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Abstract— Aerial manipulation has gained interest in com-
pleting high-altitude tasks that are challenging for human
workers, such as contact inspection and defect detection, etc.
Previous research has focused on maintaining static contact
points or forces. This letter addresses a more general and
dynamic task: simultaneously tracking time-varying contact
force in the surface normal direction and motion trajectories
on tangential surfaces. We propose a pipeline that includes
a contact-aware trajectory planner to generate dynamically
feasible trajectories, and a hybrid motion-force controller to
track such trajectories. We demonstrate the approach in an
aerial calligraphy task using a novel sponge pen design as
the end-effector, whose stroke width is proportional to the
contact force. Additionally, we develop a touchscreen interface
for flexible user input. Experiments show our method can
effectively draw diverse letters, achieving an IoU of 0.59 and
an end-effector position (force) tracking RMSE of 2.9 cm
(0.7 N). Website: https://xiaofeng-guo.github.io/
flying-calligrapher/

I. INTRODUCTION

Uncrewed Aerial Vehicles (UAVs) have rapidly developed
in recent years, with applications ranging from photogra-
phy [1], [2] to package delivery [3], [4]. High-altitude tasks,
which are often challenging and time-consuming for human
workers and sometimes require active interaction with the
environment, have expanded the requirements for UAV op-
erations beyond just passive roles such as monitoring, remote
sensing, etc. Aerial interaction, or aerial manipulation, where
UAVs intentionally interact with the external environment,
has gained increased attention. Such a shift has sparked
greater interest in UAVs for tasks such as contact defect in-
spection, cleaning, or maintenance at high altitudes. The key
challenge lies in the nonlinear floating-based disturbance [5],
[6] as well as the coupling between the flying vehicle and
the attached manipulator.

There are many research efforts exploring the aerial ma-
nipulation in different scenarios, such as pushing a tar-
get [7], turning a valve [8], opening a door [9], drilling [10],
screwing [11], cleaning [12], contact-based inspection [13],
[14], etc. Uncrewed Aerial Manipulators (UAMs) in these
scenarios often need to track a reference contact force or
motion. However, most existing work focuses on specific
tasks, such as maintaining a constant force or tracking
discrete force targets at different locations. A general solution
for tracking continuous, time-varying motion and force tra-
jectories is lacking. On the other hand, there are many high-
altitude applications that need this capability. For instance,
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Fig. 1. (a) Our aerial manipulator is writing a Chinese calligraphy artwork
on the wall. (b) “AIR” and (c) “2024” written by our system.

in cleaning, the UAM’s end-effector must slide on surfaces
while adjusting to varying motion and contact force based
on dirtiness. In carving or writing, the UAM must follow
continuous, time-varying force and motion trajectories to
accurately reflect stroke thickness. Relying solely on discrete
force target tracking is too time-consuming and cumbersome.

We aim to achieve general time-varying contact force and
motion tracking to enable a wide range of aerial manipulation
tasks. In particular, we target aerial calligraphy as a repre-
sentative application to demonstrate the overall performance
due to its high precision requirements on both motion and
force tracking, and its superior visualization. Different from
the simple aerial writing task, this task requires the UAM
to draw letters with dynamically varying linewidth. It is
challenging due to several reasons. The trajectory, including
both the motion and contact force, must be smooth and
dynamically feasible to ensure both feasibility and artistic
quality. Unlike discrete force holding at different locations,
the friction caused by the sliding with continuous time-
varying contact forces during drawing must be properly
handled by the controller. Additionally, the end-effector must
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Fig. 2. Pipeline of the proposed system. Users either manually define the target strokes or draw the target letter through a touchscreen interface. Then,
the trajectory planning module generates a dynamic-feasible motion-force trajectory. A hybrid motion and force controller is designed for the UAM to
track the reference trajectory. Finally, a novel end-effector pen is designed for the UAM to draw the target letters.

be designed to reflect time-varying motion and contact force
for proper visualization.

This paper develops a contact-aware hybrid motion-force
planning and control strategy for aerial calligraphy using
a fully-actuated hexarotor aerial manipulator. The system
consists of three main components: a contact-aware tra-
jectory planning module, a contact-aware hybrid motion-
force control module, and a real-time user input interface
via touchscreen. The touchscreen interface allows users to
manually input or draw the target letter using an iPad. The
trajectory planning module then generates a dynamically
feasible motion and contact force trajectory, while the control
module ensures the UAM accurately tracks these references
to draw the letters. Additionally, a novel sponge pen end-
effector is designed to visualize the drawn letters with vary-
ing linewidths based on contact force. The main contributions
of this work are:
• We propose a contact-aware trajectory planning algorithm

to generate dynamically feasible contact force and motion
trajectory in the contact plane.

• We develop a contact-aware hybrid motion-force control
algorithm to enable the UAM to track the continuous time-
varying contact force and motion reference simultaneously,
while compensating for friction force.

• We develop a system and pipeline for a novel aerial
calligraphy task. Specifically, we design a sponge pen
capable of drawing varying linewidths based on contact
force, and a real-time user interface that allows users to
draw target letters or strokes via touchscreen.

II. RELATED WORKS

In aerial manipulation tasks, UAMs often need to track
reference contact force or motion trajectories during contact
with external objects. To generate the reference trajectory,
the existing works mainly focused on motion planning
and treated the interaction force between the UAM and
the environment as disturbances [15], [16], [17]. As for
contact force estimation, researchers have developed contact
mechanics models, such as quasi-static or spring-damper
models [18], [19]. Additionally, some studies mounted F/T

sensors on UAMs to directly measure the contact force for
feedback [20], [21].

Aerial writing, which requires the UAM to control both
motion and contact force during the task, is one common
task the researcher focuses on. For example, Tzoumanikas
et al. [22] developed a hybrid motion-force MPC as the
trajectory generator and controller to draw letters with con-
stant linewidth. They only tracked target position trajecto-
ries and obtained the corresponding force using a linear
spring model for vehicle dynamics. Lanegger et al. [23]
designed a compliant Gough-Stewart mechanism for line
drawing, improving stability and precision with multiple
contact points. They equipped three omni-wheels with the
end-effector and modeled the whole structure as a three-
wheeled omnidirectional ground robot for precise control.

However, among all these works, most of them either track
only a reference motion trajectory [20], [22], a set of discrete
constant force targets at different locations [21], or time-
varying force but without motion moving [24]. Our goal is
to achieve general time-varying contact force and motion
tracking to enable various aerial manipulation tasks, such
as aerial calligraphy with strokes of varying linewidths. Un-
like many studies that consider only normal contact forces,
we utilize the full contact model in this work to predict
the contact wrench (both normal force and friction force).
This model is used in both trajectory planning to generate
dynamically feasible trajectories and in hybrid motion-force
control with contact wrench compensation. Additionally, Our
method treats execution time also as a decision variable to be
optimized in trajectory optimization [25], improving UAM
task efficiency compared to algorithms that predefine the
execution time [15], [26].

III. PROBLEM DEFINITION AND METHOD
OVERVIEW

A. Problem Definition

This work aims to simultaneously track motion and contact
force for UAM during aerial interaction. The problem is
defined as follows: control the UAM’s end-effector to navi-
gate through a sequence of contact points on a surface with



a known shape, while applying the desired normal contact
force at each contact point. Specifically, we focus on the
aerial calligraphy task. Given a list of waypoints in the image
space, each specifying the position and linewidth of a point,
the goal is to control the UAM to accurately draw the letter.

B. System and Pipeline Overview

Our UAM platform is adopted from our previous works
[13], which is a fully-actuated hexarotor equipped with a
one-link manipulator. An F/T sensor is mounted at the base
of the manipulator. The flying calligrapher system pipeline
is shown in Fig. 2 and consists of four components. First,
we develop an aerial calligraphy interface allowing users to
specify the target image by either manually defining way-
points or drawing the letter through a touchscreen interface.
This module then converts the user input to sparse waypoints
in the task space, including the contact point position and
magnitude of the normal contact force. Second, based on
the sparse waypoints, we develop a contact-aware trajectory
planner that generates a dynamically feasible motion-force
trajectory for the UAM to track. Subsequently, a hybrid
motion-force controller is designed so that the UAM can
follow the reference trajectory. Finally, we design a novel
end-effector for the UAV to draw the target letters.

C. Coordinate Frames and Notations

We define several coordinate frames, as shown in Fig. 3.
The world inertial frame W is an east-north-up frame with
the origin at the UAV’s initial contact point on the ground.
The body frame B originates at the vehicle’s center of mass,
with axes pointing front, left, and up relative to the vehicle.
The end-effector frame E originates at the end-effector, with
axes pointing front, left, and up relative to the vehicle. The
arm frame S originates at the root of the manipulator where
the F/T sensor is mounted, with axes aligned to the sensor.
The contact frame C originates at the contact point, with axes
aligned to the surface normal (towards inside), left, and up
directions of the surface.

Vectors are denoted as bold lowercase symbols. Left-hand
subscripts, e.g., Wv, indicate the coordinate representation in
frame W . Rb

a ∈ R3×3, T b
a ∈ R3×1, AdT b

a
∈ R6×6 define the

rotation, translation, and wrench (force and torque) transfor-
mation for vector from frame b to frame a, respectively. We
have the following coordination transformation: av = Rb

abv.
0a×b defines a 0 vector in a × b dimensions. v[i] indicates
the ith element of v; r(·) denotes the reference quantity.

We define the UAM end-effector position vector in the
world frame as Wp = [x, y, z]⊤, the attitude with rotation
matrix representation RB

W and the angular velocity in body
frame as ω. The pose and twist of the UAM end-effector are
defined as q = [p,RB

W ] and v = [ṗ⊤,ω⊤]⊤.

D. Aerial Manipulator Dynamics

The dynamic model of the hexarotor aerial manipulator
at the end-effector can be derived following our previous
work [27].

Mv̇ +Cv +AdTB
E B

g = AdTB
E B

τa +AdT C
E C

τc (1)

Fig. 3. The coordinate frames used in this paper. Specifically, W , B, E ,
S, and C stand for the world, vehicle body, end-effector, arm, and contact
frame, respectively.

with inertia matrix M ∈ R6×6, centrifugal and Coriolis term
C ∈ R6×6, gravity wrench g ∈ R6, contact wrench τc ∈
R6, and control wrench τa = [f⊤

a ,m⊤
a ]

⊤ ∈ R6 from the
UAM actuators, where fa ∈ R3 denotes the control force
and ma ∈ R3 denotes the torque. Specifically, we have

M =

mRW
E mRW

E [RB
WtEB]×

03×3 J −m[tEB]×[t
E
B]×

 (2)

C =

03×3 mRW
E [ω×R

B
WtEB]×

03×3 −[(J −m[tEB]×[t
E
B]×)ω]×

 (3)

Here m is the vehicle mass; J is the moment of inertia
at the vehicle center of mass; tEB is the relative translation
between the vehicle body and the tip of the end-effector, and
[∗]× is the skew-symmetric matrix associated with vector ∗.

The control wrench comes from the standard UAV rotor
thrust and torque. As for the contact wrench, since the one-
link manipulator is rigidly attached to the UAV contacting
the surface through a point, only reaction force is considered
at the contact point without torque, i.e.

Cτc = [f⊤
c ,0⊤

3×1]
⊤, fc = f⊥ + f// (4)

where f⊥ and f// represent the normal force and shear force
respectively. Given the contact surface ϕ and the assumption
that the end-effector makes a point-contact with the surface,
we have the contact constraint ϕ(p) = 0. The contact axes
can be represented by the surface normal vector n̂t, and the
in-plane basis vectors t̂y − t̂z with

n̂t =
∇ϕ(pc)

∥∇ϕ(pc)∥
, t̂y =

g[1:3] × n̂t

∥g[1:3] × n̂t∥
, t̂z =

t̂y × n̂t

∥t̂y × n̂t∥
(5)

Therefore the contact force can be expressed as

F = ∥f⊥∥, f⊥ = F n̂t (6)

f// = −F
(
µysign(ẏ)t̂y + µzsign(ż)t̂z

)
α(v) =

[
[n̂t − µysign(ẏ)t̂y − µzsign(ż)t̂z]⊤,0⊤

3×1

]⊤
Cτc = Fα(v)

where F is the magnitude of the normal force. Here,
we apply the Coulomb model to estimate the friction force
with the friction coefficient µy , µz along each direction. The
negative sign at the beginning represents that the friction is
in the opposite direction of the motion and sign(·) denotes
the sign function.



IV. CONTACT-AWARE TRAJECTORY PLANNING

This section introduces the proposed contact-aware tra-
jectory planning algorithm. It takes M sparse waypoints
(rpci,

rFi), for i ∈ 1, · · · ,M and contact surface ϕ as input,
and outputs the state and action trajectories x(t), τa(t) as
the reference for the hybrid motion-force controller, where
x(t) = [q⊤(t),v⊤(t), F (t)]⊤, t ∈ (0, T ). The waypoints
can include both contact points where rFi > 0 and non-
contact points where rFi = 0. Notice that our algorithm
also optimizes the total time, therefore timestamps are not
included in the input waypoints. Different from other works
that consider contact reaction wrench as a disturbance, we
treat τc(t) as a predictable state in the trajectory planning,
and we also output it to the controller.

The trajectory planning algorithm is to find an N-step state
and control sequences x1:N , τa1:N , which can be formulated
as an optimization problem:

min
x1:N,
τa1:N,
h1:N

N∑
n=1

(
∥vn∥2Wv

+ ∥τan∥2Wτ
+ ∥δτan∥2Wdτ

+ γ
)
hn

(7a)
s.t. xn+1 = fdyn(xn, τan, hn) (7b)

0 < hn ≤ h̄ (7c)
pNi =

rpci, FNi =
rF i, ∀i ∈ 1, · · · ,M (7d)

ϕ(pj)

{
= 0, if rFNi

rFNi+1
> 0

> 0, if rFNi
rFNi+1

= 0
∀j ∈ [Ni, Ni+1]

(7e)
g(xn) = 0 (7f)
τ a ≤ τan ≤ τ̄a, τ̇ a ≤ δτan ≤ τ̇a

v ≤ vn ≤ v̄, Ḟ ≤ δF ≤ ¯̇F (7g)

where ∥x∥W := x⊤Wx denotes the W -norm of x. The
cost function in (7a) penalizes the overall twist vn, control
wrench τan, changing rate of the wrench δτan and time-
interval between two steps hn. Wv , Wτ , Wdτ are three
diagonal weighting matrices and γ is the scalar of time
penalty. (7b) represents the discrete-time dynamics of the
system (1). Since timestep hn is also the variable to be
optimized, we add the limit of the maximum time interval
for each single step (7c) to ensure the dynamic accuracy.

(7d) ensures the UAM tracks waypoints by imposing the
vehicle sequentially pass through the ith waypoint at step
Ni. Due to the upper limit for the time interval hn, the
optimization may become infeasible if there are insufficient
steps between waypoints. Conversely, too many steps will
cause a significant computational burden. We pre-allocate the
step-index Ni in proportion to the distance between adjacent
waypoints to reduce the optimization time while ensuring
feasibility. We set N1 = 1 and N = NM .

(7e) ensures the end-effector contacts the target surface
during the segment between two contact waypoints and
ensures the end-effector does not make contact with the
surface during other segments.

(7f) provides the task-related constraint. Here, in the aerial
calligraphy, to maintain the end-effector perpendicular to
the wall for better drawing performance, the desired UAM
orientation is constructed by (5)

g(x) := RB
W − rRB

W , rRB
W(p) = [t̂z, t̂y,−n̂t] (8)

For RB
W , we project them back to the SO(3) group

to ensure the feasibility. Additional safety and feasibility
constraints for vehicle control wrench, velocity and contact
force are added as (7g).

Since the time intervals obtained from problem (7a) may
be non-uniform, we apply linear interpolation to the planning
results to ensure the control and state sequences are consis-
tent with the controller frequency. Given x1:T , τa1:T , h1:T ,
for t ∈ [Tj , Tj+1], and Tj =

∑j
n=1 hn,

x(t) = λxj + (1− λ)xj+1, τa(t) = λuj + (1− λ)τaj+1

with λ = (t−Tj)/(Tj+1−Tj). We also calculate the model
predicted contact wrench τc(t) from (6) for later use. In
summary, the planning algorithm outputs rx(t), rτa(t), and
rτc(t) for the hybrid motion-force controller.

V. HYBRID MOTION-FORCE CONTROL
This section discusses the design of the hybrid motion-

force controller. Based on our previous work [13], we en-
hance the controller by incorporating contact wrench models,
including the dynamics of contact force, friction force, and
friction-induced torque.

A. Contact Wrench Estimation

Unlike the free-flight UAV, the primary challenge of
UAM is to compensate the contact wrench τc during aerial
interaction. We estimate it by fusing the sensor readings into
the analytic model.

As described in (4), Cτc consists of both the normal and
shear forces. Since we have an F/T sensor at the origin of
frame S, it allows us to estimate Cτc. Specifically, for the
aerial calligraphy task, given the planned trajectory rx, we
obtain r

Cτc = rF rα(rv). On the other hand, F/T sensor
provides the measurement S τ̃s for the wrench at the origin
of frame S (denote as Sτs). In addition, it is obvious to
see that the relation of the Sτs and the contact wrench
can be expressed as Bτc = AdTS

B S
τs. Therefore, the

contact normal force can be estimated by fusing the sensor
measurement with the contact force model

F̂ =
[
AdT C

B

rα
]−1

AdTS
B S

τ̃s (9)

where [·]−1 denotes the inverse or pseudo-inverse of a matrix.
Furthermore, under hover or zero tilt condition of the fully-
actuated UAM and given the specific flat vertical wall,
RC

B ≈ I . Thus, the estimate can be simplified as F̂ =
[RS

BSτs[1:3]][1]. The corresponding contact wrench estimates
cab be obtained as

C τ̂c = F̂α(rv) (10)

Here, we use reference velocity rv instead of measured
velocity for robustness consideration.



B. Hybrid Motion-Force Controller

The fully-actuated UAM is able to control the translation
and orientation independently. We develop a contact-aware
hybrid motion-force controller based on our previous work
[13] for the UAM to track the planned trajectory rx(t).

The control wrench τa combines the output of the motion
tracking controller τp and wrench tracking controller τf as
follows:

Bτa = RC
B((I6×6 −Λ)RB

C Bτp +ΛRB
C Bτf ) (11)

where Λ = blockdiag[δ, 0, 0, 0, 0, 0] ∈ R6×6, δ ∈ {0, 1}. In-
tuitively, the matrix Λ selects direct force control commands
and leaves the complementary subspace for the motion
control. δ is the force motion control switch based on rF . δ
is set to 0 when rF = 0, corresponding to the pure motion
control, and δ is set to 1 when rF > 0, indicating the force
control along the normal direction of the surface.

For motion control, a PID controller is designed to directly
control the end-effector motion.

τp = rτa +
rτc − τ̂c −Kqeq −Kvev −Ki

∫
eqdt (12)

where

eq = [e⊤p , e
⊤
R]

⊤, ev = [ė⊤p , e
⊤
ω ]

⊤

ep = p− rp, eR =
1

2
(rRB

W
⊤
RB

W −RB
W

rRB
W

⊤
)∨

eω = ω − rω (13)

rτa and rτc come from the planning. Here (·)∨ is
to extract a vector from a skew-symmetric matrix and
Kq,Kv,Ki are the positive definite tunable controller gain
matrices. Here τ̂c is the key novelty of the proposed con-
troller that we incorporate contact wrench models.

As for the wrench tracking, we design an impedance
controller to ensure that the end-effector maintains the de-
sired wrench. Given the contact force reference F r and the
estimated contact normal force (9), the controller is designed
as:

ef = F̂ − rF, ex = eq [1]

Ff = rF −m0m
−1
d (Keex +Deėx) (14)

−Kf,pef −Kf,i

∫
efdt

= rF −Ke,pex −Ke,dėx −Kf,pef −Kf,i

∫
efdt

with m0, md the actual and desired vehicle mass, respec-
tively, Ke,p is the normalized stiffness, Ke,d is the normal-
ized damping. Then, the control wrench τf = [Ff ,01×5]

⊤

and τp will be passed through (11) to get the total control
wrench. Finally, τa is distributed to each rotor through the
control allocation process.

Notice that τ̂c in (12), and F̂ in (9) take the contact force,
including the normal force, friction force and the induced
torque into account. Therefore, the designed controller is a
contact-aware hybrid motion-force controller.

Fig. 4. System overview. (a). Side-view of our UAM platform. (b). Design
of the sponge pen as the end-effector. (c). Calibrated stroke linewidth and
contact force relation.

VI. END-EFFECTOR AND INTERFACE DESIGNS

In this section, we introduce the end-effector and user
interface design for the aerial calligraphy task.

A. End-Effector Design

Aerial calligraphy requires precise tracking of tar-
get linewidths, which can be achieved through contact
force tracking. Most existing pens cannot produce varied
linewidths, and specialized tools like the Chinese Calligraphy
Brush need extra steps to align bristles for quality writing.
In general, the pen for aerial calligraphy must satisfy these
requirements: 1) Linewidth must correlate positively with
contact force; 2) Changes in linewidth should be noticeable
with varying force; 3) The correlation should be easily
adjustable; 4) Writing should remain symmetrical during
force application and release; 5) The pen should efficiently
retain ink. We design a novel end-effector that meets these
requirements.

Fig. 4 illustrates our pen design, consisting of two primary
components: the sponge and the spring support. The cone-
shaped sponge ensures isotropic properties and effectively
absorbs and retains ink. A spring encircles a metal rod within
the sponge, with adjustable stiffness and preload to fine-tune
the force-linewidth curve. We dilute black ink with isopropyl
alcohol (IPA) to enhance adhesion to the operating surface,
which is a dry-erase whiteboard paper.

B. Aerial Calligraphy Interface

The interface allows users to input strokes from open-
source datasets [28] or through manual design. We also
develop a touchscreen interface, implemented as an iPad
application, which enables direct drawing of target strokes by
capturing waypoints and the pressure applied during drawing.
For each user input target strokes si, including waypoints Ipi

(position) in image space I and Idi (linewidth), the inter-
face processes it using Cubicspline fitting with constraints
such as minimal curvature, and maximum and minimum
linewidth to ensure feasibility. The target contact force rFi

is then calculated from the pre-calibrated force-linewidth
relationship. The position rpci is obtained by transforming
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Fig. 5. Results of three repeated trials for the letter ‘A’. Top row: Final
written image. Middle two rows: Time history of end-effector position and
contact force tracking performance. Bottom row: visual comparison between
the written letter and ground truth image, evaluating the overall writing
performance.

Ip to frame W . For multi-stroke letters, we add the non-
contact point at the endpoints of each stroke to enable
stroke switching. Subsequently, the developed contact-aware
trajectory planning algorithm generates the reference motion-
force trajectory x(t), τa(t), which the UAM tracks to draw
the target letter.

VII. EXPERIMENT

In this section, we conduct experiments to demonstrate the
effectiveness of our method. We perform aerial calligraphy
on several letters from different languages and investigate
the impact of various system modules and writing speeds on
overall performance. More writing results are available on
our project website.

A. Experiment Setup

We use a customized fully-actuated hexarotor UAV with
onboard computation handled by an Nvidia Xavier AGX
running ROS Noetic. System localization is achieved using
an Optitrack Motion capture system. For aerial calligraphy,
the newly designed pen (Sec. VI-A) is mounted as the
end-effector, and a dry-erase whiteboard paper is attached
to a vertical wall for drawing. The friction coefficient is
pre-measured as µx = µy = 0.4. The force-linewidth
relationship is calibrated by drawing lines with varying
contact forces and fitting a polynomial curve, as shown in
Fig. 4. Trajectory planning and optimization is performed
using CasADI [29] with IPOPT [30] solver, initialized with
a 0.1s time interval and linearly interpolated states between
the waypoints, and hover thrusts. In real applications, we
control the vehicle base for implementation convenience.

B. Aerial Calligraphy

The aerial manipulator writes three English letters: ‘A’,
‘I’, and ‘R’ in a custom typeface and font size. We man-
ually define the sparse waypoints with point locations and
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Fig. 6. Comparison with the control baseline. Top: Writing results for
letter ‘R’. Bottom: Time history of end-effector motion and contact force
tracking performance.

TABLE I
ABLATION STUDIES RESULTS

Our Method Control
Baseline

Planning
Baseline

EE Pos
RMSE (cm) 2.93 ± 0.40 5.47± 0.74 4.40± 0.14

Base Pos
RMSE (cm) 2.48 ± 0.39 4.07± 0.93 3.68± 0.65

Force
RMSE (N) 0.72 ± 0.11 1.89± 0.07 1.04± 0.28

IoU 0.59 ± 0.09 0.43± 0.12 0.49± 0.06

local linewidths. The maximum reference velocity is set to
20 cm/s, the maximum acceleration to 20 cm/s2; and the
maximum contact force change rate to 2 N/s. We conducted
three trials for each letter to test repeatability.

Fig. 5 shows the visual performance of the written letter.
The UAM tracks motion and force trajectories well, with
the written letters closely matching the target shapes and
linewidths. Challenges arise when the UAM changes direc-
tion or at the start and end points of strokes due to the
non-homogeneous property of the sponge pen during the
establishment and detachment of contact. Smaller circular
sections, such as the bottom-left curve of the letter ‘A’, or
the bottom-left part of the letter ‘I’ (see Fig. 7), also present
difficulties. This is presumably due to the rapid changing of
friction mode (static or sliding friction) and friction force
(both magnitude and direction) in these areas which requires
a more accurate friction model. Despite these issues, the
controller’s performance is consistent across trials.

To quantitatively evaluate the performance, we calculate
the Root Mean Squared Error (RMSE) by comparing the
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Fig. 7. Comparison with the planning baseline. Top: Writing results for
letter ‘I’. Bottom: Time history of end-effector motion and contact force
tracking performance.

reference trajectory, shown in Tab. I. The RMSE of the base
position tracking is around 2.5 cm and of end-effector (ee)
position tracking is around 2.9 cm. The contact force RMSE
is around 0.7 N, which is better than the previous work
that tracked constant contact force [13]. This improvement is
attributed to the developed contact-aware motion and force
planning and control, which compensates for unmodeled
behavior. We also use Intersection over Union (IoU) to
evaluate the overall visual performance. We transform both
the target and written letters into binary images, treating the
letter as the target region at the pixel level. Our method
achieves an average IoU of 0.59, with an average intersection
ratio of 0.79 and an average union ratio of 1.35.

We also test our system on a more complex scenario: Chi-
nese idiom calligraphy. As shown in Fig. 1, these characters
feature more strokes, intricate shapes, and sharper turns com-
pared to English letters. Our system still successfully wrote
these characters with tracking and visual errors comparable
to previous tests, highlighting the robustness of our approach
across diverse writing tasks.

C. Ablation Studies

We conducted an ablation study to investigate the benefits
of the proposed trajectory planning and hybrid motion-force
control modules. We compared system performance under
three scenarios: 1) our proposed approach; 2) without the
friction and contact force model in the controller (Control
Baseline); and 3) without contact-aware trajectory planning
(Planning Baseline), using equal distance sampling of target
waypoints for reference trajectory instead. The results are
shown in Tab. I.

Fig. 6 shows the comparison with scenario 2). It is clear
that without a proper contact force model, the contact force
trajectory tracking is less accurate, leading to inconsistent

௠௔௫

௠௘௔௡

௠௔௫

௠௘௔௡

௠௔௫

௠௘௔௡
reference image

IoU: 0.524 IoU: 0.466 IoU: 0.562

Fig. 8. Visual results of aerial writing on the letter ‘I’ under different
velocity profiles.

(c)

(a) (b)

IoU: 0.546

Fig. 9. (a). The user inputs target strokes ‘2024’ on the touchscreen. (b)
The planned trajectory, where the green dots are the waypoints with equal
timesteps. Regions with denser points indicate a slower planned velocity.
(c). The actual letters written by the system.

stroke widths and occasional loss of contact. Without a
proper friction force model, the written letter shapes are
distorted, particularly at the ends of strokes and junctions,
such as the vertical line and junction of the letter ‘R’.

Fig. 7 shows the comparison with scenario 3). Without
proper dynamic constraints, the linear interpolated reference
trajectory makes sharp turns at corners, resulting in dis-
continuous velocity references that are unfeasible for the
vehicle. This causes overshoots at corners, such as the
bottom-left corner of the letter ‘I’. In addition, testing the
Planning Baseline with a slower speed resulted in even worse
performance due to frequent switching between static and
sliding friction, introducing more complex friction dynamics.

D. Speed Comparison

To demonstrate the effects of the velocity on writing
accuracy, we perform the experiments with three different
velocity profiles whose maximum speed is 24.3 cm/s, 33.1
cm/s, and 40.2 cm/s. Fig. 8 shows the visual results. The
proposed method achieves a final writing IoU of 0.562 at
a velocity of 40 cm/s. To the best of our knowledge, this
is significantly faster than all related works [22]. The main
restriction on achieving higher velocities is the calibrated
contact force change speed, limited by hardware and the
contact model. Given that sliding at a slow speed introduces
extra challenges, there is an optimal velocity range, high-
lighting the necessity of our trajectory planning algorithm.

E. Aerial Calligraphy with Touchscreen Interface

We demonstrate the convenience of our touchscreen in-
terface for a complete aerial writing demo. A human user



writes ‘2024’ on the touchscreen. We then downsample
and preprocess the input waypoints to make them feasible
for our system. We regenerate the target image and render
it for user verification. The UAM then performs contact-
aware trajectory planning and hybrid motion-force control
to draw the letters. Fig. 9 shows the user’s raw input, the
regenerated target image, and the written letters by the UAM.
The touchscreen provides a more intuitive way for users to
input targets.

VIII. CONCLUSION
In this letter, we propose a general framework to simulta-

neously track time-varying contact force in the surface’s nor-
mal direction and motion trajectories on tangential surfaces.
Specifically, we propose an aerial calligraphy system. Our
pipeline imports predefined target strokes or user drawings
from a touchscreen, generates a dynamically feasible trajec-
tory, and controls the UAM to write the target calligraphy.
Experiments demonstrate that our method can draw diverse
letters with effective motion and force tracking. The IoU
of the final drawing is 0.59, and the end-effector position
tracking RMSE is 2.9 cm. Future work includes integrating
the touchscreen as an online teleoperation interface.
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