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Abstract— Graffiti work using a humanoid with artistic technique can convey the value of artists’ work to people. Previous
work that focused on drawing an image on a canvas accurately
has not contained artistic processes like performance, drawing
skills and other artists’ intents at the time of creation. To
combine such artistic processes, the work in this paper utilizes
whole-body motion of a humanoid to paint an image on a
wall using Pointillism. However, a biped humanoid consists of
high Degree Of Freedom (DOF) system and is very sensitive
to internal and external disturbances from interaction with
environments. As is the case when graffitiing on a wall. Most
notably, the vibration from impact contacts and mechanical
uncertainties limit the humanoid in graffitiing properly. This
paper presents an approach to realize drawing a large image on
a wall through real-time motion planning for printing, artificial
compliance, and a disturbance controller.
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I. INTRODUCTION
Graphic wall art demands both creativity and the ability
to effectively handle surfaces and apply paint. Robots still
lack human-level creativity. However, mimicking drawing
styles, manipulating art tools and paints, and compensating
for surfaces like bumpy walls, is possible with robots.
Programming a robot to paint wall art has applications. For
instance, the art can be duplicated by the robot in different
locations. There is also potential for human-robot or multirobot collaborative painting. However, research on robotic
art work has been mainly focused on copying an original
image and the performance gaged by the accuracy of the
replication.
Robot drawing has demonstrated an ability of robotic
manipulators to create artistic work. Most of the work has
focused on drawing a sketch through visual sensing using a
simple-configured manipulator. The authors in [1] describe
2D portrait-sketching canvass and in [2] applied force control
to compensate for disturbances to the canvass’ location. The
research in [3][4] designed a three fixed-axis machine to
draw an image on on spherical surfaces like a tennis ball. A
humanoid platform was utilized for sketching an image on
a flat canvas in [5][6]. In contrast to robots drawing a given
image, [7] describes free sketches of people.
Most of the previous research shows the capabilities of
robotic platforms to sophisticatedly replicate artistic work.
Beyond the resulting drawing, art is also valued by its
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Fig. 1. (a) Final output of pointillism art, (b) DRC-Hubo art performance
in Life Is Beautiful, September 24-27th 2015.

process. Examples include generation (like stroke style),
strategy (material type) and the time involved. Of course,
it is very difficult to quantify artistic value. To create such
value, the work in this paper presents the creation of robotic
graffiti on a wall using whole-body motion of an adultsized humanoid called DRC-Hubo which was designed and
used for disaster-response in the DARPA Robotics Challenge
(DRC) [8][9][10][11] with a painting technique derived from
Pointillism.
A humanoid probably has the most reasonable form-factor
to mimic human behavior. Unlike the aforementioned robots,
DRC-Hubo was not designed to be a painter. In terms of
realization of graffiti on a wall with an artistic technique,
it is required to imitate the techniques in motions, proper
handling of an artistic tool, and adapt to a human-centered

1538

environment. Most of this paper describes the technical
aspects how to realize reliable and stable Pointillism artwork
with a humanoid.
DRC-Hubo has done graffitiing a 1 m×15 m image on a
old motel wall. This was for Life is Beautiful that brought
over 100,000 people to Downtown Las Vegas. This celebrityfilled festival of art, music and food served as a platform;
over the 3-day event, DRC-Hubo created a 10-foot Pointillist
art mural. Painting 8+ hours daily in 100+ F heat demonstrated evolution (i.e. time-value) of art and hence value. For
3-days, thousands of people watched DRC-Hubo’s drawing
performance and progress and interacted with it.
The rest of paper consists of five additional sections.
In Section. II, a definition of Pointillist art and the image
processing method for graffiti are explained. In Section. III
the motion planning for the hands to create graffiti on an
unknown surface is detailed. In Section. IV the controllers
for disturbance rejection both from the robot and the environment are covered. In Section. V the experimental results
are presented and the work is concluded in Section. VI.
II. ROBOT GRAFFITI WITH POINTILLISM ART
Van Gogh’s 1887 Self Portrait is a famous example of
Pointillism. This technique uses patterns of small distinct
dots of color for the image. To realize Pointillism art with
a humanoid, the first consideration is to determine the
resolution for the image. It has to be high enough to represent
the image’s original form and meaning. It constrains the tool
size and in this case, paint markers were utilized. A smaller
marker allows the robot to print more dots (higher resolution)
in a defined area. Second, the size of the image to be drawn
needs to be specified in terms of the manipulation work
space. This determines a drawing motion sequence. Then the
surface roughness, ground topology, and speed of motion to
print a dot must be considered. These form the concept for
the controller design.
A. Image Processing for Graffiti with Pointillist Technique
under Robot Constraints
The size of the tool (a variable) used to make a mark while
painting correlates to the minimum and maximum size of a
point that can be made with that tool (refer to Section. VA). A paint marker create points of uniform dimension when
applied normal to a surface. DRC-Hubo matched markers to
the required pixel size. The size of an image painted with
this image processing technique is then defined as Eq.(1).
  

(Ww + Mdot )Pm
lw
(1)
=
(Wh + Mdot )Pn
lh
where l stands for a length of an actual drawing while
subscripts h and w represent height and width, respectively.
Pm and Pn denote a total number of pixels in a given image
having m by n resolution. Mdot means the size of a dot
specified by a marker and W is a weight value which is
a distance between dots.
While the reachable points in the horizontal direction
for manipulation are constrained. A humanoid can translate

…

sub-image 1
𝑆",$ 𝑆",% 𝑆,,$ 𝑆,,%

𝑋
(0,0)

𝑆",& 𝑆",' 𝑆,,& 𝑆,,' (𝑝9,' , 𝑝:,' )
𝑙1
𝑆",( 𝑆",) 𝑆,,( 𝑆,,)

……

𝑆",* 𝑆",+ 𝑆,,* 𝑆,,+

sub-image N
𝑆",$ 𝑆",% 𝑆,,$ 𝑆,,%

𝑆",& 𝑆",' 𝑆,,& 𝑆,,'
𝑆",( 𝑆",) 𝑆,,( 𝑆,,)

𝑆",* 𝑆",+ 𝑆,,* 𝑆,,+

𝑊345
𝑌

𝑙6

Fig. 2. The original image is rescaled based on the vertical work space
limit and partitioned into sub-images in terms of the horizontal work space
limit.

horizontally by walking to effectively remove this constraint.
On the other hand, the reachable space in the vertical
direction is fully limited. Therefore, the size of the original
image has to be rescaled when lh exceeds the vertical work
space limit of the robot.
In a particular case where lw exceeds the horizontal work
space limit, the original image is partitioned into several subimages illustrated in Fig. 2. A width for each sub-image,
depicted as Wsub , can be arbitrarily determined as a value
within the horizontal work space limit. Each divided image
has an origin, (0, 0), at the top-left corner. The coordinates
of pixels are based on that representation. Then, a humanoid
starts to draw from the first to Nth sub-images, where N is
the total number of sub-images, while walking horizontally.
Pointillism style art is created with a large number of
discrete points. A two-handed motion has been utilized in
order to maximize the rate at which the humanoid can create
points. In order to reduce the potential for self-collision,
each sub-image is divided again into sixteen sections and
a sequence is assigned to each hand as shown in Fig. 2. The
notation for each section is as follows: S is section, and the
subscripts L, R, and numbers 1 through 8 are the left hand,
right hand and sequence respectively.
As the coordinates of each point are now defined, the
planar trajectories between each point can now be obtained.
Eq.(2) is the transformation between the localized coordinate
and the trajectory for the motion of a hand in a section.


 

Cx,k
Px,k
0
Cy,k  = TIR (Ww + Mdot )
0
(Wh + Mdot ) Py,k
Cz,k

(2)

where Px,k and Py,k are a coordinate in the X- and Y directions of kth section. The X and Y axes are defined
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Dist. Traveled (Meter)
(End Pos − Init Pos) = Max. Dist. to Move

Real−Time End−Effector Trajectory in Printing Motion
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Fig. 3. Real-Time trajectories of right (red-solid-line) and left (blue-dottedline) hands for printing. Each hand moves from InitPos to EndPos unless it
detects a contact. Once a contact occurs, the hand stops moving and pulls
back to InitPos.

in Fig. 2. TIR represents a 3 × 2 transformation matrix that
converts the coordinate system in the plane of the image to
the local coordinate system of the robot. Cx,k , Cy,k and Cz,k
are the position in the X-, Y - and Z- axes of the robot’s local
coordinate system.
Note that the trajectories generated during this process
only move the hand in the plane parallel to the surface of the
wall; only the Cx,k and Cz,k coordinates are utilized. The Cy,k
value is zeroed to allow for the marking motion in which
a point is made on the wall. The motion in this axis is
explained in Section. III.
III. MOTION PLANNING PRINTING DOTS ON
UNEVEN VERTICAL WALL
Pre-processed image data provides the dots’ local coordinates in the wall’s X-(horizontal) and Z-(vertical) directions.
In terms of drawing motion, a pre-defined trajectory cannot
be applied because the surface condition of the wall might
be rough and uneven. Thus, a real-time motion is generated
with simple kinematics as following Eq.(3).
1
s1 = s0 + vts + ats2
2
update s0 = s1 , v = v + ats

(3)

where s1 and s0 are the next and current displacements of
the printing motion, respectively. a is the given acceleration,
v is the velocity, and ts is the sampling time (step time of
the control loop).
The input value for the acceleration determines how
quickly the hands will print a dot. However, to avoid joint
saturation, the maximum hand velocity and travel distance
have to be limited. Fig. 3 shows how it works. Red-solidline and blue-dotted-line represent the trajectories of the
right and left hands, respectively. InitPos is the current
position and EndPos is a position the user specified based
on robot’s kinematic constraints. In Fig. 3, InitPos and
EndPos are arbitrarily set to 0.3 m and 0.4 m, a is defined as
10 m/s2 , and the velocity limit is specified as 0.4 m/s. The
control frequency is 200 hz. A wrist-joint force/torque (F/T)
sensor detects contacts as the hand moves to EndPos. When

(b)

Fig. 4. Current flows in H-bridge in (a) Complementary Switching PWM
(CSP) mode and (b) non-Complementary Switching PWM (nCSP) mode.

detected, the hand stops immediately and returns to InitPos.
This approach allows the robot to paint dots on uneven walls
or surfaces.
IV. VIBRATION REDUCTION CONTROLS
A. Joint Compliance Control using Mechanical Methods
Vibration coming from uncertainties such as mechanical structural compliance, mathematical errors in dynamics,
and interaction with the wall limits accurate and rapid
drawing. The reduction of undesired vibration requires a
force-absorption. People can account for vibrations because
their physical makeup (bones, tissue, muscles) is inherently
compliant. By contrast, robots often lack similar compliance. Torque-based control [12][13][14] for robotic compliance is well-known to handle such vibrations. However,
an adult-sized motorized humanoid typically has a highreduction ratio in each joint and thus, high-friction and lowbackdrivability exist. It limits the performance of dexterous
manipulation in the current state-of-art.
In this paper, the authors realize joint compliance with
non-Complementary Switching PWM (nCSP) mode [15]
which is equipped on the motor controller commercially
available from Rainbow Inc. The nCSP is a H-bridge switching strategy that minimizes the braking effect resulting from
the current (energy) generation in the motor operation. It
increases the backdrivability of the joint. Fig. 4 demonstrates
a comparison of the current flows in the H-bridge between
the CSP and nCSP modes in terms of switching strategy.
To maximize joint compliance with nCSP, the friction
coefficients to compensate for joint friction are empirically
found and the motor control gains are manually tuned and
proportional gain is adjusted. There is a trade-off between the
error allowance (compliance) and joint precision (rigidity) in
tuning the motor control gains. The compliance implementation through this mechanical approach does not compensate
for gravitational force. Increasing joint compliance results
in vertical sagging due to gravity. The capability to fully
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z

balance controller for humanoids can be simply classified
into two control objectives; one is for force compliance
and the other is for tracking the desired ZMP value. The
disturbance observer-based ZMP controller designed in this
paper has both compliance and integral action.
The Linearized Inverted Pendulum Model (LIPM) is a
simplified dynamic model popular in humanoid community
to control the stability. The mechanical and structural compliance can be represented as a spring-damper system. The
modified LIPM with the spring-damper system is shown in
Fig. 5 [18][19]. Eq.(4) represents the equation of motion of
the modified LIPM with the disturbance acting on the system
in the horizontal direction. The disturbance is modeled and
added to LIPM.
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Fig. 5.

A simplified linearized inverted pendulum with a disturbance.
The Performance of DOBC against Disturbance Applied to Side Way
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Fig. 6. Performance of the Disturbance observer ZMP controller in Y (lateral) direction: blue-dotted and red-solid lines represent the ZMP profiles
without the controller and with controller, respectively.
Sensor Head

k
(4)
ml 2 θ̈ + cθ̇ + kθ − mgl sin θ − Fd cos θ = u,
l
where m is the total mass of the humanoid and l denotes the
height of the Center of Mass (CoM). The parameters, c and
k, are the damping and spring constants, respectively. The
gravitational acceleration is represented as g and Fd denotes
the disturbance variable. θ is the angle of the pendulum with
respect to the vertical plane and u means the position input
in the horizontal direction. The damping, c, and spring, k,
constants are determined through system identification. To
estimate the angle of the pendulum, θ , the state observer is
designed based on the ZMP value measured by F/T sensors
located on both ankle joints.
Forces remaining after joint compliance control are treated
as disturbances, Fd , and assumed constant. Then, Eq.(4)
becomes a linearized state-space representation described in
Eq.(5).
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A
Fig. 7. (a) DRC-Hubo. (b) Initial pose for graffiti work with Pointillist
technique

absorb disturbance is thus limited in order to minimize endeffector’s position error.
B. Disturbance Observer ZMP Controller
The aforementioned compliance controller does not fully
eliminate forces from impact and/or inertial whole-body
motion. With a disturbance observer widely used for motion control [16][17], the authors designed a disturbanceobserver Zero Moment Point (ZMP) controller to diminish
the vibration from the remaining force. The type of the ZMP

C


θ
=  θ̇  ,
Fd

0
=  − k−mgl
ml 2
0
h
k
c
=
mg
mg

1

0





0



− mlc 2 mll 2  , B =  mlk 3  ,
0
0
0
i
i
h
k
0 , D = − mgl .

According to Eq.(5), the output, Y , is equal to the location
of the ZMP and the state matrix, X, is composed of the angle,
θ , angular velocity, θ̇ , of the LIPM, and disturbance, Fd , in
the horizontal direction.
Now the state estimation can be found through conventional methods to design the observer shown in Eq.(6).
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X̂˙

= AX̂ + Bu + L(Y − Ŷ )

Ŷ
X̂˙

= (A − LC)X̂ + (B − LD)u + LY,

= CX̂ + Du
(6)
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(a) Without controls: Right-hand trajectory and (b) Without controls: Left-hand trajectory and (c) Without controls: ZMP measurement in the
force measurement in the direction of printing force measurement in the direction of printing direction of printing (Y -direction) and Right-hand
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trajectory as a reference to be compared to ZMP
data.
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trajectory as a reference to be compared to ZMP
data.
Fig. 8.

Data measured from DRC-Hubo printing 3 dots on a wall; Right and left hand trajectories and force in the direction of printing.

V. EXPERIMENTAL RESULTS
A. Experimental Setup

(a) Graffiti without controls

(b) Graffiti with controls.

Fig. 9. Paintings for ’RA’, a logo for IEEE Robotics and Automation
Society, drawn on an uneven wall by DRC-Hubo using Pointillist technique.

where X̂ and Ŷ are the estimated states and output, respectively. L denotes the observer gain. To reject the disturbance
while being stable, the system control input, u = −K X̂, is
defined with the estimated states, X̂, and regulator gains, K.
Fig. 6 demonstrates the performance of the controller empirically obtained from DRC-Hubo . The data in Fig. 6 is the
ZMP measurements in the Y -direction (lateral) when the disturbance is applied to DRC-Hubo in the same direction. The
performance of the controller (red-solid-line) is compared to
the robot’s natural vibration (blue-dotted-line). The following
parameters are used: 77.77 kg for the total mass, 0.7752 m
for the height of the CoM, 4657.9 for the spring coefficient,
and 45.1950 for the damping coefficient.
 The regulator pole
locations are empirically selected as −5 + i −5 − i and
observer
pole locations

 are also experimentally specified as
−8 + i −8 + i −8 to estimate the states from the ZMP
measurement. The controller in X-direction (forward) was
implemented in the same manner.

Fig. 7(a) is DRC-Hubo (167 cm, 80 kg, 32-DOF) used for
artistic work and Fig. 7(b) depicts the initial pose to do
graffiti on the wall. The XY Z local frame is centered in the
pelvis. The robot’s feet are parallel to the wall and it’s upperbody is yawed 90-degrees to face the wall. Krink markers
are popular with graffiti artists and 12 mm diameter versions
were used in DRC-Hubo’s hands.
To verify the performance improved by the proposed
control methods in this paper, DRC-Hubo prints 3-dots in
the horizontal direction (X-direction). During the motion, the
trajectories of the end-effectors, force exerted on wrists, and
ZMP in the direction of printing (Y -direction) are measured
and shown from Fig. 8(a) and Fig. 8(f). Note that for clarity,
force and ZMP profiles in the figures are multiplied by −1
to flip the plots.
In this experiment, the trajectories for hands are generated
with 0.2 m/s for plane motion described in Section. II-A. The
acceleration, velocity limit, and hand movement constraint
for printing motion in Section. III are set to 10 m/s2 ,
0.4 m/s, and 0.1 m, respectively. The force threshold for
contact is defined as −20 N in the direction of printing
(Y -direction). In terms of joint compliance to reduce the
impact of disturbance, the proportional gains in the motor
controllers for elbow, wrist yaw, and wrist pitch joints are
decreased to 20.59%, 7.18%, and 12.16% of the original
gain (500), respectively. There are 4 postures to draw a subimage which contains 16 sections explained in Section. IIA. DRC-Hubo draws sections from the top to bottom by
crouching. The height of the CoM locations for poses used in
here are 0.9301 m, 0.7810 m, 0.6341 m, and 0.4902 m. These
values are applied to the design of controller described in
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Section. IV-B.
B. Data Analysis
Figs. 8(a) and (b) depict right and left trajectories and force
measurements, respectively, during the motion of printing
without any controls. On the other hands, Fig. 8(d) and
8(e) shows the same data but with controls developed in
this paper. The number 1 highlighted in Fig. 8(a) indicates
a point flicked in right-hand force profile during printing
3rd point. It physically means that a large impact force in
a contact was acting on the body. It resulted in a significant
vibration depicted in Fig. 8(c) with the number 3 highlighted,
which caused missing 3rd dot in left hand motion arrowed
by the highlighted number 2 in Fig. 8(b). This phenomena
can be clearly seen in Fig. 9 explained in Section. V-C. By
contrast, trajectories, force, and ZMP measurements with the
same motion but where controllers were applied to show
the consistent profiles with a regular pattern fluctuated. In
addition, the performance of disturbance rejection is verified
through a comparison of ZMP profiles indicated by the
highlighted number 4 in Fig. 8(c) and 8(f).
C. Robotic Drawings - Pointillism Arts
To demonstrate the performance of DRC-Hubo drawing an
image using Pointillist technique on uneven wall, a logo of
IEEE Robotics and Automation Society, ’RA’, was selected.
The given size of the logo was 1000 × 600. It was converted
to a 100 × 60 image. Except for dots in white background,
the converted image contains 1016 dots. Figs. 9(a) and (b)
show ’RA’ on an uneven wall without and with controls,
respectively. In Fig. 9(a), there are many missing dots
because of vibration.
Fig. 1 shows the final result performed on September in
2015.
VI. CONCLUSION
This paper presented a biped humanoid creating graffiti style art work in human-centered environments using
Pointillism. Realization of the work was composed of 3
steps; image processing, motion planning, and design of
controllers. The challenges were 1) how to properly convert
an artist’s drawing into an image that the humanoid can
represent without losing the artist’s intent, 2) how to plan
the motion of end-effectors printing many dots on an uneven
wall without any fixed references in between the robot
and ground, and 3) how to handle issues that arise from
mechanical and environmental uncertainties - particularly
vibrations generated by disturbances. The work in this paper
mainly presented methods to overcome such challenges.
Through the demonstration of the biped humanoid creating a
logo design on a wall, the proposed concepts and approaches
to realize an artistic work were verified.
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