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Analysis of Human Motor SkKill
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 fivefidirent throwing distances. In order to evaluate the joint correlation, normalized
correlation co#ficient between arm and lower body was computed f&idint 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 tion in a standing position can improve the ability of full body

In this paper, we investigate the human motor skill to achievemovements [3](8].
both precision control and force generation tasks. In order to !N addition, in sports areas, it has been argued that a good
develop medical or sports applications, human motor controjavelin thrower transfers forces from lower body to upper body
is frequently analyzed. Especially, in many previous researchduring the delivery, using coordinated motion of the body seg-
throwing motion have been intensively analyzed because it ignents [9]. Similarly, in the basketball shooting at longer shoot-
one of the extremity activities [1][2]. ing distances, Robins et al. reported a significant reduction in
In medical areas, recent interest in physical training to im- the variability of joint correlations between arm joints [10]. For
prove physical function has focused on full body activities, shooting from a longer distance, a very similar movement pat-
namely the integration of arm and lower body movements [3].t€rn is required to achieve precise control. Hirashima et al. sug-
Mainly arm movements are involved with precision control and 9eésted that arm has a role of precision control and lower body
lower body movements are involved with force generation [1]. has a role of force generation in baseball pitching [11]. Thus,
Originally, physical training for arm movements and lower in extremity sports activities, if people want to achieve high
body movements were conducted separately. For instance, arRerformance, it is important to acquire the ability of precision
trainings have been conducted in a seated position [4]. Simeontrol and force generation.
ilarly, training for lower body in a standing position seldom  The aim of this study is to understand the human motor skill
includes training for functional arm movements in reaching, under the condition to achieve both precision control and force
grasping or other manipulation task [5]. However, in recent re-generation. Therefore, we focus on dart-throwing motion be-
search, training for the lower body is suggested to be importanfause it is easy to play in small area, and necessary to utilize
for the full effective recovery of arm as well as lower body [6]. the ability of precision control and force generation.
In addition, Carr et al. suggested that separate training of arm N the next section, we introduce two analyses; one is uncon-
and lower body is inadequate for recovery of physical func- trolled manifold (UCM) analysis for the joint coordination and
tion [7]. Waller et al. and Meusel argued that throwing mo- the other is normalized correlation d¢heient (NCC) analysis
for the joint correlation. Both of them are angle-based analyses.
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2. Analysis Methods 0,

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 0,

The joint coordination contributes stability and accurate
movements. While people can achieve a specific task by con-

Frgllir?g thgir redundant joint degregs of freedom (DOF), each(g,), right knee angled) and right hip angleés) affect the
joint is divided into two types; one is controlled, and the other shoyider position, the UCM consists of three dimensional space

is not controlled. of each joint angle as shown in Fig. 2.

If each joint variability is analyzed, it can be understood | this study, joint angle data is time-varying data and
how people achieve a specific and coordinative movement durmeasured in several trials of each thrower.®i(t) =

ing controlling the joint DOF. In this study, an UCM analy- (gl (1), 61(t), 64(t)) |nd|cates the combination of three joint an-
sis [14][15] is applied to dart throwing motion in order to in- gles in thej- th trial (j = , N) at certain time, and mean
vestigate which body position are controlled and to evaluate thggint angle within all tnals mdicate@(t) = (61(t), Ba(1), B3(t)).
joint coordination. The UCM is a configuration space whichis  For example, Fig. 2 shows a UCM at certain titaén dart
composed by the combination of variables (joint angles in thisthrowing motion. In this case, the curved surface in Fig. 2
study) which contribute to a specific body motion. shows the combinations of joint angles, UCM, to achieve the
In the UCM analysis, it is possible to investigate whether aggme horizontal shoulder POSitidQnoudelts). This UCM is
certain joint is controlled or not controlled to achieve a spe- ca|culated based on the average shoulder position at mean joint
cific multi-joint task. This investigation is important to analyze angle within all trials ©(t;) which was shown as white point in
multi-joint movement because humans do not move theirjoints,:ig. 2, at certain time,. Each black point in Fig. 2 shows the
independently but they well coordinate the joints to achieve acompination of three joint angle®i(t,), at certain timet; in
motor task. If the analysis only focus on the independent pereach trialj respectively. 1f©i(t;) are located in this surface, it
turbations of each joint coordinates, it could not determine howWmeans that the combination is coordinated in order to achieve
humans coordinate their several joints. However, in the UCMihe same shoulder position. On the other han®ift;) are
analysis, we can use a multiple joint data and clarify whethernot |ocated in this surface, that is an orthogonal direction of the
each joint is controlled or not. In this analysis, if a joint is ycM. It means that combination of joint angles is not coordi-
within the UCM, this joint is considered to be controlled 10 nated and therefore it changes the shoulder position. Shoulder

achieve a specific multi-joint task. On the other hand, if a joint position is calculated based on a geometric link model as in
is not within the UCM, this joint is regarded to be not con- gq (1) In Fig. 1 and eq. (1)y, |», andls indicate length of

Fig. 2 Example of UCM analysis

trolled. shank, thigh, and trunk, respectively.
There are innumerable number of the combinations of joint

angles to achieve a specific shoulder position. Figure 1 shows [ Xshouldek ©(t)) ] _ ['109591(0 +120080,(1) + Iscosta(t)] 4y

examples of dferent combinations of joint angles of the link Yshouiae(® (1)) l1 5Ny (1) + 12 5iN62(1) + 5 Sinfis(t)

model representing human body which achieves the same |n order to calculate distance between the UCM and a cer-

shoulder position. Since three joint angles, right ankle angletain combination of joint angles, linear approximation around

UCM is solved. The linearization is obtained based on the Ja-

shoulder coordinates (Xuouier: Yonouter cobian of the geometric model at the reference configuration.

This Jacobian is calculated as eq. (2).

shoulder

lJ;hou'de@(t))J_[—llsinél(t) —1,sinGa(t) I3 sinds(t) @

Jshoudef@ (1)) | | l1coshi(t) 12cosba(t) I3 cosfs(t)

hip When Jacobian of either horizontal or vertical body positions
is obtained ags™ude(@(t)) or J3rude[@(t)), their null space

! E(t) is calculated from eq. (3). In the below sentences, we focus
‘¢

¥ (vertical)  KDEE

g on the calculation of joint coordination for horizontal shoulder
N, position. This is a space that does not change the horizontal
z shoulder positionKshouider

ankle
X (horizontal)

Fig. 1 Example of link model for same shoulder position Jihou'de(ﬁ(t)) “E(t) = 0. 3)
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Columns of the matrixE(t) consisted of basis vector x(1) arm angle
€k k=1, 2, --, n-1)(t) (n is a dimension of the vecta®). After-
wards, as in eq. (4)1/'/ is obrained from the summation of the
orthogonally projected vectors from®{ (t)— @(t)) to each basis
vectoreg(t) (Fig. 2).

Angle

Time

. n_l . —
ol = kZ:;«eJ(o - 0() - et)e(t). 4 y ower body angle

Angle

The degree of joint coordination focused on a horizontal po-
sition of certain jointSy, is calculated by eq. (5). In eq. (5), a
cosine among a joint angle vecto®{(t) — ©(t)), and a basic
parallel vectora} /(t), are used.

.. t : . ..
start timing Time finish timing

) o j Fig. 3 Example of coordination evaluation with NCC
1 T (O - O() a1

1 N
Sx = — — L, 5
N ; Tl £ (©1(t) - ©W)llo! ()] ©
200 2081 —

If the value of compute&x is high, it is suggested that joints — lg &
are well coordinated. In addition, we investigate the joint coor- éﬁ T 1 7 %
dination in order to achieve the same vertical location of shoul- & 120 | 1@
der. In order to calculate joint coordinati®y to achieve the %D 0 | {7 E
same vertical location of shoulder, the same method was usec 2 | Ebowange | =
as calculation oBx. = Rightankle angle | 7° 5,

This degree of joint coordination is calculated for the normal- i " o @ " " &
ized time series (1-100%) of dart throwing motion. This study Time [s]
feolglcj):vt,esa:;;z;]roglo&ztr.s of body position; a finger, a wrist, an (a) Highly Correlated Pairs
2.2 Joint Correlation Analysis for Force Generation

It is suggested that the correlation between two joints is re- 165 1200 —
quired during full body movements, running [16], triple jump- 80 160 116073,
ing [17], javelin throwing [18], and basketball shooting [18]. In % 155 | 1205
the previous studies, in order to quantify the joint correlation, = z
correlation cofficient between joints is calculated in human g 10 1% f‘é
movements [19][20]. As kinematic correlation analysis, this = 1 X?f;:fl:ngle 140 %
guantitative method ardtective evaluation. Thus, in this study, 140 : . : : 0o =
in order to understand how arm and lower body movements are 0 0 ‘“’Time . % 50

correlated to achieve throwing motion at long distance, normal-
ized correlation coficient (NCC),R(x,y), between arm data (b) Lower Correlated Pairs
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 dagé)), right-and-left Tom _ _
hip, right-and-left knee, and right-and-left ankle joint angles are R(X,Y) = 2370 — )0 - ) )
used. Both data are time-varying during throwing dart motion \/ZtT:"’l’a‘(X(t) —X)2 \/ZtT:‘Oia'(y(t) —y)2
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.3 Definition of Motion
joint angle data used in our analysis. Figure 4 (a) shows the ex- The duration of the motion is flerent in each throwing mo-
ample of highly correlated combination of arm and lower body tion or among people. In order to comparéetient trials of dart

angle, and Fig. 4 (b) illustrates the example of the lower cor-throwing motion, the throwing data is normalized to 0-100%.
related combination of arm and lower body angle among all

Fig. 4 Typical joint angle data used in our joint correlation analysis

(6)

results of NCC analysis. In eq. (6),andy indicate arithmetic e The start time (0%)
average ok(t) andy(t) among total throwing motion from start The first time at which the elbow joint angular velocity
timing to finish timing respectively. rises above zero.

If the absolute value of computed NCC between certain arm
data and certain lower body data is high at a particular throw- e The finish time (100%)
ing distance, it is suggested that the degree of the correlation  The first time at which the elbow joint angular velocity
between them is high at this throwing distance. reduces to zero or less after the start time.
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M, : right finger

0,

M, : right wrist
M; : right elbow

M, : right shoulder
M; : left shoulder

Motion capture
camera

Os M, : left hip

M : right hip
. . H‘)
direction to target M; : right knee My : left knee
D 0,
M, : right ankle ‘ M, : left ankle

M,, : right toe M,; : left toe

Shoulder-width apart Fig. 6 Definition of position-markers and joint angles
Fig. 5 Posture of participants start of recording (less than 1.0 mm). Based on the rules of
o ) the World Darts Federation, the height of the center of the dart
2.4 Statistical Analysis board was set to 1.73 m [21]. Thirteen points of body position,

A one-way repeated analysis of variance (ANOVA) is per- right middle finger (M), right wrist (M), right elbow (M),
formed to assess the degrees of joint coordination among difright shoulder (M), left shoulder (M), right hip (Ms), left hip
ferent joints with post hoc two-sided Tukey’s tests when appro-(M-), right knee (M), left knee (M), right ankle (My), left
priate. Likewise, ANOVA is performed to assess the degrees ofankle (M), right toe (M;,), and left toe (Ms), were measured
joint correlation between arm data and lower body data at dif-in this study. The sampling rate for this data was 200 Hz and
ferent throwing distances with post hoc two-sided Tukey’s testsnine joint angles were computed as shown in Fig. 6.
when appropriate. In order to evaluate statistical significance, Joint angles were calculated using measured coordinates of

significance level is set tp < 0.05 for the analyses. body positions. Joint angles(f)) at the certain time is arc-
. cosine of two vectors. For example, right shoulder joint angle
3. Experimental Setup (64(t)) was calculated from two vectors (vector from b M3

In the previous section, we introduced two angle-based analand vector from M to Mg).
yses. In order to analyze joint angles during dart throwing mo-
tion, we measured coordinates of joints with the optical motion 4. Results
capture system and calculated joint angles. In this study, a¢.1 Result of Joint Coordination Analysis
shown in Fig. 5, participants have sideways stance, with both |n this study, four horizontal and vertical arm positions of a
legs turned in a vertical direction to the target (Z-axis) and finger, wrist, elbow, and shoulder, were considered. Figure 7
shoulder-width apart. We instructed the participants to throwshows averaged degrees of the joint coordinat®y) for the
darts in a frontal plane (XY plane in Fig. 5). horizontal positions of ten throws from ten participants at each
According to the rules of the World Darts Federation, the throwing distance. Figure 8 shows averaged degrees of the joint
throwing distance to the dart board is set to 2.4 m in normalcoordination Sy) for the vertical positions of ten throws from
darts game [21]. In this study, participants throw at distances oten participants at each throwing distance. In the figure, the bars
1.2,2.4,3.6,4.8, and 6.0 m. The throwing distances 3.6, 4.8indicate mean values with error bars which show a standard de-
and 6.0 m are defined as long distances compared to the dissation, and asterisks above bars show two body joint positions
tance of normal darts game. On the other hand, the throwingn which there was a statistical significange< 0.05).
distances 1.2 m are defined as short distances. For horizontal and vertical positions of finger, the results
. show the joint coordination at all throwing distances were sta-
3.1 Participants tistically higher than ones for wrist, elbow and shoulder<
Totally, ten young people participated in our experiment. 0.05). Thus it was elucidated that throwers coordinate ankle,
They were healthy right handed male (age: 24.0.0 years  knee, hip, shoulder, elbow, and wrist joints in order to achieve a
old, height: 1.75 0.08 m, weight: 68.&c 7.0 kg). They did  specific kinematics of finger position during dart throwing mo-
not play dart on regular basis. They performed 10 dart throws ation. In the case of wrist and elbow for either horizontal or
each throwing distance. Each participant threw darts to aim atertical direction, the degrees of joint coordination at all throw-
the center of the dartboard. Consent was obtained from all tefng distances were statistically higher than one for shoulder
participants before the experiment started, in compliance with(p < 0.05). For vertical position of wrist, the degree of joint
the ethical committee of the Graduate School of Medicine andcoordination at each throwing distance were statistically higher
Faculty of Medicine, The University of Tokyo. than one for elbow < 0.05).

3.2 Data Measurement 4.2 Results of Joint Correlation Analysis

In order to measure dart throwing motion, MAC3D System Joint correlation analysis was applied to the data measured
(Motion Analysis Corp.) was used. In this experiment, eightin each trial. Figure 9 shows the results of NCC analy-
cameras were used for body trajectory measurement, and a cadis between elbow joint angle and other joint angles of legs
ibration for accuracy confirmation was performed before the(R(63, 6s), R(63, 69), R(63, 610), and R(63, 611)) at different
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Fig. 7 Histograms of degrees of joint coordination for horizontal posi-

Normalized Correlation Coefficient
<
Normalized Correlation Coefficient

tions Throwing Distance Throwing Distance
(c) Elbow-Right knee (d) Elbow-Left knee
— — — — — Fig. 9 NCC between elbow joint angle and each joint angle of both legs,
T T T e B 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-
& finger tion showed the same trend. Regardless of throwing distances,

! B wri e . .
Sy 05 ¢ Ewmt the throwers mostly control their finger to realize precise con-
j elbow
O shoulder 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.

3.6m ! { The joint correlations between other arm joints and legs at
longer distance were statistically smaller than the cases of el-
bow (p < 0.05).

Fig. 8 Histograms of degrees of joint coordination for vertical positions  In the previous research, it was suggested that an elbow joint
has a function to achieve force generation [11]. Similarly our

throwing distances. In these figures, NCC at each distance wereesults suggested throwers generated force correlating elbow

averaged among all trials of ten participants and error bars showand legs movements at the condition which the ability was re-

a standard deviation of each data. In the figures, asterisks abowvguired.

bars denote two throwing distances in which there was a statis- Considering the féect of throwing distance, the joint corre-

tical significance p < 0.05). lation was increased in the longer darts throw. It indicated that

Based on the results of the statistical analysisR{#h, 0g), humans moved their legs more dynamically to generate force
R(63, 6g), andR(03, 610), the degrees of the correlation were from the legs to their darts throw. On the other hand, joint coor-
increased at throwing long distance (3.6, 4.8, and 6.0 m). Ordination remained higher especially in finger control even in the
the other hand, based on the results of the statistical analysis donger distance. It could be suggested that the longer distance
R(62, 06, 7, .. 11) andR(64, 66, 7, ... 11), the degree of correlation induced the new motor control strategy of force generation be-
was no diterence between throwing long distance and throwingsides precision control. Moreover, it implied that humans could
short distance. However, these values were smaller than thatilize both strategies of precision control and force generation
cases of elbow. Thus, force for long distance throwing wasat the same time.
generated by joint correlation between elbow and legs.

Throwing Distance

6. Conclusion

5. Discussion In this study, we have focused on a dart throwing motion as
In our analysis of joint coordination, four horizontal and ver- an integrated movements of precision control and force gener-
tical arm positions were considered. In particular, in order toation. We investigated how people achieved precision control
decrease the variability of both horizontal and vertical fingertask and force generation, especially in dart throwing motion.
positions, the joint coordination among wrist, elbow, shoulder, Joint coordination and joint correlation were analyzed.
hip, knee, and ankle joint were utilized at all throwing dis- The UCM analysis was applied to dart throwing motion in
tances. From the results of UCM analysis, it was elucidated thabrder 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- “Sequential Muscle Activity and its Functional Role in the Up-
ers decreased variability of joint positions in the order of fin- per Extremity and Trunk during Overarm Throwingdurnal
ger, wrist, elbow, shoulder at all throwing distances. Therefore,  Of Sports Sciencesol. 20, no. 4, pp. 301-310, 2002.

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- [13]

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.

H. Yamaguchi and T. Kondo: “Throwing Darts Training Sup-

relation, NCC between arm joint angles and lower body joint port System Based on Analysis of Human Motor SKiltie In-
angles was calculated. In dart throwing motion at longer dis- telligent Autonomous Systems 12. Springer Berlin Heide|berg
tance, it was found to be necessary to increase correlations be-  pp. 469-478, 2013.

tween elbow and ankle, and between elbow and knee were inl4] G. Schoner: “Recent Developments and Problems in Human
creased. Thus, people generate force correlating elbow and legs ~ Movement Science and their Conceptual Implicatidaedlog-

movements at long throwing distance.
These results indicated that the longer throw induced the ne

ical Psychologyvol. 7, no. 4, pp. 291-314, 1995.
v\LlS] J. P. Scholz and G. Schoner: “The Uncontrolled Manifold Con-
cept:Identifying Control Variables for a Functional TadkX-

motor control strategy of precision control and force genera- perimental Brainvol. 126, no. 3, pp. 289-306, 1999.
tion. In our future research, we will measure and analyze dart{16] A. T. DeLeo, T. A. Dierks, R. Ferber, and |. S. Davis: “Lower
throwing motion on dferent conditions, changing a weight of Extremity Joint Coupling during Running: A Current Update”
dart arrows, foot stance or arm path. Clinical biomechanics (Bristo))vol. 19, no. 10, pp. 983-991,
2004.
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