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Realization and swimming performance @
of the breaststroke by a swimming humanoid
robot
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Abstract

In order to clarify the mechanics of human swimming, a full-body swimming humanoid robot called “SWUMANOID"
was developed as an experimental platform for research about human swimming. SWUMANOID had a detailed
human body shape, created using three-dimensional scanning and printing equipment, and was developed as an
experimental model substituting for human subjects. Not only the appearance but also the methodology to realize
various swimming strokes was considered. In order to reproduce complicated swimming motions with high fidelity,
20 waterproof actuators were installed. The free swimming of the crawl stroke at a velocity of 0.24 m/s was realized in
the previous study. However, it could not perform the breaststroke due to mechanical limitations. The objectives of
this study were to realize the breaststroke for SWUMANOID by improving its lower limbs, and to investigate the swim-
ming performance of the breaststroke experimentally. The lower body of SWUMANOID was fully redesigned, built,
and connected to the upper body. The swimming motion of the breaststroke was created based on that of an actual
swimmer. A free swimming experiment was conducted in a 25 m outdoor swimming pool. In addition, in order to
discuss the experimental results in detail, the experiment was reproduced by the simulation. From the experiment, it
was found that SWUMANOID could perform the breaststroke successfully. The swimming speed for the stroke cycle of
2.3 s was found to be 0.12 m/s. Since this swimming speed was considered low compared to that of the actual swim-
mer, the reason for the discrepancy was examined by simulation. From the simulation, it was found that one main
reason for the low swimming speed was insufficient output power of the motors, especially for the knee and shoulder

joints.
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Background

In spite of such a long history of human swimming, its
mechanics still have not been fully clarified since it is an
extremely complicated phenomenon, in which a com-
plex human body moves unsteadily with many degrees-
of-freedom (DOF) in the three-dimensional water flow.
For example, the hand path in the crawl stroke depicts
a distorted ellipse when viewed from the side in abso-
lute space [1], showing that the hand does not push the
water straight at a constant depth. Furthermore, the
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kinematics of the arm and hand during the underwater
stroke is highly unsteady [2]. From this viewpoint, many
attempts were made recently to quantify the unsteady
fluid forces acting on a swimmer while swimming. The
first approach was an experiment involving a human
subject [3-5]. However, this method had problems with
insufficient repeatability, physical fatigue of the subject,
and difficulty in installing sensors on the subject. For this
reason, some researchers have conducted experiments
using physical models such as robots instead of human
subjects. A lot of measuring experiments using physical
models have been conducted to date [6-9], but there was
no full-body experimental platform which could con-
sider interactions between the many segments involved
in normal swimming motions. Therefore, an analysis
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using physical models had been performed on an isolated
segment and misleading conclusions could have been
developed. To solve such problems, a full-body swim-
ming humanoid robot was developed for research about
human swimming by Chung and Nakashima [10]. The
robot was named SWUMANOID. SWUMANOID had a
detailed human-body shape, and was created using three-
dimensional scanning and printing equipment since it
was developed for the experimental model substitut-
ing for human subjects. The size of SWUMANOID was
1/2 scale of an actual swimmer. Not only the appearance
but also the methodology to realize various swimming
strokes was considered. In order to reproduce compli-
cated swimming motions with high fidelity, 20 water-
proofed actuators were installed. The free swimming of
the crawl stroke at a velocity of 0.24 m/s was realized in
the previous study [11].

Developing a swimming humanoid robot such as
SWUMANOID is important for the following two rea-
sons. First, it is expected that it will become an experi-
mental platform for the research of human swimming. To
date, many simulation studies about human swimming
have been conducted [12-15]. Such simulation technique
is very useful and powerful tool for analysis. However,
simulation always needs validation and improvement by
comparing with experimental results, since it is not an
actual phenomenon after all. In order to conduct more
accurate experiments for that purpose, more elaborate
physical models, such as swimming humanoid robots,
will be necessary. The second reason for developing a
swimming humanoid robot is that it can be applied to
robots for special tasks accompanying water environ-
ment, such as rescue robots in the sea and working robots
around a pool in a nuclear plant. Developing a swimming
humanoid robot and studying how it can swim will be
useful for developing such robots in the future.

SWUMANOID had sufficient DOF to perform not
only the crawl stroke, but also the back and butterfly
strokes. However, it could not perform the swimming
motion of the breaststroke due to the following three rea-
sons: (1) the thigh joint only had one DOF, (2) the knee
joint could not be as fully flexed as a human’s, (3) and the
ankle joint could not be as fully dorsi-flexed as a human’s
as well. These points for the lower limbs did not become
problems when SWUMANOID performed the flut-
ter kick for the crawl stroke, but did when it performed
the breaststroke. Indeed, for the breaststroke, the thigh
joints have to possess three DOF since the legs move in a
complicated manner. The knee and ankle joints also have
to be fully flexed and dorsi-flexed, respectively, for the
recovery position of the legs.

The objectives of this study were to realize the breast-
stroke for SWUMANOID by improving its lower limbs,
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and to investigate the swimming performance of the
breaststroke experimentally. In this paper, the improve-
ment for the breaststroke, creation of swimming motion,
and experimental and simulation methods are explained.
Next, the experimental results are shown and discussed.
Finally, the obtained findings are summarized.

Methods

Improvement for the breaststroke

As mentioned above, SWUMANOID, which was devel-
oped in the previous study [10, 11], did not have sufficient
DOF in the lower body for the breaststroke. Therefore,
the lower body of SWUMANOID was completely re-
designed for the present study. The overview and DOF
configuration of the designed lower body are shown in
Fig. 1. Hip joint 2 (yaw) and hip joint 3 (roll) were newly
introduced. Since hip joint 2 was located in the same
position as hip joint 1, and there was no sufficient space
for the motor, a belt pulley mechanism was introduced
to this joint, as shown in Fig. 2a. The motor for this joint
was installed in the thigh (the red part in Fig. 2a). With
respect to the knee joint, the new joint had one degree-
of-freedom, which was the same as the previously devel-
oped lower body. However, a much broader range of
motion, especially in the flexing direction, was necessary
for the breaststroke than for the crawl stroke. Therefore,
the shank part was also re-designed to secure a sufficient
flexion angle of 135°. For the ankle joint, a four-bar link-
age mechanism was used, as shown in Fig. 2b. In particu-
lar, a large dorsi-flexion angle (90°) was secured to ensure
the recovery position for the foot in the breaststroke. The
outer cases of the robot were built by rapid prototyping

a b

Hip Joint 1 (Pitch)

Waist Joint (Pitch)

Hip Joint 2 (Yaw)

Hip Joint 3 (Roll)

Knee Joint (Pitch)

Ankle Joint (Pitch)

Fig. 1 Overview and DOF configuration of the designed lower body.
a Overview, b DOF configuration
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Fig. 2 Belt pulley mechanism for Hip joint 2 and four-bar linkage
mechanism for the ankle joint. a Belt pulley mechanism, b four-bar

linkage mechanism

with acrylic resin. The shapes of the cases were deter-
mined based on the scanned body data of an elite male
swimmer.

Electrical parts and other specifications

The built lower body was connected to the previously
developed upper body, as shown in Fig. 3. The specifi-
cations of the improved SWUMANOID are shown in
Table 1. The stature became 925 mm. With respect to the
actuators of the lower body, dynamixel MX64 (Robotis
inc., Seoul) was used for waist joint, hip joint 1, hip joint

Shoulder Joint 1

'\1 _/‘f
Head Joint %:r

(Pitch)
g Shoulder Joint 2
b (Yaw)

Shoulder Joint 3

(Roll)
Scapular Joint (Roll)
Elbow Joint 1 (Pitch)

925 mm Elbow Joint 2 (Roll)

Waist Joint 1 (Roll)

Waist Joint 2 (Pitch)

Hip Joint 1 & 2
(Pitch, Yaw)

Hip Joint 3 (Roll)

Knee Joint(Pitch)

——, Ankle Joint
(Pitch)

Fig. 3 Overview of the whole robot. The built lower body was con-
nected to the previously developed upper body
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Table 1 Specifications of improved SWUMANOID

Items Specifications
Size (H) 925 mm (W) 270 mm (D)
119 mm
Weight 74 kg
Actuators (dynamixel: Robotis RX28:2.5Nm (at 14.8V)
Corp.) MX28:3.1 Nm (at 14.8V)
MX28: 7.3 Nm (at 14.8V)
DOF Total: 24 DOFs
Arm: 2 arms x 6 DOF
Waist: 2 DOF
Leg: 2 legs x 3 DOF
Controller CM700 (Robotis Corp.)
Battery Li-Po 14.8V 1550 mhA x 2

Communication ZigBee module ZIG-110A

Dynamixel MX64 (Robotis inc., Seoul) was used for Waist joint, hip joint 1, hip
joint 2, and knee joint, while dynamixel MX28 was used for hip joint 3 and
ankle joint. CM700 (Robotis inc.) and ZIG-110A (Robotis inc.) were used for the
controller of the robot and wireless communication

2, and knee joint, while dynamixel MX28 was used for
hip joint 3 and ankle joint. For the controller of the robot
and wireless communication, CM700 (Robotis inc.) and
ZIG-110A (Robotis inc.) were used, respectively.

The parameters of the body segments are shown in
Table 2. The weight and volume of each body segment
were measured. In order to adjust the total buoyancy,
weights were installed in the head and abdomen parts. As
a result, the total specific gravity became slightly smaller
than 1, as shown in Table 2.

Creation of swimming motion

The overview of creating swimming motion is shown in
Fig. 4. The swimming motion of the breaststroke in a pre-
vious simulation study by Nakashima [13] was used for
the present study. This motion was created for the swim-
ming human simulation model “SWUM” [12], based on
the motion of an actual competitive swimmer. SWUM is
a simulation model for analyses of human swimming, in
which a swimmer’s body is represented as a series of 21
truncated elliptic cones, and the rigid body dynamics and
unsteady fluid forces are considered. By SWUM, it is pos-
sible to compute the fluid forces acting on a swimmer as
well as joint torques, inputting the joint motion which is
represented as multiple body positions in multiple time
steps. This joint motion is defined using the original body
reference coordinate system from SWUM, which is dif-
ferent from the relative coordinate system used for the
robot. In addition, the arrangement of the joints and
degrees-of-freedom for the robot and SWUM were dif-
ferent from each other. Therefore, the target position
and orientation of body segments were first calculated
in SWUM by forward kinematics. The joint angles of the
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Table 2 Parameters of body segments

Segment Weight[g] Added Volume Specific
weight [g] [em3] gravity

Hip 426 410 1.04

Thigh x 2 1562 1460 1.07

Shank x 2 954 748 1.28

Foot x 2 106 200 0.53

Head and 368 335 679 1.02
neck

Upper 660 579 114
arm x 2

Elbow x 2 256 215 1.19

Forearm x 2 300 306 0.98

Breast x 2 1039 1514 0.7

Waist 838 583 1460 097

Whole upper 3461 918 4753 092
body

Whole lower 3048 2818 1.08
body

Total 7427 7571 0.98

The weight and volume of each body segment were measured. In order to
adjust the total buoyancy, weights were installed in the head and abdomen
parts. As a result, the total specific gravity became slightly smaller than 1

robot were then calculated by inverse kinematics, con-
sidering the motions of the scapular parts. The details of
this procedure were described in the previous study [10].
Once the joint angles were obtained, they were put into
CAD software, and the motions were checked visually.
Finally, the motions were confirmed in a test on land. The

Page 4 of 10

obtained swimming motion of breaststroke displayed
in the CAD software is shown in Fig. 5. The swimming
motion was represented as 18 step motions in this case.

Experimental method

A free swimming experiment was conducted in a 25 m
outdoor swimming pool. Two measuring tapes were
placed on the poolside and on the water surface in the
pool along with the swimming direction of the robot, as
shown in Fig. 6. The swimming movement was filmed
by two cameras, one on land and one in the water. From
the images filmed by the camera on land, the swimming
speed of the robot was calculated.

Simulation method

In order to discuss the experimental results in detail,
the experiment was reproduced by the simulation using
SWUM. The simulation model of SWUMANOID was
constructed, as shown in Fig. 7. Since the body segments
in SWUM were represented as truncated elliptic cones,
the lengths and radii of the segments were determined
based on the geometry of SWUMANOID.

Results and discussion

Experimental results

The swimming motion of SWUMANOID in the experi-
ment is shown in Fig. 8. The stroke cycle was 2.3 s in this
trial. This value was determined based on the stroke cycle
of the actual swimmer, whose swimming motion was
utilized for that of SWUMANOID in the present study,

Analysis of actual
swimming motion
by a swimmer

Confirmed in a test on land

test on land

Checked by CAD software

Fig. 4 Overview of creating the swimming motion. The target position and orientation of the body segments were first calculated in SWUM by
forward kinematics. The joint angles of the robot were then calculated by inverse kinematics, considering the motions of the scapular parts. Once
the joint angles were obtained, they were put into CAD software, and the motions were checked visually. Finally the motions were confirmed in a

Kinematic analysis

Step motion
[~
Forward kinematics

A4

| Target position and orientation of segment

|
Inverse kinematics

| Joint angle of the robot |
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13/18 14/18 15/18

17/18

Fig. 5 Obtained swimming motion of breaststroke displayed in CAD software. The swimming motion was represented as an 18-step motion in this
case

16/18 18/18

Fig. 6 Experimental setup. Two measuring tapes were placed on the
poolside and on the water surface in the pool along with the swim-
ming direction of the robot. The swimming movement was filmed
by two cameras, one on land and one in the water. From the images
filmed by the camera on land, the swimming speed of the robot was
calculated

as well as the results of a preliminary experiment. In the
preliminary experiment, the stroke cycle of 2.13 s, which
was the one for the actual swimmer, was tested as the
first trial. However, it was found that the output power
of the actuators were apparently insufficient so that the
robot could not perform the programmed motion at all.
Therefore the slightly longer stroke cycle of 2.3 s was
chosen as the main trial. It was qualitatively confirmed
that SWUMANOID could perform the breaststroke in
the experiment successfully. The experimental result of
swimming speed is shown in Fig. 9. Note that this result
was the change of average speed in one stroke cycle. It
was not possible to measure the instantaneous speed by
the present experimental system due to lack of the accu-
racy. Since the fluctuation of the speed in one stroke cycle

is seen in the actual breaststroke swimming and therefore
is very important, it will be necessary to measure it by
an improved experimental system in the future study. As
shown in Fig. 9, the swimming speed almost converged
to a constant value as time passed, and the average value
was 0.12 m/s. The normalized stroke length, which is a
non-dimensional propulsive distance in one stroke cycle
and is defined by the product of the swimming speed
and the stroke cycle divided by the stature, became 0.298
in this experiment. On the other hand, the normalized
stroke length for the actual swimmer, whose swimming
motion was utilized for that of SWUMANOID in the
present study, was reported as 1.358 in the previous study
[13] Note that the stroke cycle was 2.13 s in this case. It
means that the swimming performance of SWUMAN-
OID was almost one-fourth of that of an actual swimmer.
One possible main reason of this discrepancy was the
insufficient output power of the actuators. The target and
measured values of the knee and shoulder joint angles for
one stroke cycle are shown in Fig. 10. The shoulder joint
angles are in the direction of flexion/extension. It was
found that the measured angles (red) could not track the
target angles (blue) both for the knee and shoulder when
the angular velocities became large. The effect of this dis-
crepancy in the joint angles is discussed by the simula-
tion in the next section. Note that the measured angles
for other joints were found to sufficiently track the target
angles.

In addition, the trial of stroke cycle of 3.27 s was con-
ducted. The average swimming speed was 0.11 m/s in this
case. This value was only slightly lower than 0.12 m/s in
the case of 2.3 s. Conversely, 0.12 m/s of 2.3 s was only
slightly higher than 0.11 m/s of 3.27 s although the stroke
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Fig. 7 Constructed simulation model of SWUMANOID. Since the body segments in SWUM were represented as truncated elliptic cones, the lengths
and radii of the segments were determined based on the geometry of SWUMANOID

. 1.92s 2.04s 217s
Fig. 8 Swimming motion of SWUMANOID in the experiment. The stroke cycle was 2.3 s in this trial. It was qualitatively confirmed that SWUMANOID

could perform the breaststroke in the experiment as well
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Fig. 9 Experimental result of swimming speed. The stroke cycle
was 2.3 s in this trial. It almost converged to a constant value as time
passed, and finally it reached 0.12 m/s
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cycle became 70 %. Ideally, swimming speed is inversely
proportional to stroke cycle. Therefore, from the result of
3.27 s, the average swimming speed of 2.3 s was expected
to be 0.11/0.7 = 0.15 m/s. Since 0.11 m/s of 2.3 s in the
experiment was certainly lower than 0.15 m/s, the insuffi-
cient output power of the actuators were suspected from
this result as well.

Examination by simulation

In order to examine the effect of discrepancies in the
joint angles, simulations in four conditions shown in
Table 3 were carried out. In condition 1, the measured
knee and shoulder joint angles were put into the simula-
tion. That is, this simulation reproduced the experimental

160
140
120
100

o

—e—Target value

Angle [deg]

200
180
160
140
120
100
80
60
40
20

op

Angle [deg]

0.5 1

Time [s]
Fig. 10 Target and measured values of the knee and shoulder joint angles for one stroke cycle. a Knee joint angle, b shoulder joint angle. The
shoulder joint angles are in the direction of flexion/extension. It was found that the measured angles could not track the target angles both for the

knee and shoulder when the angular velocities became large

—o— Measured value

—e—Target value —e—Measured value

Time [s]

1.5
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Table 3 Simulation results of swimming speeds for four conditions

Condition Shoulder joints Knee joints Swimming speed [m/s] Increase amount [%]
1 Measured Measured 0.118 0
2 Target Measured 0.162 37
3 Measured Target 0.166 41
4 Target Target 0.21 78

In condition 1, the measured knee and shoulder joint angles were put into the simulation. In condition 2, the target values of the joint angles for the shoulders were
put into the simulation instead of the measured values. In condition 3, the target values for the knees were put into the simulation. In condition 4, the target values

both for the shoulders and knees were put into the simulation

Fig. 11 Comparison of the underwater filmed images in the experiment and images in the simulation reproducing the experimental condition
(condition 1). It was confirmed that the behavior of SWUMANOID in the simulation was consistent with that in the experiment

condition. Note that the target angles were put into the
simulation for all the other joints since the measured
angles for the other joints were found to sufficiently track
the target angles. In condition 2, the target values of the
joint angles for the shoulders were put into the simula-
tion instead of the measured values. In condition 3, the
target values for the knees were put into the simulation.
In condition 4, the target values both for the shoulders
and knees were put into the simulation. Comparison of
the underwater filmed images in the experiment and
images in the simulation reproducing the experimental
condition (condition 1) is shown in Fig. 11. It was visu-
ally confirmed that the behavior of SWUMANOID in
the simulation was consistent with that in the experi-
ment. Note that one of the fluid force coefficients in the
simulation model was adjusted so that the swimming
speed in the simulation of condition 1 became equal to
that in the experiment. The simulation results of swim-
ming speeds for the four conditions are shown in Table 3.
The increases in amounts of swimming speed against the

condition 1 are also shown in the table. It was found that
the swimming speed increased by 37 and 41 % by chang-
ing the joint angles from the measured values to the tar-
get ones for the shoulders and knees, respectively. It was
also found that the swimming speed increased for 78 %
by changing the joint angles both for the shoulders and
knees. The fluid forces acting on the hand, forearm and
foot for one stroke cycle in conditions 1 and 4 are shown
in Fig. 12. From Fig. 12a, it was found that the fluid forces
acting on the hand and forearm in condition 1 had two
negative peaks. From Fig. 12b, it was found that the fluid
forces acting on the foot in condition 1 did not have
a sharp positive peak at £ = 0.7, unlike those in condi-
tion 4. These drawbacks in condition 1 resulted a swim-
ming speed lower than that in condition 4.

The maximum joint torques of the shoulder and knee
were calculated for condition 4 by the simulation. These
were 0.84 and 2.37 Nm, respectively. Indeed, these were
sufficiently smaller than 7.3 Nm in Table 1 for MX-64,
which was used for the shoulder and knee joints.
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Fig. 12 Propulsive fluid forces acting on the hand, forearm, and foot for one stroke cycle in conditions 1 and 4. a Propulsive fluid forces acting on
the right hand and forearm, b propulsive fluid forces acting on the right foot

However, 7.3 Nm was the stall torque, which was the
maximum torque without rotation. It suggests that there
is a possibility to improve the actuator performance by
selecting more appropriate reduction ratio for the motor
gears.

From above results, it was found that the insufficient
output powers of the motors were one of the main reasons
for the low swimming speed. Therefore, it is expected that
the swimming speed will increase largely if the motors
have sufficient output powers to realize the target joint
motions. However, the swimming speed of 0.210 m/s
(condition 4) in Table 3 means the normalized stroke
length of 0.522. It is still much lower than 1.358 of an
actual swimmer. One reason for this discrepancy may be
that the difference in the actual joint angles and measured
ones. The joint angles in the experiment were measured

by the internal function of the motors, and therefore
mechanical errors such as backlash of the joints were not
taken into account. Therefore, it was possible that the
actual joint angles had some differences from the meas-
ured values. Another possible reason is that the target
joint angles themselves were not sufficiently well-consid-
ered. Although they were determined based on the actual
values of an actual swimmer, they had to be modified for
SWUMANOID due to the limitation of the degrees-of-
freedom as well as the range of motion of SWUMANOID.
For example, in Fig. 12a, the fluid force acting on the hand
and forearm still had a large negative peak at £ = 0.5-0.6.
This means the recovery motion, in which the hand moves
forward, still was not sufficiently good. If such problems
in the swimming motion are all solved by modification,
the swimming speed may increase more.
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Conclusions

In the present study, the swimming humanoid robot
SWUMANOID was improved to perform the breast-
stroke. The lower body was fully redesigned, built and
connected to the upper body. The swimming motion of
the breaststroke was created based on that of an actual
swimmer. From the experiment, it was found that SWU-
MANOID could perform the swimming motion of
breaststroke successfully. The swimming speed for the
stroke cycle of 2.3 s was found to be 0.12 m/s. From the
examination by simulation, it was found that one of the
main reasons for the low swimming speed was insuffi-
cient output power of the motors, especially for the knee
and shoulder joints.

As the future tasks, the actuation system for the knee
and shoulder has to be improved by some methods, such
as providing instantaneous large current to the motors
for the power peak timings, redesign of the motors or
introducing subsidiary active/passive actuators.
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