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Analysis of Human Motor Skill
in Dart Throwing Motion at Di fferent Distance
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Abstract : For medical or sports applications, human motor control is frequently analyzed. In this study, we focus
on dart throwing motion and investigate the human motor skill to achieve precision control and force generation. The
joint coordination is related to stability and accuracy of movements for precision control. On the other hand, the joint
correlation is related to transfer of forces and movements for force generation. Uncontrolled manifold (UCM) analysis
was applied to evaluate the joint coordination and elucidate the joint which the throwers decrease the variability. Based
on the result of UCM analysis, it was found that throwers had less variability on the finger position rather than wrist,
elbow, and shoulder positions. Ten young people who did not play dart on regular basis participated in our experiment,
and performed dart throws at five different throwing distances. In order to evaluate the joint correlation, normalized
correlation coefficient between arm and lower body was computed at different throwing distances. This analysis showed
that the correlation between elbow and ankle, or between elbow and knee, were increased at long throwing distance.
From our results, in dart throwing motion, we elucidated that the longer throw induced the new motor control strategy of
precision control and force generation.
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1. Introduction

In this paper, we investigate the human motor skill to achieve
both precision control and force generation tasks. In order to
develop medical or sports applications, human motor control
is frequently analyzed. Especially, in many previous research,
throwing motion have been intensively analyzed because it is
one of the extremity activities [1][2].

In medical areas, recent interest in physical training to im-
prove physical function has focused on full body activities,
namely the integration of arm and lower body movements [3].
Mainly arm movements are involved with precision control and
lower body movements are involved with force generation [1].
Originally, physical training for arm movements and lower
body movements were conducted separately. For instance, arm
trainings have been conducted in a seated position [4]. Sim-
ilarly, training for lower body in a standing position seldom
includes training for functional arm movements in reaching,
grasping or other manipulation task [5]. However, in recent re-
search, training for the lower body is suggested to be important
for the full effective recovery of arm as well as lower body [6].
In addition, Carr et al. suggested that separate training of arm
and lower body is inadequate for recovery of physical func-
tion [7]. Waller et al. and Meusel argued that throwing mo-
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tion in a standing position can improve the ability of full body
movements [3][8].

In addition, in sports areas, it has been argued that a good
javelin thrower transfers forces from lower body to upper body
during the delivery, using coordinated motion of the body seg-
ments [9]. Similarly, in the basketball shooting at longer shoot-
ing distances, Robins et al. reported a significant reduction in
the variability of joint correlations between arm joints [10]. For
shooting from a longer distance, a very similar movement pat-
tern is required to achieve precise control. Hirashima et al. sug-
gested that arm has a role of precision control and lower body
has a role of force generation in baseball pitching [11]. Thus,
in extremity sports activities, if people want to achieve high
performance, it is important to acquire the ability of precision
control and force generation.

The aim of this study is to understand the human motor skill
under the condition to achieve both precision control and force
generation. Therefore, we focus on dart-throwing motion be-
cause it is easy to play in small area, and necessary to utilize
the ability of precision control and force generation.

In the next section, we introduce two analyses; one is uncon-
trolled manifold (UCM) analysis for the joint coordination and
the other is normalized correlation coefficient (NCC) analysis
for the joint correlation. Both of them are angle-based analyses.
In our analyses, joint angles are calculated from measured co-
ordinates of each body positions. Angle-based analyses which
are applied in this study require time-series angle data.

In this study, we investigate the change of human motor
skill, especially precision control and force generation, in dart-
throwing motion at different throwing distances.
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2. Analysis Methods

Human motor skill can be divided into two functions of pre-
cision control and force generation [11]. Precision control re-
quires the control of their joint freedom (joint coordination).
Force generation requires the kinematic correlation of specific
joints (joint correlation). Dart throwing motion has a little per-
turbation in a sagittal plane and were analyzed in only a frontal
plane in the previous works [12][13]. Besides, in this study, we
restrict and analyze the motion to 2-D space in a frontal plane
(XY plane in Fig. 1). This restriction is necessary to promote
not only arm but also leg motion. For these reasons, we analyze
dart throwing motion in a frontal plane.

2.1 Joint Coordination Analysis for Precision Control

The joint coordination contributes stability and accurate
movements. While people can achieve a specific task by con-
trolling their redundant joint degrees of freedom (DOF), each
joint is divided into two types; one is controlled, and the other
is not controlled.

If each joint variability is analyzed, it can be understood
how people achieve a specific and coordinative movement dur-
ing controlling the joint DOF. In this study, an UCM analy-
sis [14][15] is applied to dart throwing motion in order to in-
vestigate which body position are controlled and to evaluate the
joint coordination. The UCM is a configuration space which is
composed by the combination of variables (joint angles in this
study) which contribute to a specific body motion.

In the UCM analysis, it is possible to investigate whether a
certain joint is controlled or not controlled to achieve a spe-
cific multi-joint task. This investigation is important to analyze
multi-joint movement because humans do not move their joints
independently but they well coordinate the joints to achieve a
motor task. If the analysis only focus on the independent per-
turbations of each joint coordinates, it could not determine how
humans coordinate their several joints. However, in the UCM
analysis, we can use a multiple joint data and clarify whether
each joint is controlled or not. In this analysis, if a joint is
within the UCM, this joint is considered to be controlled to
achieve a specific multi-joint task. On the other hand, if a joint
is not within the UCM, this joint is regarded to be not con-
trolled.

There are innumerable number of the combinations of joint
angles to achieve a specific shoulder position. Figure 1 shows
examples of different combinations of joint angles of the link
model representing human body which achieves the same
shoulder position. Since three joint angles, right ankle angle
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Fig. 1 Example of link model for same shoulder position

θ3

θ2

θ1

(t)

(t)

_

Fig. 2 Example of UCM analysis

(θ1), right knee angle (θ2) and right hip angle (θ3) affect the
shoulder position, the UCM consists of three dimensional space
of each joint angle as shown in Fig. 2.

In this study, joint angle data is time-varying data and
measured in several trials of each thrower.Θ j(t) =

(θ j
1(t), θ j

2(t), θ j
3(t)) indicates the combination of three joint an-

gles in thej-th trial ( j = 1, 2,· · · , N) at certain timet, and mean
joint angle within all trials indicatesΘ(t) = (θ1(t), θ2(t), θ3(t)).

For example, Fig. 2 shows a UCM at certain timet1 in dart
throwing motion. In this case, the curved surface in Fig. 2
shows the combinations of joint angles, UCM, to achieve the
same horizontal shoulder positionXshoulder(t1). This UCM is
calculated based on the average shoulder position at mean joint
angle within all trials,Θ(t1) which was shown as white point in
Fig. 2, at certain timet1. Each black point in Fig. 2 shows the
combination of three joint angles,Θ j(t1), at certain timet1 in
each trial j respectively. IfΘ j(t1) are located in this surface, it
means that the combination is coordinated in order to achieve
the same shoulder position. On the other hand, ifΘ j(t1) are
not located in this surface, that is an orthogonal direction of the
UCM. It means that combination of joint angles is not coordi-
nated and therefore it changes the shoulder position. Shoulder
position is calculated based on a geometric link model as in
eq. (1). In Fig. 1 and eq. (1),l1, l2, and l3 indicate length of
shank, thigh, and trunk, respectively.[

Xshoulder(Θ(t))
Yshoulder(Θ(t))

]
=

[
l1 cosθ1(t) + l2 cosθ2(t) + l3 cosθ3(t)
l1 sinθ1(t) + l2 sinθ2(t) + l3 sinθ3(t)

]
. (1)

In order to calculate distance between the UCM and a cer-
tain combination of joint angles, linear approximation around
UCM is solved. The linearization is obtained based on the Ja-
cobian of the geometric model at the reference configuration.
This Jacobian is calculated as eq. (2). Jshoulder

X (Θ(t))
Jshoulder

Y (Θ(t))

 = [−l1 sinθ1(t) −l2 sinθ2(t) −l3 sinθ3(t)
l1 cosθ1(t) l2 cosθ2(t) l3 cosθ3(t)

]
. (2)

When Jacobian of either horizontal or vertical body positions
is obtained asJshoulder

X (Θ(t)) or Jshoulder
Y (Θ(t)), their null space

E(t) is calculated from eq. (3). In the below sentences, we focus
on the calculation of joint coordination for horizontal shoulder
position. This is a space that does not change the horizontal
shoulder positionXshoulder.

Jshoulder
X (Θ(t)) · E(t) = 0. (3)
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Columns of the matrixE(t) consisted of basis vector
ϵk (k=1, 2, ··· , n−1)(t) (n is a dimension of the vectorΘ). After-
wards, as in eq. (4),σ j

//
is obrained from the summation of the

orthogonally projected vectors from (Θ j(t)−Θ(t)) to each basis
vectorϵk(t) (Fig. 2).

σ j
//

(t) =
n−1∑
k=1

((Θ j(t) −Θ(t)) · ϵk(t))ϵk(t). (4)

The degree of joint coordination focused on a horizontal po-
sition of certain joint,SX, is calculated by eq. (5). In eq. (5), a
cosine among a joint angle vector, (Θ j(t) −Θ(t)), and a basic
parallel vector,σ j

//
(t), are used.

SX =
1
N

N∑
j=1

1
Ttotal

Ttotal∑
t=1

(Θ j(t) −Θ(t)) · σ j
//

(t)

|(Θ j(t) −Θ(t))||σ j
//

(t)|
. (5)

If the value of computedSX is high, it is suggested that joints
are well coordinated. In addition, we investigate the joint coor-
dination in order to achieve the same vertical location of shoul-
der. In order to calculate joint coordinationSY to achieve the
same vertical location of shoulder, the same method was used
as calculation ofSX.

This degree of joint coordination is calculated for the normal-
ized time series (1-100%) of dart throwing motion. This study
focuses on four points of body position; a finger, a wrist, an
elbow, and a shoulder.

2.2 Joint Correlation Analysis for Force Generation

It is suggested that the correlation between two joints is re-
quired during full body movements, running [16], triple jump-
ing [17], javelin throwing [18], and basketball shooting [18]. In
the previous studies, in order to quantify the joint correlation,
correlation coefficient between joints is calculated in human
movements [19][20]. As kinematic correlation analysis, this
quantitative method are effective evaluation. Thus, in this study,
in order to understand how arm and lower body movements are
correlated to achieve throwing motion at long distance, normal-
ized correlation coefficient (NCC),R(x, y), between arm data
and lower body data at each trial were calculated as in eq. (6).
As arm data (x(t)), right shoulder, right elbow and right wrist
joint angles are used. As lower body data (y(t)), right-and-left
hip, right-and-left knee, and right-and-left ankle joint angles are
used. Both data are time-varying during throwing dart motion
as shown in Fig. 3.

Figure 3 shows a schematic concept in order to explain our
used data in analysis. In the meanwhile, Fig. 4 shows typical
joint angle data used in our analysis. Figure 4 (a) shows the ex-
ample of highly correlated combination of arm and lower body
angle, and Fig. 4 (b) illustrates the example of the lower cor-
related combination of arm and lower body angle among all
results of NCC analysis. In eq. (6),x andy indicate arithmetic
average ofx(t) andy(t) among total throwing motion from start
timing to finish timing respectively.

If the absolute value of computed NCC between certain arm
data and certain lower body data is high at a particular throw-
ing distance, it is suggested that the degree of the correlation
between them is high at this throwing distance.
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Fig. 3 Example of coordination evaluation with NCC
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Fig. 4 Typical joint angle data used in our joint correlation analysis

R(x, y) =

∑Ttotal

t=1 (x(t) − x)(y(t) − y)√∑Ttotal

t=1 (x(t) − x)2
√∑Ttotal

t=1 (y(t) − y)2
. (6)

2.3 Definition of Motion

The duration of the motion is different in each throwing mo-
tion or among people. In order to compare different trials of dart
throwing motion, the throwing data is normalized to 0-100%.

• The start time (0%)
The first time at which the elbow joint angular velocity
rises above zero.

• The finish time (100%)
The first time at which the elbow joint angular velocity
reduces to zero or less after the start time.
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Fig. 5 Posture of participants

2.4 Statistical Analysis

A one-way repeated analysis of variance (ANOVA) is per-
formed to assess the degrees of joint coordination among dif-
ferent joints with post hoc two-sided Tukey’s tests when appro-
priate. Likewise, ANOVA is performed to assess the degrees of
joint correlation between arm data and lower body data at dif-
ferent throwing distances with post hoc two-sided Tukey’s tests
when appropriate. In order to evaluate statistical significance,
significance level is set top < 0.05 for the analyses.

3. Experimental Setup

In the previous section, we introduced two angle-based anal-
yses. In order to analyze joint angles during dart throwing mo-
tion, we measured coordinates of joints with the optical motion
capture system and calculated joint angles. In this study, as
shown in Fig. 5, participants have sideways stance, with both
legs turned in a vertical direction to the target (Z-axis) and
shoulder-width apart. We instructed the participants to throw
darts in a frontal plane (XY plane in Fig. 5).

According to the rules of the World Darts Federation, the
throwing distance to the dart board is set to 2.4 m in normal
darts game [21]. In this study, participants throw at distances of
1.2, 2.4, 3.6, 4.8, and 6.0 m. The throwing distances 3.6, 4.8,
and 6.0 m are defined as long distances compared to the dis-
tance of normal darts game. On the other hand, the throwing
distances 1.2 m are defined as short distances.

3.1 Participants

Totally, ten young people participated in our experiment.
They were healthy right handed male (age: 24.0± 1.0 years
old, height: 1.75± 0.08 m, weight: 68.0± 7.0 kg). They did
not play dart on regular basis. They performed 10 dart throws at
each throwing distance. Each participant threw darts to aim at
the center of the dartboard. Consent was obtained from all ten
participants before the experiment started, in compliance with
the ethical committee of the Graduate School of Medicine and
Faculty of Medicine, The University of Tokyo.

3.2 Data Measurement

In order to measure dart throwing motion, MAC3D System
(Motion Analysis Corp.) was used. In this experiment, eight
cameras were used for body trajectory measurement, and a cal-
ibration for accuracy confirmation was performed before the

direction to target
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Fig. 6 Definition of position-markers and joint angles

start of recording (less than 1.0 mm). Based on the rules of
the World Darts Federation, the height of the center of the dart
board was set to 1.73 m [21]. Thirteen points of body position,
right middle finger (M1), right wrist (M2), right elbow (M3),
right shoulder (M4), left shoulder (M5), right hip (M6), left hip
(M7), right knee (M8), left knee (M9), right ankle (M10), left
ankle (M11), right toe (M12), and left toe (M13), were measured
in this study. The sampling rate for this data was 200 Hz and
nine joint angles were computed as shown in Fig. 6.

Joint angles were calculated using measured coordinates of
body positions. Joint angles (θ(t)) at the certain timet is arc-
cosine of two vectors. For example, right shoulder joint angle
(θ4(t)) was calculated from two vectors (vector from M4 to M3

and vector from M4 to M6).

4. Results
4.1 Result of Joint Coordination Analysis

In this study, four horizontal and vertical arm positions of a
finger, wrist, elbow, and shoulder, were considered. Figure 7
shows averaged degrees of the joint coordination (SX) for the
horizontal positions of ten throws from ten participants at each
throwing distance. Figure 8 shows averaged degrees of the joint
coordination (SY) for the vertical positions of ten throws from
ten participants at each throwing distance. In the figure, the bars
indicate mean values with error bars which show a standard de-
viation, and asterisks above bars show two body joint positions
in which there was a statistical significance (p < 0.05).

For horizontal and vertical positions of finger, the results
show the joint coordination at all throwing distances were sta-
tistically higher than ones for wrist, elbow and shoulder (p <
0.05). Thus it was elucidated that throwers coordinate ankle,
knee, hip, shoulder, elbow, and wrist joints in order to achieve a
specific kinematics of finger position during dart throwing mo-
tion. In the case of wrist and elbow for either horizontal or
vertical direction, the degrees of joint coordination at all throw-
ing distances were statistically higher than one for shoulder
(p < 0.05). For vertical position of wrist, the degree of joint
coordination at each throwing distance were statistically higher
than one for elbow (p < 0.05).

4.2 Results of Joint Correlation Analysis

Joint correlation analysis was applied to the data measured
in each trial. Figure 9 shows the results of NCC analy-
sis between elbow joint angle and other joint angles of legs
(R(θ3, θ8),R(θ3, θ9),R(θ3, θ10), and R(θ3, θ11)) at different
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Fig. 7 Histograms of degrees of joint coordination for horizontal posi-
tions

Fig. 8 Histograms of degrees of joint coordination for vertical positions

throwing distances. In these figures, NCC at each distance were
averaged among all trials of ten participants and error bars show
a standard deviation of each data. In the figures, asterisks above
bars denote two throwing distances in which there was a statis-
tical significance (p < 0.05).

Based on the results of the statistical analysis onR(θ3, θ8),
R(θ3, θ9), andR(θ3, θ10), the degrees of the correlation were
increased at throwing long distance (3.6, 4.8, and 6.0 m). On
the other hand, based on the results of the statistical analysis on
R(θ2, θ6, 7, ··· , 11) andR(θ4, θ6, 7, ··· , 11), the degree of correlation
was no difference between throwing long distance and throwing
short distance. However, these values were smaller than the
cases of elbow. Thus, force for long distance throwing was
generated by joint correlation between elbow and legs.

5. Discussion

In our analysis of joint coordination, four horizontal and ver-
tical arm positions were considered. In particular, in order to
decrease the variability of both horizontal and vertical finger
positions, the joint coordination among wrist, elbow, shoulder,
hip, knee, and ankle joint were utilized at all throwing dis-
tances. From the results of UCM analysis, it was elucidated that

-1

-0.5

0

0.5

1

1.2 m 2.4 m 3.6 m 4.8 m 6.0 m

N
o
rm

al
iz

ed
 C

o
rr

el
at

io
n
 C

o
ef

fi
ci

en
t

Throwing Distance

*

(a) Elbow-Right ankle

-1

-0.5

0

0.5

1

1.2 m 2.4 m 3.6 m 4.8 m 6.0 m

N
o
rm

al
iz

ed
 C

o
rr

el
at

io
n
 C

o
ef

fi
ci

en
t

Throwing Distance

(b) Elbow-Left ankle

-1

-0.5

0

0.5

1

1.2 m 2.4 m 3.6 m 4.8 m 6.0 m

N
o
rm

al
iz

ed
 C

o
rr

el
at

io
n
 C

o
ef

fi
ci

en
t

Throwing Distance

(c) Elbow-Right knee

-1

-0.5

0

0.5

1

1.2 m 2.4 m 3.6 m 4.8 m 6.0 m

N
o
rm

al
iz

ed
 C

o
rr

el
at

io
n
 C

o
ef

fi
ci

en
t

Throwing Distance

(d) Elbow-Left knee

Fig. 9 NCC between elbow joint angle and each joint angle of both legs,
knee and ankle

throwers controlled their joint positions in the order of finger,
wrist, elbow, shoulder to aim the darts at the center of target. In
addition, at all five distances, the results of each joint coordina-
tion showed the same trend. Regardless of throwing distances,
the throwers mostly control their finger to realize precise con-
trol.

However, if throwers only controlled their joints position,
they could not achieve the long distance throwing. From the
results of joint correlation analysis, force was generated by
joint correlation between elbow and legs at longer distance.
The joint correlations between other arm joints and legs at
longer distance were statistically smaller than the cases of el-
bow (p < 0.05).

In the previous research, it was suggested that an elbow joint
has a function to achieve force generation [11]. Similarly our
results suggested throwers generated force correlating elbow
and legs movements at the condition which the ability was re-
quired.

Considering the effect of throwing distance, the joint corre-
lation was increased in the longer darts throw. It indicated that
humans moved their legs more dynamically to generate force
from the legs to their darts throw. On the other hand, joint coor-
dination remained higher especially in finger control even in the
longer distance. It could be suggested that the longer distance
induced the new motor control strategy of force generation be-
sides precision control. Moreover, it implied that humans could
utilize both strategies of precision control and force generation
at the same time.

6. Conclusion

In this study, we have focused on a dart throwing motion as
an integrated movements of precision control and force gener-
ation. We investigated how people achieved precision control
task and force generation, especially in dart throwing motion.
Joint coordination and joint correlation were analyzed.

The UCM analysis was applied to dart throwing motion in
order to investigate the precision control ability by joint coor-
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dination. As a result of UCM analysis, it was found that throw-
ers decreased variability of joint positions in the order of fin-
ger, wrist, elbow, shoulder at all throwing distances. Therefore,
people achieve precision control task by stabilizing a body part
position which is close to the finger in throwing motion.

Next, in order to investigate the force generation by joint cor-
relation, NCC between arm joint angles and lower body joint
angles was calculated. In dart throwing motion at longer dis-
tance, it was found to be necessary to increase correlations be-
tween elbow and ankle, and between elbow and knee were in-
creased. Thus, people generate force correlating elbow and legs
movements at long throwing distance.

These results indicated that the longer throw induced the new
motor control strategy of precision control and force genera-
tion. In our future research, we will measure and analyze dart-
throwing motion on different conditions, changing a weight of
dart arrows, foot stance or arm path.

Acknowledgment

This work was in part supported by JSPS KAKENHI Grant
Number 26120005, the MEXT KAKENHI, Gtant-in-Aid for
Scientific Research (B) 24300198, JST RISTEX Service Sci-
ence, Solutions and Foundation Integrated Research Program,
and Grant-in-Aid for JSPS Fellows 24·8702. The authors
thanks Dr. Eric Rombokas.

References

[1] W. B. Kibler, J. Press, and A. Sciascia: “The Role of Core
Stability in Athletic Function”Sports medicine, vol. 36, no. 3,
pp. 189-198, 2006.

[2] D. F. Stodden, G. S. Fleisig, S. P. McLean, and J. R. Andrews:
“Relationship of Biomechanical Factors to Baseball Pitching
Velocity: within Pitcher Variation”Journal of applied biome-
chanics, vol. 21, no. 1, pp. 44-56, 2005.

[3] S. M. Waller and M. G. Prettyman: “Arm Training in Stand-
ing also Improves Postural Control in Participants with Chronic
Stroke”Gait& posture, vol. 36, no. 3, pp. 419-424, 2012.

[4] J. H. Cauraugh and S. B. Kim: “Stroke Motor Recovery: Active
Neuromuscular Stimulation and Repetitive Practice Schedules”
Journal of neurology, neurosurgery and psychiatry, vol. 74,
no. 11, pp. 1562-1566, 2003.

[5] J. J. Eng, K. S. Chu, C. M. Kim, A. S. Dawson, A. Carswell,
and K. E. Hepburn: “A Community-based Group Exercise Pro-
gram for Persons with Chronic Stroke”Medicine and science
in sports and exercise, vol. 35, no. 8, pp. 1271-1278, 2003.

[6] S. Raine, L. Meadows, and M. Lynch-Ellerington: “Bobath
Concept: Theory and Clinical Practice in Neurological Reha-
bilitation” Chichester, U.K.; Ames, Iowa: Wiley-Blackwell,
2009.

[7] J. H. Carr and R. B. Shepherd: Stroke Rehabilitation: Guide-
lines for Exercise and Training to Optimize Motor Skill, Ed-
inburgh; New York: Butterworth Heinemann. Elsevier Science
Limited, 2003.

[8] H. Meusel: “Developing Physical Fitness for the Elderly
through Sport and Exercise”British journal of sports medicine,
vol. 18, no. 1, pp. 4-12, 1984.

[9] M. Calvin and B. Roger: “Biomechanical Factors Critical for
Performance in the Men’s Javelin Throw”Sports Medicine,
vol. 21, no. 6, pp. 438-446, 1996.

[10] M. Robins, J. S. Wheat, G. Irwin, and R. Bartlett: “The Effect
of Shooting Distance on Movement Variability in Basketball”
Journal of Human Movement Studies, vol. 50, no. 4, pp. 218-
238, 2006.

[11] M. Hirashima, H. Kadota, S. Sakurai, K. Kudo, and T. Ohtsuki:

“Sequential Muscle Activity and its Functional Role in the Up-
per Extremity and Trunk during Overarm Throwing”Journal
of Sports Sciences, vol. 20, no. 4, pp. 301-310, 2002.

[12] J. BJ. Smeets, M. A. Frens, and E. Brenner: “Throwing Darts:
Timing is not the Limiting Factor”Experimental Brain Re-
search, vol. 144, no. 2, pp. 268-274, 2002.

[13] H. Yamaguchi and T. Kondo: “Throwing Darts Training Sup-
port System Based on Analysis of Human Motor Skill”The In-
telligent Autonomous Systems 12. Springer Berlin Heidelberg,
pp. 469-478, 2013.

[14] G. Schoner: “Recent Developments and Problems in Human
Movement Science and their Conceptual Implications”Ecolog-
ical Psychology, vol. 7, no. 4, pp. 291-314, 1995.

[15] J. P. Scholz and G. Schoner: “The Uncontrolled Manifold Con-
cept:Identifying Control Variables for a Functional Task”Ex-
perimental Brain, vol. 126, no. 3, pp. 289-306, 1999.

[16] A. T. DeLeo, T. A. Dierks, R. Ferber, and I. S. Davis: “Lower
Extremity Joint Coupling during Running: A Current Update”
Clinical biomechanics (Bristol), vol. 19, no. 10, pp. 983-991,
2004.

[17] C. Wilson, S. E. Simpson, R. E. A. Van Emmerik, and
J. Hamill: “Coordination Variability and Skill Development
in Expert Triple Jumpers”Sports biomechanics, vol. 7, no. 1,
pp. 2-9, 2008.

[18] R. Bartletta, J. Wheatb, and M. Robinsb: “Is Movement Vari-
ability Important for Sports Biomechanists?”Sports biome-
chanics, vol. 6, no. 2, pp. 224-243, 2007.

[19] B. Vereijken, R. E. A. Van Emmerik, H. T. A. Whiting, and
K. M. Newell: “Free(z)ing Degrees of Freedom in Skill Acqui-
sition” Journal of Motor Behavior, vol. 24, no. 1, pp. 133-142,
1992.

[20] B. Vereijken: “Changing Coordinative Structures in Complex
Skill Acquisition” Human movement science, vol. 16, no. 6,
pp. 823-844, 1997.

[21] W.D.F: http://www.dartswdf.com/basicsofdarts/, (2013.1.13)

Junki NAKAGAWA

He received his B.E. degrees from the University of
Tokyo, Japan, in 2013. He is currently a second year
master student in the department of precision engineer-
ing, the University of Tokyo. His research interests in-
clude biomechanical engineering, especially the devel-
opment of new rehabilitation system for elderly people
or patients with cerebral palsy. He is a student member

of IEEE, SfS, JSME, and RSJ.

Qi AN (Member)

He received his B.E., M.E., and Ph.D. degrees from
the University of Tokyo, Japan, in 2009, 2011, and 2014,
respectively. He is currently a JSPS Research Fellowship
for Young Scientists (PD). His research interests include
rehabilitation robotics and human biomechanics. He is a
member of JSPE, RSJ, and IEEE.

Yuki I SHIKAWA

He received his B.E. degrees in the department of
mechanical engineering from Keio University, Japan, in
2011. He received his M.E. degrees from the University
of Tokyo, Japan, in 2013. He is currently a Ph.D. student
in the department of precision engineering at the Univer-
sity of Tokyo. His research interests include biomechan-
ics of gait on human knee joint. He is a student member

of IEEE, ISB, RSJ, JSPE and SOBIM.



SICE JCMSI, Vol. 1, No. 1, January 2015 7

Hiroyuki O KA

He received his M.D. from Graduate School of
Medicine and Faculty of Medicine, the Shinshu Univer-
sity, Japan, in 1997. He began his career as a clinical
orthopaedic surgeon and was subsequently engaged in
the management of healthcare services since 1997. From
2006, he is an Assistant Professor of Department of Joint
Disease Research, 22nd Century Medical & Research

Center, Faculty of Medicine, the University of Tokyo. His research inter-
ests are musculoskeletal disorders, image processing, and biomechanics.
He is the member of IEEE, JIRA, and JOA.

Kaoru T AKAKUSAKI

He received his M.D. and Ph.D. degrees from
Asahikawa Medical College, Japan, in 1984 and 1988,
respectively. Currently, he is working as an Associate
Professor in the Department of Physiology, Asahikawa
Medical College. His current research interest is neuro-
science in general.

Hiroshi Y AMAKAWA (Member)

He received his B.E. and M.E. degrees from the De-
partment of Electrical and Information Engineering, Uni-
versity of the Ryukyus, Japan, in 1985 and 1987, re-
spectively. He has been working as a technical staff

at the Faculty of Engineering,University of Tokyo since
1992. He received Ph.D. degrees at the University of
Tokyo in 2006. His reserch interests include mechatron-

ics, robotics, microdynamics and biosensing. He is a member of RSJ, JSPE
and IEICE.

Atsushi YAMASHITA (Member)

He received his B.E., M.E., and Ph.D. degrees from
the Department of Precision Engineering, the University
of Tokyo, Japan, in 1996, 1998, and 2001, respectively.
From 1998 to 2001, he was a Junior Research Associate
in the RIKEN (Institute of Physical and Chemical Re-
search). From 2001 to 2008, he was an Assistant Profes-
sor of Shizuoka University. From 2006 to 2007, he was

a Visiting Associate of California Institute of Technology. From 2008 to
2011, he was an Associate Professor of Shizuoka University. From 2011,
he is an Associate Professor in the Department of Precision Engineering,
the University of Tokyo. His research interests include robot vision, image
processing, multiple mobile robot system, and motion planning. He is a
member of ACM, IEEE, JSPE, RSJ, IEICE, JSME, IEEJ, IPSJ, ITE and
SICE.

Hajime ASAMA (Member)

He received his B.S., M.S., and Dr.Eng degrees from
the University of Tokyo, Japan, in 1982, 1984, and 1989,
respectively. He was Research Associate, Research Sci-
entist, and Senior Research Scientist in RIKEN (The In-
stitute of Physical and Chemical Research, Japan) from
1986 to 2002. He became a professor of RACE (Re-
search into Artifacts, Center for Engineering), the Uni-

versity of Tokyo in 2002, and a professor of School of Engineering, the
University of Tokyo since 2009. Currently, he is the chairman of the
Task Force for Remote Control Technology of the Council for the Decom-
missioning of TEPCO’s Fukushima Daiichi NPS, the leader of Project
on Disaster Response Robots and Their Operation System of Council
on Competitiveness-Japan, and the chairman of Robotics Task Force for
Anti-Disaster (ROBOTAD). His main research interests are distributed au-
tonomous robotic systems, smart spaces, service engineering, and Mobili-
gence, and service robotics.


