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Abstract—In human-robot interaction (HRI) research, ball
games pose significant challenges that demand robotic solutions
that are both cost-effective and user-friendly for non-experts.
Air hockey, characterized by safe, non-direct-contact play and
a simplified state-action space, emerges as an ideal platform
for such research. Despite the availability of various air hockey
robots, their high cost and complexity have limited widespread
use among researchers requiring robotics expertise. Addressing
this gap, we introduce a low-cost, accessible air hockey robot
designed to facilitate HRI studies. Featuring a lightweight five-
bar linkage mechanism powered by low-cost servomotors for
position control, this robot combines efficiency with ease of
use. The complete robot’s cost is estimated at $346.8, with the
arm weighing a mere 19 grams. The robot precisely returns
the puck by intermittently adjusting its target joint positions,
achieving a play with an average return error of 42.6 mm.
These characteristics affirm the robot’s potential as a valuable
tool for advancing HRI research.

I. INTRODUCTION

Ball games contain non-verbal, physical, and cognitive
interactions and provide many robotic challenges in human-
robot interaction (HRI) research, such as entertaining hu-
mans [1], motivating humans [2], and improving human abil-
ity [3]. A robotic research platform is indispensable to tackle
these HRI challenges. Researchers have developed several
ball game robots, such as table tennis [4], badminton [5], and
volleyball [6]. Air hockey suits the HRI challenges because
of the following advantages.

o Safer than other ball games as the players are never in
direct contact

« Simpler state and action space: just two players’ mallets
hitting the puck in the two-dimensional playing field

The simpler space makes the ball game interaction analysis
and design easier. Researchers have developed many air
hockey robots, such as ones estimating a fast-moving puck’s
state [7], [8], ones planning their high-speed motion [9], ones
learning control [10], and ones with a game strategy [11].
However, these robots typically used an expensive arm and
high-end sensors, needed large spaces to set up, and required
robotic expertise to operate. Therefore, this work aims to
develop a low-cost air hockey robot research platform that
researchers without robotic expertise can operate.

Using low-cost, low-power motors for air hockey robots is
challenging because the robots should accelerate their arm
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Fig. 1.
mechanism for fast motions. The robot generates a hitting motion to return
the puck to the target location using position-control servomotors by setting
the target joint position intermittently.

Low-cost air hockey robot. This robot has a five-bar linkage

quickly and move them fast to respond to and hit a fast-
moving puck. Therefore, high-cost, commercially available,
general-purpose arms, such as WAM Arm (Barret Tech-
nology) [8] and LWR (KUKA) [10], have been used for
air hockey robots. Decreasing the weight of the moving
links using specific actuation mechanisms, such as linkage
ones [12] and cable-driven ones [13], enables our robotic
arm to increase motion speeds using lower-cost, lower-power
motors. Especially, locating all motors of the robotic arm at
the base link using linkage mechanisms [14] and cable-driven
mechanisms [15] decreases the weight of the moving links.
A simple five-bar linkage mechanism can have motors at
the base link and move an articulated 2-degrees-of-freedom
(DoF) arm in a horizontal plane. Therefore, we adopted the
five-bar linkage mechanism to design our air hockey.

Position-control servomotors suit an air hockey robot for
the HRI research as some products of these servomotors
are commercially available, have lower costs than other
motors, and can decrease the cost of robots. The servomotors
are equipped with a motor driver in their body, which
simplifies the electric system of robots. Researchers without
robotic expertise can use them by sending target joint angles.
Therefore, they have been used for robots, such as a cable-
driven arm [16], dual-arm [17], and robot hand [18], which
researchers without robotics expertise can use. We also
adopted them for our air hockey robot.
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To return the puck to the target location, other air hockey
robots planned their end effector’s continuous target trajec-
tory. These robots moved the end effector to follow the
trajectory by controlling their joint velocity sequentially at
high frequency (e.g., 500 Hz [8]). In contrast, using the
position control servomotors, our robot requires setting its
joint positions intermittently, i.e., at low frequency (10 Hz).
Therefore, we propose an alternative hitting motion gener-
ation method for our robot to generate a hitting motion to
return the puck to the target location. Using this method, the
robot moves the end effector through the via location on a
line with the target location and hitting location.

We developed a hockey robot that is low-cost and easy
to use for researchers without robotic expertise using a five-
bar linkage mechanism and position-control servomotors, as
shown in Fig. 1. The main contributions of this study are
summarized below.

o Low-cost air hockey robot that is open hardware and

software! to the benefit of the HRI research community

o Novel design of a horizontal arm using a five-bar link-

age mechanism to decrease the weight of the moving
links and to increase motion speed

« Hitting motion generation method where the end effec-

tor goes through the via location on a line with the target
location and hitting location

The remainder of this paper is organized as follows:
Sec. II summarizes the related works. Sec. III introduces
the robot’s hardware with the five-bar linkage mechanism.
Sec. IV describes the robot’s software using the hitting
motion generation method. Sec. V presents the experimental
results. Finally, Sec. VI concludes the paper.

II. RELATED WORK
A. Air hockey robots

Many air hockey robots have been developed over the past
two decades. Bishop and Spong developed an air hockey
robot with a 3 DoF horizontal articulated arm using vision-
based control [19]. Liu et al. presented a high-speed air
hockey robot using a 7 DoF lightweight arm that planned its
motion effectively and reactively Bayesian optimization [9].
Namiki et al. developed an air-hockey robot with a 4 DoF
cable-driven arm using high-speed vision sensors [8]. Ta-
dokoro et al. presented an air hockey robot using a WAM
arm with a high-speed wrist [20]. Tab. I summarizes the
features of these robots, comparing them with our robot. We
estimate the robots’ lower cost limits based on the prices of
their arms. The table indicates that an air hockey field and
our arm are smaller, and our cost is lower than the robots.
Whereas the air hockey robots had a large arm, used large
air hockey fields, and needed large spaces, our air hockey
robot has a small arm, plays air hockey in a small field, and
can be used in a compact space, as shown in Fig. 2.

High-cost arms have been used for air hockey robots to
follow the planned continuous path of their end effector
by sequentially controlling the velocity of these arms to

Thttps://github.com/omron-sinicx/air-hockey-robot-v1

TABLE I
AIR HOCKEY ROBOTS

Cost Field size Arm DoF | Frame rate
[$] (LxW) [m] [fps]
Ours 347 0.48x0.28 2 30
[19] — 1.75x0.88 3 30
[8] > 135000 2.07x1.01 4 500
[20] > 135000 2.07x1.01 5 500
9] > 7000 2.16x1.22 7 120

Malleto
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Fig. 2. Appearance of our air hockey robot. The robot plays air hockey
on a table with a human in a compact space.

return the puck to the target location accurately. Namiki et
al. generated a hitting motion of their air hockey robot by
calculating the inverse kinematics, deciding the joint angles
at the hitting timing, generating the joint trajectory, and
controlling the joints to follow the trajectory [8]. Fukuda et
al. presented an air hockey robot that planned the trajectory
of its end effector and followed it using nonlinear model
predictive control to hit the puck [11], [21]. In contrast to
these robots, our air hockey robot generates a hitting motion
by intermittently setting the target joint positions.

B. Five-bar linkage mechanisms

Linkage mechanisms have been used to decrease the
weight of moving links and increase the speed of robots. Han
et al. proposed a humanoid leg design with a four-bar linkage
mechanism in the knee and ankle to place all the actuators
at the hip [22]. Gim et al. presented a humanoid leg design
that combined serial and parallel linkage mechanisms [23].
Asai et al. developed a high-speed table tennis robot using
a parallel robot with linkage mechanisms [12].

A five-bar linkage mechanism is one of the simplest link-
age mechanisms. Using a five-bar linkage mechanism, Asada
and Youcef-Toumi presented a direct-drive arm [24], Campos
et al. developed an arm with a large workspace [25], Ken-
neally et al. introduced direct-drive-legged robots [26], and
Tanaka et al. proposed a quadruped free-climbing robot [27].
Whereas the robotic limbs in these robots had rigid links to
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Fig. 3. Mechanics of (a) a general five-bar linkage mechanism and (b) a
five-bar mechanism in our robot.

carry heavy payloads, our arm has lightweight, thin links to
move its lightweight end effector.

III. ARM WITH A FIVE-BAR LINKAGE MECHANISM

Our robot has a five-bar linkage mechanism to remove
motors from moving links, decrease the weight of these links,
and increase the motion speed.

A. Five-bar linkage mechanism

Fig. 3 shows the mechanics of the general five-bar linkage
mechanism and that of our air hockey robot arm. Motorl
and motor2 are fixed to the base link, motorl rotates linkl,
motor2 drives link2, and link3 and link4 move along the pose
of link1 and link2. One joint connects the end of link3 to the
end of link4. Therefore, the angles in the mechanism have
the following relationships.

Ly cosOmy + Lycos(0m1 + 04) = Xo + Ly cos O
+Lycos(Oma+63) (1)

Lysin6y1 + Lysin(fm1 + 04) = Yo + Ly sin 6,0
+Lysin(fme + 63), 2)

where L; is the length of link{i}, 6,1 and 6,5 are the
angles of motorl and motor2, 3 is the angle between
link2 and link3, 6, is the angle between linkl and link4,
and (X5, Y3) is the relative location of the axis of motor2
from that of motorl. Motor]l and motor2 control linkl and
link2, respectively, and the end positions of link1 and link2
determine the pose of link3 and link4. The pose of link4 in
the general five-bar linkage mechanism shown in Fig. 3(a)
is controlled by calculating its kinematics based on Eq. (1)
and Eq. (2) [28].

As illustrated in Fig. 3(b), our robot’s arm had a five-
bar linkage mechanism with a specific structure to mitigate
the complexity of the link angle relationships in a general
five-bar linkage. In the arm, motorl and motor2 share the
same rotation axis, and the pair of linkl and link3 and the
pair of link2 and a proximal part of link4 have the same

Fig. 4. Dimensions and appearance of the arm.

length, respectively. Then, the angles of motorl and motor2
determine the angles between the links in a simple manner:

01 = Om 3)
02 = Om2— O, €]

where 6;; and ;> are the angles of jointl between linkl and
link4 and joint2 between link2 and the base link, respectively.
The robot calculates the target motor angles éml and émg
from 6;; and 652 using Eq. (3) and Eq. (4). The robot
determines the target joint angles, éjl and éjg, from the target
mallet position Zg = (Xr, Yr) based on the equations

Xr = Ljcos 0j1 + L¢ COS(9j1 + 9j2) 5
YR = Ljisin 9j1 + Ly sin(9j1 + tgjg), (6)

where Ly is the forearm’s length.

B. Arm with the mechanism

Fig. 4 shows the drawing and appearance of the arm. The
arm has 2 DOF to move the mallet in the planar field. The
lengths of both the forearm and upper arm are 200 mm so
that the robot can reach the mallet at all locations in its half
of the field. The mallet is combined with the forearm, the
links are made of 3D-print nylon parts, and the nylon wire
connects the end of the forearm and the top of the base frame
to avoid bending the forearm link by gravity.

The arm is actuated by low-power, low-cost two position-
control servomotors (Dynamixel XL330-M288-T, ROBO-
TIS). An electric power of 6 V is supplied to the motors.

The weights of the forearm and upper arm are 19 g and
11 g, respectively. The weight of the motor is 18 g. Using
a five-bar mechanism and removing the motors from the
moving links decreases the 18/(19411+18)x 100 = 37.5 %
weight of the arm at least.
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TABLE I

SPECIFICATION
Total size 300x600x500 (WxLxH) mm
Total weight 1.4 kg
Arm length 400 mm
Arm moving links weight 30g
Motor Dynamixel XL330-M288-T, ROBOTIS
Camera USBFHDO1M-SFV, ELP
Y 480 [mm]
< N
Arm Goal
Puck
110 90| |280
Motor Mallet
36
Base
\ Field /
Fig. 5. Dimension of our air hockey robot and the world coordinate.

C. Air hockey robot with the arm

Tab. II lists the robot’s specifications. Fig. 5 shows the
dimensions and world coordinates. We selected a tabletop-
size air hockey field for our robot to decrease the size and
cost of both the robot and the field, decrease the space
required for experiments, and make it easier for our robot
to use, as described above. The size of the air hockey field
is 480x280 mm (LxW). The goal width of the field is 90 mm,
and the diameter and thickness of the puck are 36 mm and
2 mm, respectively. The robot motor axis matches the origin
of the world coordinates. The sidewalls of the air hockey
field are parallel to the X axis.

The robot has a camera (USBFHDO1M-SFV, ELP) on top
of the field to observe the positions of the puck, the robot’s
mallet, and the human player’s mallet. The camera captures
images of the air hockey field at 30 fps. It was calibrated
using a checkerboard to correct lens distortion.

Tab. III presents the cost breakdown of the robot. The
total cost is $346.80. The cost of the motors includes a
communication module and an electric supply module. The
cost is calculated assuming that $1 = ¥140. Using low-cost
servomotors (Dynamixel XL330-M288-T, $23.90) reduces
the total cost. Employing other lower-cost compatible power
supplies and using a different camera could further decrease
the total cost.

IV. HITTING MOTION GENERATION

Our air hockey robot leverages position-control servomo-
tors, unlike other air hockey robots, as described above.
Therefore, our robot generates a hitting motion using a
method where the end effector goes through the via location
on a line with the target location and hitting location by
intermittently setting the target joint positions. We introduce
our robot’s software and this method in the section.

TABLE III
COST BREAKDOWN OF THE ROBOT

Motors $98.90
Camera $48.00
Power supply $99.30
Mechanical parts | $51.60
Air hockey field $20.70

[ Total [ $346.30 |

! (X X)Wk Do ) 0,.0,) G0

| Detection | | Prediction | Planning | | Control |
(0,15 0,)

Fig. 6. Software modules of our air hockey robot arm. I: a visual image.

zp: is a puck location, zy: is a human mallet location, and zR: is a robot
mallet location. 0y,1: a motorl angle. 6,2: a motor2 angle. {z} is predicted
future locations. @: the target motor angle.

A. Software of the robot

When playing air hockey, a robot recognizes the air hockey
puck, anticipates the puck’s future locations, plans a hitting
motion, and controls the arm to execute this motion. Thus,
the software of our air hockey robot contains a detection
module, prediction module, planning module, and control
module, as shown in Fig. 6.

The detection module obtains a visual image I from the
camera, recognizes the puck and the human mallet in /, and
detects the location of the puck zp and human mallet xy.
The prediction module calculates the velocity of the puck and
anticipates its future locations {zp}. We describe the details
of the detection module in Appendix A and the prediction
module in Appendix B.

The planning module determines the target location of the
robot mallet #gr, and hitting timing . This module calculates
the target motor angles 6, from g, as described in Sec. III-
A. Our robot plans a hitting motion to return the puck to
the target location. We introduce the details of planning this
hitting motion in the next section.

The robot also executes a block motion to save its goal.
For this block motion, a block line in front of the goal on the
robot’s side is set in advance. In the block motion, the robot
moves its mallet to a location on this block line to block the
puck. When planning the motion, the robot selects the target
robot’s mallet location g from the pack’s future locations
{zp} such that d < rp, where d is the distance between Zr
and the block line and rp is the radius of the puck.

The control module receives 6, and sends 6, to the
servomotors. Note that other air hockey robots, using velocity
control, planned a continuous path of the robot mallet
in their planning module and sequentially controlled their
joint velocity to follow this path in their control module.
In contrast, our air hockey robot, using position control,
determines the target motor angles in its planning module
and sends these angles to its control module.

To run the software modules, we used the robot operating
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Fig. 7.  Planning of hitting the puck. The dotted line represents the
anticipated pack’s future locations.

system (ROS2) [29] to easily test hypotheses by simply
changing one module. For example, researchers can test a
robotic strategy to increase user satisfaction by changing only
the planning module.

B. Hitting motion planning

First, we explain the aim of our hitting motion planning.
Other air hockey robots planned their end effector’s continu-
ous trajectory and have moved the end effector to follow it by
sequentially controlling joint velocity, as described above. In
contrast, using position-control servomotors, our robot plans
its hitting motion by intermittently setting the target joint
angles. Therefore, the robot decides a sequence of the target
motor joint angles such that the position and velocity of the
robot’s end effector satisfy the condition where the effector
collides with the puck and the condition where the puck
reaches the target location after hitting.

Second, we introduce our assumptions. As the weight of
the robot mallet is significantly larger than that of the puck,
we made the following assumptions.

o The robot mallet velocity immediately before hitting

determines the puck velocity immediately after hitting.

o The puck reaches the target location after hitting if the

robot mallet moves on a line with the target location
and the puck location immediately before hitting.

Third, we describe the target robot mallet location se-
quence based on our assumptions. Our robot plans the
sequence to hit the puck, as shown in Fig. 7. In this figure,
PO is the initial robot mallet location, P1 is a via location,
P2 is the robot mallet location when hitting, P3(€ {zp})
is the puck location when hitting, and P4 is the target puck
return location. Our robot moved its mallet to P2 from P0
via P1 to hit the puck at P3. Points P1, P2, P3, and P4
are collinear. Thus, P1 is calculated from P3 and P4 using

P1—P4 P3—P4 -
diz + dss dsg
where d;; = |P{j}—P{i}|. We set di3 = 70 mm in advance.

Note that our arm can return the puck to the target location
but cannot guarantee its end effector to accurately follow a

line between PO and P1 or another line between P1 and
P2 using position-control servomotors that can only control
motor joint angles.

Finally, we present the determination of the target robot
mallet locations, P1 and P2. Using Eq. (7), P1 and dy; are
calculated from each P3 in {zp}. To reach P1 in the shortest
time, P3 that minimizes dg; is selected, which satisfies P1 €
A and P2 € A, where A is the robot’s reachable area. The
target robot mallet locations, P1 and P2, are obtained from
the selected P3 using Eq. (7).

V. EXPERIMENT

In the experiments, we verified the performance of our
robot’s block and hitting motions to clarify whether the robot
has a basic capacity to play air hockey. Appendices C, D,
and E show the experimental results of mallet motion speed,
repeatability, and mallet position accuracy, respectively, as
other basic robot performance metrics.

A. Block success ratio

We evaluated the block success ratio. A human hit the
puck, the robot executed block motions, and we counted the
number of successful blocks and calculated the block success
ratio. We set (X, Y') =(250, 0), (280, 0), and (330, 0) mm
as the initial robot mallet location in each trial and X =
210 mm and —100 < Y < 100 mm as the block line. The
coordinates are shown in Fig. 5. It was more difficult for
the robot to save its goal in the (X, Y) =(330, 0) condition
where the initial location was farther from its goal than that
in other conditions.

The human hit 100 times, and the robot successfully
blocked the puck 91, 90, and 85 times in conditions with the
(250, 0), (280, 0), and (330, 0) initial positions, respectively.
These results indicate that the robot can perform block
motions.

B. Hit-back location accuracy

We evaluated the location accuracy of the puck that the
robot hit and returned. We set (590, -71) mm as the right
target position and (590, 71) mm as the left target position
in front of the human goal side. We sent the puck around the
center of the field from the center on the human side. The
robot hit the puck to the right target 20 times and the left
target 37 times. To evaluate the hit-back location accuracy,
we measured the distance of the target position from the line
on which the puck moved after hitting.

Our robot returned the puck to the target location as shown
in Fig. 8. The distance for the condition with the right target
point was 42.6 £+ 41.7 mm, and that for the condition with
the left target point was 74.6 +48.56 mm (mean =+ standard
deviation), respectively. These results suggest that the robot
can return the puck to the target location.

VI. CONCLUSIONS

This study presented a low-cost air hockey robot using
a five-bar linkage mechanism and position-control servomo-
tors. Researchers without robotics expertise can easily use
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Fig. 8.

Fig. 9. Reflexion model of the puck against a wall.

this robot to address the HRI challenges. Our proposed robot
costs $346.80. In experiments, the robot defends a puck with
a 91% success rate and hits a puck with an average 42.6 mm
error from the target location. These results demonstrate the
basic capacity to play air hockey. Future work will involve
HRI research using this air hockey robot, such as planning
a game strategy for entertaining the human player.

APPENDIX
A. Puck detection

Due to its low computational cost, we applied the HSV
to detect the puck. The detection module can calculate
the puck’s location using HSV even if the puck moves
fast and a blur occurs. The module calculates the HSV
of this visual image, binarizes the image based on HSV
values using predefined thresholds to detect the pixels of
the puck, processes morphology operations to remove noise,
and calculates the center of mass of the image as the puck
position. It converts the puck’s location in the image into one
in world coordinates. A round, blue paper is attached to the
top of the human player’s mallet. The module also detects
the location of the mallet using HSV.

B. Puck prediction

Assuming that the puck and the human player’s mallet
move at a constant speed, the prediction module anticipates
their future locations based on their current position and
velocity. Fig. 9 illustrates the reflection model of a puck
against a wall. Assuming that the reflection of the puck
against a wall and the mallet is an inelastic collision and
that the side walls of the field are parallel to the X axis
of the world coordinates, as described above, the puck
velocity immediately after reflecting against a side wall,
v = (Ux, Oy) is calculated from the velocity immediately

Snapshots of the hitting motion. The red x indicates the target location to which the puck is returned. (a) Left target and (b) right target.

25

Error [mm]

0 0.05 0.1 0.15 0.2
Time [s]

Fig. 10. Puck prediction errors without reflection. The solid and dotted lines
represent the mean and standard deviation of prediction errors, respectively.
n = 16.

before hitting, v = (vx, vy) as Ux = vy, Oy = —kvy,
where v¢ is the ¢ composion of the v and k is an elastic
coefficient. We set k = 0.7.

C. Puck prediction accuracy

We measured the puck’s location and collected the puck’s
predicted locations to evaluate the prediction module’s accu-
racy. A human played air hockey with a robot that executed
block motions with a block line for one minute to collect
data in preliminary experiments. This data was collected
at a time when after hitting by the human and before the
reflection against the walls and hitting by the robot. Then,
we calculated the errors between the measured and predicted
locations of the puck.

Fig. 10 illustrates the prediction errors. This figure shows
that the errors increased as the prediction length increased.
The mean of the errors of 0.2 s future locations is 14.1 mm,
which is smaller than the 18 mm radius of the puck.

D. Robot mallet speed

To evaluate the robot mallet’s motion speed, we measured
the time required to move the mallet to distant target points
from the initial center point. We set (X,Y) = (250,0) mm
as the initial point and (X,Y) = (330,—80) mm,
(330,80) mm, (170,80) mm, and (170, —80) mm as the
target points. The robot moved the mallet 50 times toward
each target point.

Fig. 11 (a) shows the robot mallet trajectories. This figure
shows that one mallet trajectory to one target point and other
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Fig. 11. (a) Robot mallet trajectories. (b) Robot mallet position sequences

to the target point (330, 80). The motor commands were sent at ¢ = O s.
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Fig. 12. (a) Position difference of the robot mallet from the target point.

trajectories to this target point go through nearby locations.
These trajectories are curved because the motors move at a
constant speed.

Fig. 11 (b) illustrates robot mallet position sequences for
the target point (X,Y) = (330,80) mm. This figure shows
that the mallet started the motion at 0.05 s after the motor
commands were sent and reached the target point in 0.25 s.
The time to move to the target points is 0.17 +0.02 s (mean
+ standard deviation). To evaluate the repeatability, we
calculated the differences of the robot mallet position from
the average at each time point in the sequences, the standard
deviation of the X and Y components of the differences,
and the average of the standard deviation. The average of
the X and Y standard deviations are 3.5 mm and 4.3 mm,
respectively.

E. Motion accuracy

To evaluate the accuracy of the robot mallet motion
endpoint, we randomly changed the target point in an area,
170 < X < 330 mm, —80 < Y < 80 mm, that was farther
from the initial point than 60 mm, moved the robot mallet
at the maximum speed from the initial point of (250, 0) mm
to the target point, and measured the position difference
between the robot mallet and the target point.

Fig. 12(a) illustrates these differences. The X and Y
components of the absolute error values from the target point
are 6.72 £ 4.10 mm, 3.49 &+ 2.80 mm, and 7.97 £+ 4.30 mm
(mean + standard deviation), respectively. The maximum
error of the X component, ¥ component, and the size of
the difference were 20.79 mm, 9.23 mm, and 20.82 mm,
respectively.
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