoke fast
linear actuators that ensure force-balancing of the manipulator
for different payloads. Testing on a floating base setup and in
flight showed a 45% reduction in reaction forces transferred to
the base in the balanced vs. unbalanced configurations with no
payload, and 17% with a 53 g payload. The position-tracking
error in flight reduced with 19% and 34 %, respectively.

Index Terms—Aerial Manipulation, Force-Balanced Mecha-
nisms, Mechanism Design, Parallel Aerial Manipulator.

I. INTRODUCTION

Aerial manipulation, which combines robotic manipulators
with aerial platforms like multicopters, has garnered exten-
sive attention for its ability to extend the workspace almost
indefinitely, constrained primarily by the drone’s flight time.
Applications include sensor placement [1], contact inspection
[2], aerial repair [3], construction [4], and load delivery [5].

Despite progress, challenges remain in controlling the cou-
pled dynamics between the manipulator and aerial platform.
Reaction forces and moments generated by manipulator move-
ments can destabilize the platform. Centralized control ap-
proaches [6] model the system as a single entity to account for
coupling, but yields complex dynamic models. Fully-actuated
platforms [7] mitigate disturbances but increase system com-
plexity. Decentralized control, treating manipulator reactions
as external disturbances, simplifies development but requires
lightweight manipulators to keep reaction forces manageable
[8]. This approach struggles with high-speed manipulator
movements, which can lead to platform instability.

An alternative solution involves improving manipulator de-
sign to decouple dynamics. Prior work has explored balancing
techniques to limit coupling effects. For example, Hamaza et
al. used a countermass on a four-bar linkage to mitigate mo-
ment arms [9]. Various balancing strategies — dynamic-, force-
, and static balancing — have been proposed to reduce reaction
forces and moments. Theoretical advancements include the
force-balancing conditions for Clavel’s Delta robot [10], dy-
namically balanced multi-degree-of-freedom mechanisms us-
ing balanced parallel-piped designs [11], and families of force-
balanced parallel manipulators [12]. Notable implementations
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Fig. 1: Reconfigurable force-balanced aerial manipulator in
flight.

include a dual-arm aerial manipulator with center-of-gravity
(COG) balancing [13], a serial manipulator with a moving
counter-mass [14], and a balanced pantograph gripper for aerial
pick-and-place tasks [15].

Although theoretical advancements have been shown, practical
implementations remain limited. Kartik et al. developed a
force-balanced parallel manipulator for drones, but its fixed
payload configuration limits its usability for varying payload
tasks [16]. Similarly, Clark e al. presented a balanced delta-
like manipulator, yet design integration challenges restricted its
impact on platform performance [17].

A research gap in existing balanced designs is their inability
to adapt to variable payloads, which is essential for inter-
action tasks like pick-and-place operations. De Jong et al.
proposed reconfiguration strategies for balancing under varying
payloads, including counter-mass positioning, joint location
adjustments, and weight modifications [18]. To address these
limitations, we propose a force-balanced, reconfigurable aerial
manipulator capable of adapting to variable payloads (shown
in flight in Figure 1). The primary contributions of this work
are:

o Development of a novel reconfigurable force-balanced
manipulator with lightweight, fast linear actuators for
counter-mass movement;

e A novel aerial platform design with morphology opti-
mized to integrate the manipulator;

o Comprehensive experimental validation of system’s per-
formance in both fixed-rig and flight tests.
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II. FORCE-BALANCED AERIAL MANIPULATOR

Force-balanced manipulators advance aerial systems by min-
imizing reaction forces from movement on the drone base,
which specifically benefits quadrotors unable to counteract
such disturbances directly. The following section describes
the design, fabrication, and control of a reconfigurable, force-
balanced aerial manipulator for variable payload tasks.

A. Kinematics

The manipulator morphology [16] consists of a fixed base
and a moving platform end-effector. Three parallel kinematic
chains connect the two, forming a 3 degree of freedom (DOF)
parallel manipulator. Each leg is a pantograph, of which only
the lower portion defines the kinematics.

Figure 2 shows the kinematic parameters of the lower portion
of a single pantograph. The center of the fixed base (manipula-
tor base frame) is represented by O. E represents the center of
the moving base (the end-effector). The Cartesian coordinate
frame is defined at the origin O. For each pantograph, a
coordinate system xg;yo;20; is defined where ¢ = 1,2,3 is
the pantograph leg number. These coordinate systems share
the same xy-plane but are rotated by angle 6; such that zg;
points towards the attachment point of pantograph 7. The radii
of the base and end-effector are denoted by r4 and rp. The
joint angles are denoted by ¢;;, with 7 = 1,2,3 the joint
number from the base. To solve the forward kinematics, the
transformation matrix from point O to point F is derived using
the Denavit-Hartenberg convention.

Unlike other parallel manipulators [19, 20] since the active
joint comes after a passive joint the inverse kinematics cannot
be solved analytically [16]. Hence, to find a solution for
the end-effector position with respect to the active joints
geometrical reductions are necessary. First, note that the length
of vector OF is not dependent on ¢s3;, therefore, by squaring
and adding the expression for the end-effector position, we
obtain an equation for the passive joint ¢o; as a function of ¢;.
By substituting this equation into the equation for zx we obtain
a relation between the passive joint ¢3; and the active joint ¢1;.
Finally, by replacing the relations between the passive joints
and the active joint in the original set of equations for end-
effector position, an relation between the desired end-effector
positions and the active joint ¢1; is found.

As the relation is highly non-linear, numerical solvers
struggle to find the correct solution despite various initial
conditions, requiring a different approach. From a starting
solution space of ¢i; angles, the passive joints are itera-
tively solved from the relations previously described. Since
¢3; = arccos f (¢1:, g, yE, 2g) for each ¢1;, two solution
sets exist:(P14,024,¢3;) and (¢14,02i,—P3;). The joint limits
are verified and the end-effector position is computed. If
the computed position corresponds to the desired end-effector
position, the solution is found.

B. Workspace analysis

To determine the manipulator dimensions, a sensitivity anal-
ysis of the workspace was performed by varying 4, rg, L1,
and L,. The workspace outline was obtained by solving inverse

Kinematic diagram

’ ¢11+¢2i

@ Passive Revolute Joint @) Active Revolute Joint

Pantograph
Fig. 2: Schematic diagram of the lower portion of one of
the pantograph legs which make up the parallel manipulator.
Geometric definitions for the links and joints in the diagram
are used to formulate the kinematic model of the manipulator.

kinematics iteratively in the positive xz-quadrant and revolving
the outline around the z-axis.

An efficient search algorithm finds the outline. First, vertical
bounds are determined by solving inverse kinematics near the
z-axis. The algorithm then searches out and down, along the
x- and z-axes until no solution is found (out of workspace).

Two metrics are introduced for workspace comparison: (1)
maximum area of a rectangle within the workspace, indicating
overall size, and (2) maximum width of a 10 mm-high rectan-
gle, emphasizing width over height to prioritize lateral reach,
as vertical adjustments are easily done by the aerial platform.

The initial configuration uses 74 = 160 mm, rg = 140 mm,
L; = 220 mm, and Lo = 250 mm. The search space is defined
for r4 and rp between 0.5-1.5x the initial value and for L1,
Lo between 0.5-2.0x the initial value. Results are shown in
Figure 3A.

This figure shows that increasing 74 beyond 180 mm or
decreasing rp below 120 mm provides no additional benefit.
Increasing Ly and Lo improves both metrics, with the maxi-
mum area benefiting more than the maximum width. Based
on this analysis, 74 and rp were set to 180 mm and 65
mm, respectively. The r4 was maximized to fit the drone’s
electronics, while rp was minimized to reduce weight and
enhance the pantograph design’s force balancing properties
(subsection II-C). The dimensions of L; and Lo will be
determined in the next section.

C. Force-balancing optimization

Our manipulator configuration achieves force-balancing by
combining 2D planar force-balanced elements into a 3D mech-
anism. The planar force-balanced elements (the pantographs),
make up the three legs of the manipulator. Ensuring each
pantograph is force-balanced then results in a force-balanced
manipulator. The force balancing conditions of the pantograph
mechanism, formulated by Van der Wijk [21], are reported

below. Figure 3B shows the pantograph dimensions.
mip1 = maa1 + M3ps3
miq1 = Ma3gs
MaP2 = M1a2 + M4Pa

)

maq2 = M4yq4
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Fig. 3: A) Sensitivity analysis results show the effect of varying r 4, rp, L1, and Lo on the workspace metrics. The maximum area
represents the largest rectangle fitting within the workspace outline, while the maximum width represents the widest rectangle
of 10 mm height fitting within the outline. Both increase with r 4, Lq, and Lo, but decrease with rg. B) Schematic diagram
defining the mass properties of the force-balanced pantograph mechanism. C) 3D workspace plot (left) and workspace outline

(right) of the final manipulator design.

Where m; indicates the mass of the respective link including
counter mass. From the pantograph design, we assume that the
center of mass (COM) of the links lies along their axes, leading
to q1, 42, q3,q4 = 0. This reduces the system of equations to:

mip1 = Maay + Mm3ps, 2

MaP2 = M1a2 + MyPy.

For the manipulator to be force-balanced, the mass value
m; includes the end-effector’s mass, with each pantograph
accounting for one-third of the weight in the m; term. This is
balanced by introducing a countermass (CM) on the opposite
side of the pantograph. Given fixed dimensions for p; and
D2, the pantograph is balanced only for only one manipulator
configuration. If the end-effector mass changes, for example
during a pick-and-place task or end-effector replacement, the
manipulator would not remain force-balanced. To address this,
moving countermasses are added to the P;@Q and P, R links.

The mip; and mepy terms can be split in m;p; and
micmpicm for 1 = 1,2, where m;p; = m;p; + MmicMmpicm-
The first term represents the mass and COM position of all
fixed components of link ¢, and the second term corresponds
to the mass and COM position of countermass ¢. Furthermore,
mq can be split such that mo = My + my,, where miy is one-
third of the end-effector mass and mj, is the payload mass (i.e.
the mass change). The payload mass location p, is assumed
to be equal to the link length Lo. To find the relation between
countermass locations picm, p2cm, and the payload mass 1y,

the force-balancing equations can be rewritten to

PpMp moay + Mm3p3s — M1pP1
pPicm = — >
3micm micMm 3)
asmp (M1 + micm) a2 + maps — Maps
P2cm = .
3macm mMacMm

To determine the required mass of the countermasses, an
iterative search ensures the pantograph remains force-balanced
for both a minimum payload of 0 g (no payload) and a
maximum payload of 60 g. A 60 g payload, increasing the
end-effector mass by 66%, was selected to provide measurable
effects during testing. Based on these payload limits, the
required countermass positions picm and pacy were calculated.
The lightest combination of mjcy and mocy satisfying the
pantograph’s geometric constraints is chosen as the solution.

To determine link dimensions L; and L5, an smart search
algorithm on the force balancing relations was performed.
These links correspond to the dimensions a; = as and member
P,Q in Figure 3B. Mass and COM positions of all joint
components were determined from an original pantograph
prototype. Masses for links with dimensions ai, as, P1@Q,
and PR were expressed as functions of their dimension.
From this, the pantograph’s force-balanced configuration can
be determined as a function of Li, Lo, L3 (corresponding
to link P,R), and mpg (corresponding to the end-effector
structure mass). The total manipulator mass including joints,
links and countermasses, was minimized. The search variables
were constrained as follows: L; and L3 between 100 mm and
160 mm, Lo between 280 mm and 330 mm, and m g between
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Fig. 4: A) Linear actuator featuring movable countermass. The manipulator can dynamically reconfigure by moving the
countermass along the shaft to maintain force-balancing under different payloads. B) Close-up of pulley mechanism driving the
linear actuator that moves the countermass. C) Top view of aerial platform without manipulator attached. D) Isometric view. E)

FSM diagram showing states and transitions in two phases.

90 g and 150 g. The resulting dimensions were L; = 130 mm,
Ly = 310 mm, Ls = 160 mm, and mg =90 g

The search algorithm revealed a local optimum for L; and
Lo, and lighter configurations were found by maximizing Ls
and minimizing the end-effector mass. Thus, the end-effector
structure was designed to minimize its mass, yielding a final
value of 90.27 g. L3 was limited to 160 mm to prevent collision
of the pantograph’s top and aerial platform’s body.

With all the dimensions defined, the workspace of the final
manipulator was calculated and is shown in Figure 3C.

D. Fast linear actuator design

The countermasses require a fast, lightweight linear actuator
to move them into the desired positions, while minimizing
reconfiguration time and avoiding excess weight to links Lo
and L3, which would reduce the countermasses’ effectiveness.
The actuator’s length should be minimized for maximum
countermass movement range.

The actuator in Figure 4A and B was developed to meet
the design criteria. It uses a servo-driven spool, which pulls a
string through pulleys to convert rotational motion into linear
movement. The spool has two compartments, each with a string
attached. The string in the top compartment passes through
a pulley to align with the actuator’s cylinder axis, attaching
to the bottom of the countermass. The string in the bottom
compartment is recentered by another pulley, running through
a carbon tube and a pulley at the end of the actuator, before
attaching to the top of the countermass. When the servo rotates
clockwise, the top string winds onto the spool and the bottom
string unwinds, moving the countermass downward (negative

picm)- Counterclockwise rotation moves the countermass up-
ward (positive p;cm).

E. Aerial platform design

A custom aerial platform was designed to fit the manipulator
morphology. A trade-off (scores and weights shown in Table
I) was used to select from four possible morphologies -
tricopter, Y4, quadcopter, and hexacopter. The Y4 morphology
was selected for three arm morphology, fitting best with the
manipulator’s three pantographs. This design also features
comparatively low cost and complexity, due to the flight
control’s similarity with the quadcopter’s.

The frame of the aerial platform consists of an equilateral
triangle-like shape with the pantographs attached to its vertices.
The arms for the motors span from the frame’s center through
the midpoints of its sides. The front arms span 260 mm whereas
the rear arm, with the coaxial motors, spans an extra 75 mm
to provide landing gear clearance. The motors are mounted at
200 mm from the center. Top and trimeric views of the custom
aerial platform are shown in Figure 4C and D.

TABLE I: Tradeoff table for the selection of the aerial platform
configuration.

Weight Tricopter Y4 Quadcopter Hexacopter
In}tzea;rea?if)n . 2 - 2
Complexity 3 1 3 3 2
Cost 3 3 2 2 1
Score NA 27 30 20 19
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F. High-level control

A Finite State Machine (FSM), shown in Figure 4E, governs
the reconfigurable manipulator through the initialization and
execution phases. For trajectory following, joint trajectories are
precomputed offline and loaded on the aerial manipulator.

In the initialization phase, the drone waits to be armed by the
pilot before homing the countermasses by load feedback on the
linear actuators. The countermass are positioned in to balanced
configuration. In the execution phase, the FSM asks for user
input where different modes can be selected. The experiments
are executed in the ’Execute Trajectory’ mode.

III. EXPERIMENTS

Two experiment setups were used: firstly, the system was
suspended by ropes to assess the manipulator’s force-balancing
capabilities; secondly, flight tests evaluate the disturbances
from the end-effector movement on the aerial platform’s posi-
tion tracking.

A. Floating base experiments

The aerial manipulator is suspended by cables, allowing the
system to swing laterally. Using this setup, the manipulator
performs a predefined end-effector trajectory, and the resulting
accelerations on the aerial platform are logged for analysis
from the Pixracer flight controller’s accelerometer. The force-
balancing performance of the manipulator is then evaluated by
comparing four configurations: unbalanced, balanced, unbal-
anced with payload, and balanced with payload.

o Unbalanced: All countermasses removed.

o Balanced: Force-balanced with no payload.

o Unbalanced with payload: The same CM positions as
the previous configuration ("balanced’), but with a 53 g
payload attached to the end-effector.

o Balanced with payload: The force-balanced configura-
tion, adjusted for the 53 g payload.

For each configuration, three different end-effector trajecto-
ries were performed (in the manipulator base frame): a line
trajectory in the z-direction; a line in the y-direction; and a
square trajectory on the xy-plane. The line trajectories were
performed at z = 275 mm and extended from -100 mm to
100 mm. The square trajectory was performed at z = 300
mm with (z,y) locations (-100,-100), (100,-100), (100,100),
(-100,100) mm. Each trajectory was performed for three end-
effector speeds, 0.1 m/s, 0.2 m/s, and 0.4 m/s.

Figure 5 shows the results. The first row of boxplots cor-
responds to the line trajectory in x-direction, the second row
corresponds to the line trajectory along y, and the last row
presents the results for the square trajectory on the xy-plane.
The first and second columns show the measured and mean
corrected accelerations in the x- and y-directions, respectively.

The results reveal that the measured accelerations increase
with the end-effector speed. Higher end-effector speed leads to
greater accelerations to reach successive end-effector position
setpoints, producing larger reaction forces on the manipulator
base. This is reflected in the increased interquartile range and
the range of whiskers with rising speed for each manipulator

configuration, a trend consistent across all trajectories and
acceleration components in x and y.

Furthermore, the measured accelerations decrease between
the unbalanced configuration and its balanced counterpart, also
with payload. Although the accelerations in the balanced con-
figurations are not entirely eliminated, the observed decrease
demonstrates the manipulator’s force-balancing capabilities.
However, when adding a payload to the balanced manipulator
configured for no payload, the measured accelerations increase
as the manipulator is no longer balanced.

The largest acceleration values for the line trajectories occur
in the corresponding movement direction (z or y). For the
square trajectory, as expected, the accelerations in the = and y
directions are similar.

In addition to being force-balanced, the manipulator must
also be statically balanced, where it remains stationary without
any external counteracting force from the servos. In a non-
balanced configuration, the end-effector drops without servo
input, fully extending the pantographs. To verify static balance,
the countermasses are moved to their balanced locations, and
the end-effector is moved around. The end-effector remains
in the last location, confirming static balance. This test was
repeated with payload masses, and by reconfiguring the coun-
termass positions the manipulator remains statically balanced
with various payload masses.

B. Flight experiments

Similar end-effector trajectory tracking experiments were
conducted with the aerial manipulator in flight. The drone
hovers at a height of 1 meter. Position estimates from the
OptiTrack MoCap system for both the drone and end-effector
were collected. The same four manipulator configurations were
tested, using only a 35 g payload mass to account for the
additional weight of the reflective marker structure needed by
the MoCap system, keeping the total end-effector mass equal
to the floating base setup.

Two trajectories were performed: a square trajectory on the
zy-plane and a line trajectory in the z-direction. The square
trajectory was performed at a z = 350 mm with (z,y) of (-80.,-
80), (80,-80), (80,80), and (-80,80) mm. The z-line trajectory
ranged from 300 to 400 mm. The results for the square and
the z-line trajectory are shown in Figure 6.

Both figures include a plot at the top of the figure with
the desired and actual position of the drone and end-effector
(showing one repetition for clarity). The box plots below report
the absolute position error in z, y, and z.

The square trajectory results demonstrate that force-balanced
configurations reduce drone position tracking error in all di-
rections. Notably, the tracking error in z is substantially larger
for the unbalanced configuration with payload, showing that
the force-balanced configurations reduce disturbances on the
aerial platform, improving drone position tracking.

The end-effector tracking error is defined as the drone posi-
tion error minus the absolute end-effector position, because the
drone position errors directly affects the end-effector position.
As expected, it is consistent across all configurations and is
attributed to kinematic inaccuracy from imperfect fabrication.
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Fig. 5: Floating base test results showing the measured acceleration in z- and y-directions (first and second columns) for line
trajectories in x and y (first and second rows), and a square trajectory in the xy-plane (third row). Each trajectory was tested for
the four manipulator configurations, and three end-effector speeds (0.1, 0.2, and 0.4 m/s). The measured accelerations generally
increase with end-effector speed and the balanced configurations produce lower accelerations than unbalanced ones.

For the z-line trajectory, presented in Figure 6 (right), similar
conclusions apply. Drone position errors in z are reduced in the
balanced configuration compared to the unbalanced configura-
tion. In x and y, this trend is less consistent; except for the error
in x for the unbalanced configuration, the error magnitudes are
lower than the error in the z, likely reflecting inherent limi-
tations in the drone’s position tracking. The largest difference
occurs between the unbalanced and balanced configurations
with payload, highlighting the necessity of reconfigurating the
manipulator for different payloads.

As with the square trajectory, the end-effector tracking error for

the z-line remains consistent across manipulator configurations
due to fabrication inaccuracies.

Finally, the mean and standard deviation for the drone’s and
the end-effector’s absolute position errors are summarized in
Table II. These statistics are computed over a trajectory set
with movement in all axes: a line in the z direction; lines in x-
and y-direction; and lastly a square trajectory on the xy-plane.
Each trajectory was repeated three times.

The results show that the force-balanced configurations suc-
cessfully reduce the drone position tracking error. Between
the unbalanced and balanced configurations, a 19% decrease
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Fig. 6: Position- and box plots for flight tests with square trajectory on the xy-plane and line in z. The four manipulator
configurations at 0.1 m/s end-effector speed are shown. The position plots shows a single repetition. The figures show improved
drone position tracking with balanced manipulator configurations.

in error was observed with no payload, and a 34% decrease IV. CONCLUSION

in error was observed with payload. End-effector tracking

errors remain consistent across all manipulator configurations, This work presents the design, fabrication and testing of
highlighting a systematic error due to imperfect mechanical a novel aerial manipulator equipped with a reconfigurable
construction of the manipulator. force-balanced manipulator. The design of the dynamically

reconfigurable force-balanced aerial manipulator, including a
custom linear actuator and drone platform, and the fabrication
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TABLE II: Mean and standard deviation of the drone and
the end-effector position tracking errors. The results show
improved drone position tracking for balanced manipulator
configurations compared to their unbalanced counterparts.

Unbalanced Balanced Unbalanced Balanced

payload payload
Drone position mean [m] 0.043 0.035 0.047 0.031
error std [m] 0.021 0.014 0.015 0.016
End-effector  mean [m] 0.047 0.051 0.048 0.049
position error std [m] 0.016 0.013 0.015 0.016

of the system were described. Floating base tests demonstrated
the manipulator being statically- and force-balanced. Flight
tests demonstrated substantial improvement in the drone’s posi-
tion tracking under disturbance from end-effector movements.
In conclusion, this work showcased that a smart mechanical
design for the manipulator improves the performance of an
aerial manipulator and would facilitate the integration of simple
controllers, e.g. PID, for dynamic interaction tasks involving
varying payloads, e.g. repetitive aerial pick and place.
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