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Abstract

The purpose of this study was to compare and evaluate the inter-joint coordination between the hips and lumbar spine in both
male and female skilled golfers during the downswing phase. Six infrared MCAM?2 cameras were used for capturing each
participant’s swing motion. In order to evaluate the inter-joint coordination, kinematic data and continuous relative phase
(CRP) were obtained during downswing phase. The lead hip-lumbar spine CRP in male golfers showed a typical parabola
pattern with a minimum value at around 60% of the downswing phase. On the other hand, the CRP between the lead hip and
lumbar spine of female golfers barely changed from the initial to middle downswing stages, and increased at the later stage.
Male golfers typically used their lead hip more than their lumbar spine during the early downswing, while the rotational
contribution of the lumbar spine and lead hip in female golfers were comparable until the middle of the downswing phase.
These findings result from the opposite rotation of the lumbar spine for even the early downswing phase due to the muscular
and articular flexibility of female golfers. This study has the potential to help develop gender-specific coaching materials

for the improvement of swing skills.
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1 Introduction

The golf swing is a complex movement involving the entire
body and multiple joints [1], with high coordination charac-
teristics between the joints and between the segments of the
human body [2, 3]. Male professional golfers use their lower
limb joint more to compensate the deficiency of the muscle
flexibility of their upper body compared to the female golf-
ers. On the other hand, female golfers have a greater rotation
of pelvis and upper torso than the male golfers to improve
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the golf swing performance [4]. Additionally, women golfers
had twice as many wrist injuries as the men golfers based on
the epidemiological data [5], and this difference was associ-
ated with the weaker kinetic chain consisted of neuromuscu-
lar and articular joint system of human body [6]. In general,
the swing outcomes of male professional golfers differ to
those of female professional golfers due to the differences in
the physical features [7] and basic swing mechanics between
men and women [6, 8]. Swing outcomes are commonly eval-
uated using the clubhead velocity at impact and the driving
distance of the ball [9, 10], and the rotational biomechanics
has an important role in improving swing performance [11].
During the golf swing, the stored energy by coiling at the top
of the backswing is rapidly released and the high impulse is
transferred to the club and ball during the downswing, lead-
ing to increased driving distance of the ball [12, 13]. From
a biomechanical perspective, understanding of the proper
swing mechanisms of both male and female professional
golfers during downswing provides gender-specific infor-
mation to improve swing skill and prevent golf injury [8].
The axial rotational movement during a golf swing is con-
trolled the lumbar spine and hip joints that are connected
to the trunk, pelvis, and thigh segments [14]. The relative
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rotation between the pelvis and upper torso at the top of
the backswing, which is defined as the ‘x-factor’, represents
the fully eccentric loading condition of the trunk muscles,
and these muscles perform concentric shortening during
the downswing. Finally, this mechanism allows the player
to produce increased power which can then be transferred
to the clubhead [15]. In addition, the kinematic differ-
ence between male and female professional golfers can be
observed in the hips and lumbar spine during the golf swing
due to the difference in their swing mechanisms. According
to previous publications, female professional golfers exhib-
ited higher absolute range of motion (ROM) and movement
variability of the pelvis and trunk [1, 4, 6]. These studies
mainly focused on the kinematics of the trunk, thorax, and
pelvis, and no research has been carried out on the evalua-
tion of compensatory mechanisms or coordination between
joints controlled by the neuromuscular system. Swing per-
formance is affected not only by the trained movement of
each segment and joint but also by the sequence or phase
differences between neighboring joints [2, 14, 16].
Inter-joint coordination refers to the interconnected rela-
tionship among the movements of neighboring joints [17]
and provides basic information to evaluate how the central
nervous system organizes various joints to achieve specific
movement [18]. Continuous relative phase (CRP), consider-
ing the angles and angular velocities of neighboring joints,
is generally used to evaluate inter-joint coordination [19]
and applied for the evaluation of dynamic motor control,
improvement of movement ability, and prevention of mus-
culoskeletal injury during human movement such as walking
and ski jumping [17, 20]. Chiu et al. (2015) compared the
coordination of the lower body joints between young and old
adults while ascending and descending stairs [21]. The coor-
dination strategy in elderly people was demonstrated to be
less flexible, and each joint moved less independently than
the joints of young people. More recently, inter-joint coor-
dination between the lumbar spine and hip joints in skilled
male golfers was evaluated, and the relationship between
this coordination pattern and performance was identified
[14]. The results showed that the coordination between the
lumbar spine and leading hip joints plays a critical role in
improving swing speed at impact. Human movement is rep-
resented as the synergetic activities of the muscular nervous
system based on the constraints of the anatomical structures,
environmental effects, and various movements, and this syn-
ergy allows a human locomotor system to react simply and
properly [22]. Since the redundant degrees of freedom in
the neuromuscular system reduce the complexity of each
joint and muscle from the central nervous system, the mus-
cle groups of similar functions are activated at the same time
[23]. Therefore, the evaluation of the coordinated movement
during the complex movement such as golf swing can pro-
vide an understanding of how the central nervous system

organizes each joint and how the redundant motor unit can
be simplified and controlled.

Even though inter-joint coordination is a very useful
parameter in biomechanics, few studies have been con-
ducted that evaluate sports movements utilizing coordina-
tion characteristics. Specifically, the coordination between
lumbar spine and hip joint during downswing is important
parameter to improve golf swing performance [14], but the
difference between male and female golfers has not been
reported. The understanding of the rotational coordina-
tion characteristics between the hips and lumbar spine in
both male and female skilled golfers during the downswing
provides not only information for gender-specific training
methods and injury factors but also explains of the human
locomotor mechanisms controlled by the neuromuscular sys-
tem. Therefore, the purpose of this study was to compare and
evaluate the inter-joint coordination between the hips and
lumbar spine in both male and female skilled golfers dur-
ing the downswing phase using the CRP parameter. It was
hypothesized that the coordination characteristics of male
golfers differed from those of female golfers due to the dif-
ference of swing mechanisms.

2 Materials and Methods
2.1 Participants

Eighteen male and sixteen female golfers participated in
this study. All participants were right-handed professional
golfers as members of the Korea (Ladies) Professional Golf
Association and had a self-reported handicap index below O.
No participant had any previous history of musculoskeletal
disease and golfers who were currently experiencing pain
in their joints or muscles were excluded in this experiment.
All of the experiment procedures were approved by the
Sungkyunkwan University Ethics Committee, and written
informed consent was provided by every participant prior
to the experiments. Table 1 shows the physical and swing
characteristics of the participants.

2.2 Instrumentation and Experimental Procedure

In order to mimic an actual golf environment, the experi-
ment incorporated a swing-net and a foot mat. Six infrared
MCAM2 cameras, located outside of the swing-net region,
were used for capturing each participant’s swing motion
at 120 Hz. The X-, Y-, and Z-axes of the global reference
system were set as the left-right, forward—backward, and
perpendicular directions based on the set-up posture, respec-
tively. The target was set as the opposite direction of the
X-axis of the global reference system.
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Table 1 Participants’ physical and swing characteristics (mean + SD)

Males (N = 18) Females (N =16) p

Age (years) 28.6 +5.4 25.1+6.6 0.124
Height (cm) 179.3 +£ 6.0 166.2+7.7 <0.01
Weight (kg) 829 +6.8 61.5+5.4 <0.01
Handicap (strokes) <0 <0 -

Golf-playing experi- 113 +4.2 97+53 0.112

ence

Swing speed (m/s) 41.7 4.7 37.8+2.1 0.035
Downswing duration 0.26 + 0.03 0.32 +0.02 <0.01

(s)

A total of twelve optical markers were attached to the
skin of each participant at the following locations (Fig. 1):
four markers on the upper torso, including the suprasternal
notch (P¢y ov), xiphoid process (Pgrrn), C7 (P;), and T10
(P1;o) spinous process of the notch; four markers on the
pelvis, including the left and right anterior superior iliac
spines (P} 4g; and Py 4 q;) and posterior superior iliac spines
(Pppsr and Prpgp); and four markers on each thigh segment,

Fig. 1 Locations of optical
markers attached to the human
body

including the left and right surface of the thigh (P, ry; and
Prrp) and the femoral condyle (P xng and Prgyg). Addi-
tionally, two markers were located on the clubhead (Py)
and shaft (P.g) of the club to detect the downswing phase.
The participants performed sufficient golf swing practice
with their own drivers before beginning the experiments
[10]. A total of three trials per participant were performed
and recorded, and the average values of two selected trials
based on the data quality and subjective decision of an effec-
tive shot were used for the analysis [6].

2.3 Data Analysis

High frequency noise was removed from each marker trajec-
tory by filtering noise using a Butterworth low-pass filter
with a cut-off frequency of 10 Hz [24, 25]. Based on the data
from the markers attached to the clubhead, the downswing
phase between the top of the backswing and the impact
events were calculated. The top of the backswing was deter-
mined as the point at which the speed of the clubhead marker
was zero and the impact event was set as the lowest point
of the Z-axis of the clubhead marker after the top of the
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backswing [2]. The downswing duration of each participant
was normalized by 100% using the cubic spline technique.

In order to calculate the rotational angle of the lumbar
spine and the location of each hip and knee joint, anatomical
reference systems for the upper torso, pelvis, and each thigh
segment were developed based on previous studies [26-28].
Additionally, the rotational angular velocities of each joint
were calculated using the numerical differentiation method
and 100% normalization process.

CRP values were calculated to evaluate the inter-joint
coordination between the hips and the lumbar spine. The
angles of each joint were normalized between the scale of
— 1 and 1, and angular velocities were divided by the maxi-
mum value of the absolute angular velocity [17]. The nor-
malized angle and angular velocity were plotted on a phase
graph as the horizontal and vertical axes, respectively, and
the phase angle was calculated. The phase angle was defined
as the angle between the straight line from the origin to each
data point and the positive horizontal axis (Eq. 1).

tan® = w/0 (1)
where 6 and w are the normalized angular displacement and
velocity, respectively. The CRP was calculated from the dif-
ference of phase angle between the two neighboring joints.
A CRP value close to 0 or 360° implies that the two adja-
cent joints move in the same direction, while CRP data near
180 or — 180° indicate that the two adjacent joints move
in opposite directions. The calculation procedures of joint
center, kinematic modeling and CRP were described in the
previous study [14].

The mean absolute relative phase (MARP) was calcu-
lated to understand the entire coordination pattern of the
adjacent joints [21]. The MARP values close to 0° indicate
that the two neighboring joints rotate in the same direction
(In-phase). In addition, the deviation phase (DP), calculated
as an average standard deviation of CRP data, was extracted
to evaluate the stability of the organized neuromuscular sys-
tem in human motor control. The high DP value implies a
more flexible coordination strategy between two neighboring
joints, while low DP values represent relatively stable and
typical control mechanisms of neuromuscular system [29].

2.4 Statistics

The average and standard deviations from the angle and
angular velocity of the lumbar spine and hip joints were
measured for each participant during the downswing phase.
Additionally, coefficient of multiple correlation was used to
evaluate the similarity of the lumbar and both hip kinemat-
ics between male and female golfers [30]. A Shapiro—Wilk
test was used to evaluate the normality of each variable.
The MARP and DP difference between the lead hip—lumbar
spine and the trail hip—lumbar spine was evaluated using a

paired ¢ test, and the difference between male and female
golfers was evaluated suing the Wilcoxon test or the Student
t-test based on the data normality. The significant level was
set as 0.05, and all statistics were analyzed using the Statisti-
cal Package for the Social Sciences (SPSS) program (SPSS
ver. 15, SPSS Inc., Chicago, IL, USA).

3 Results

Significant statistical differences of physical and golf swing
characteristics between the male and female pro-golfers were
observed, except for the parameters of age and handicap
score (Table 1). Specifically, the clubhead speed at impact
in males was about 4 m/s greater than that of female golfers
(p = 0.035) and the duration of downswing phase was 60 ms
less than that of the female golfers (p < 0.01).

Different patterns of angular displacement of the lumbar
spine during downswing were demonstrated between male
and female professional golfers (Fig. 2a, b). Specifically,
the coefficient of multiple correlation of the lumbar spine
was observed the lowest similarity with r = 0.57 among
all kinematic patterns (Table 2). The rotation difference
between the trunk and pelvis of male golfers in the initial
stage of the downswing phase increased compared to that of
the female golfers. However, this difference decreased to less
than 20° during the end stage of the downswing phase. For
angular velocity of the lumbar spine, increased rotation was
observed in the male compared to the female golfers from
the middle to the end stage of the downswing phase. The
patterns of the angle and angular velocity during the entire
downswing phase of the lead hip joint appeared to be similar
regardless of gender (Fig. 2c, d). The difference of angle
between the male and female golfers was observed in the
trail hip joints (average difference within +9°), but patterns
of the angular velocities appeared to be similar for male and
female golfers during the downswing phase (Fig. 2e, f). The
overall summary of kinematics is presented in Table 3. The
patterns of the ROM, average, and peak angular velocities
of each joint showed similar values except for the lumbar
spine joint. Male golfers demonstrated higher ROM values
by about 7° (p < 0.01) and higher peak angular velocity by
80°/s than female golfers (p < 0.01).

Figure 3 demonstrates the average CRP patterns between
the lead hip and lumbar spine and between the trail hip and
lumbar spine during the downswing phase. The lead hip-
lumbar spine CRP in male golfers showed a typical parabola
pattern with a minimum value at around 60% of the down-
swing phase. On the other hand, the CRP between the lead
hip and lumbar spine of female golfers barely changed from
the initial to middle downswing stages, and increased at
the later stage (Fig. 3a). The trail hip-lumbar spine CRP
appeared as an almost straight line for male golfers and as
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Fig.2 Angles and angular velocities of lead hip, trail hip and lumbar spine in male and female golfers during downswing

Table 2 Coefficient of multiple
correlations of lumbar, lead and
trail hip kinematics between
male and female golfers

Angle Angular

velocity

Lumbar spine 0.57  0.99
Lead hip 099 098
Trail hip 098 0.97

an irregular pattern with almost negative values for female
golfers (Fig. 3b).

The MARP and DP values in the lead hip and lumbar
spine of male golfers during downswing appeared to be
lower than those of the female golfers (Fig. 4a, b). For
the detailed phases of the downswing, male golfers dem-
onstrated significantly lower values at all stages (initial,
middle, and final downswing phases) compared to female
golfers (Table 4). Similar to the relationship between the
lead hip and lumbar spine, MARP and DP in the trail
hip-lumbar spine of male golfers was lower than those of
female golfers (p <0.01). The MARP in male golfers was

@ Springer

Table 3 Kinematic differences of hips and lumbar spine between
male and female golfers (mean + SD)

Males (N=18) Females (N=16) p

Range of motion (deg)

Lumbar spine 27.1+72 203+4.4 <0.01

Lead hip 257+7.6 244+84 0912

Trail hip 262+14.4 29.6+9.7 0.484
Average absolute angular velocity (deg/s)

Lumbar spine 112.2+26.9 94.6+21.1 0.068

Lead hip 107.7+32.9 94.2+26.7 0.252

Trail hip 114.7+53.9 115.8+27.6 0.946
Peak absolute angular velocity (deg/s)

Lumbar spine 287.5+65.4 207.8+70.4 <0.01

Lead hip 204.0+45.3 173.2+43.9 0.080

Trail hip 276.5+153.7 248.1+45.6 0.527




Rotational Coordination of Hips and Lumbar Spine in Male and Female Golfers

601

Lead hip — Lumbar spine

(@) w0, -~ - - Male (N = 18)
Female (N = 16)

L 11 21 31 41 51 61 71 81 91

220 4

-70 4

CRP (deg)

-120

-170 -

Time (%)

Trail hip — Lumbar spine

(b) -

40 +

-10 +

CRP (deg)

-60 4

-110 -

Time (%)
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observed to have lower values at the initial and final stages
of the downswing phase. The DP values of male golfers
showed a lower value at the initial and final stages of the
downswing phase compared to those of the female golfers
(p < 0.01). Additionally, both groups appeared to have

Trail hip — Lumbar spine

high MARP values for the lead hip-lumbar spine compared
to the trail hip-lumbar spine, while a significant difference
of DP values between the lead hip-lumbar spine and the
trail hip-lumbar spine was observed in male golfers (p <
0.01).
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Table 4 Mean absolute relative phase (MARP) and deviation phase
(DP) differences of lead and trail hip—lumbar spine in the beginning,
middle and end stage of downswing phase (mean + SD)

Males (N=18) Females (N=16) p

Lead hip—lumbar spine

MARP (°)
BDS 4225 +104 1153 +2.4 < 0.01
MDS 108.3 +5.7 1259 +5.5 < 0.01
EDS 66.8 +11.8 86.6 + 13.2 < 0.01
DP (°)
BDS 264 + 1.0 64.5+5.3 < 0.01
MDS 332+ 1.8 55.7+5.5 < 0.01
EDS 29.3 +0.7 51.2+3.9 <0.01
Trail hip-lumbar spine
MARP (deg)
BDS 11.9+0.6 63.1+6.0 <0.01
MDS 247+1.5 54428 <0.01
EDS 55+32 327+1.5 <0.01
DP (deg)
BDS 54.3+6.3 114.8+7.1 <0.01
MDS 44.8+0.9 44.7+34 0.962
EDS 21.4+53 35.8+3.1 <0.01

4 Discussion

The patterns of the rotational angles of the lead and trail hip
during the downswing were similar in the male and female
skilled golfers, and the ROM, average, and peak angular
velocities did not show statistical difference. However, the
patterns of the rotation angles between the male and female
groups somewhat differed, and the male golfers showed
greater ROM and peak angular velocity values than those
of the female golfers (Fig. 2 and Table 3). Compared to
female golfers, the male golfers may have less flexibility
related to the trunk and pelvis rotation. This might be due to
the greater suppleness of female golfers and the increased
coiling of the trunk and pelvis segments observed during
the backswing; these rotations still appeared at the impact
stage. Horan et al. (2010) reported that the female golfers
had a larger trunk and pelvis rotation than the male golfers,
which corresponds to our results [8]. Another study reported
that the pelvis of male golfers rotated less in a complete golf
swing cycle due to their poor muscular and articular flexibil-
ity [4]. The greater ROM values of the male golfers during
the downswing are due to their improved strength of physi-
cal structures related to the increased physiological cross-
sectional areas of muscles [7, 31]; this allows high peak
angular velocity of the lumbar spine at the impact stage.
Few studies have been carried out that evaluate lower
limb kinematics and kinetics during a golf swing. In this
study, it was found that the hip joint connecting the pelvis
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and femur has a clear role in hip rotational movement, show-
ing significant differences between male and female golfers.
For the lead hip-lumbar spine coordination, it was found that
in male golfers, the lead hip has a dominant influence on
the rotation at the beginning of the downswing, while in the
female golfers, the lead hip and lumbar spine joints domi-
nated the rotational movement (Fig. 3a). This gender dif-
ference can be interpreted as due to the remaining opposite
side rotation of the lumbar spine of the female golfers at the
beginning of the downswing, which attenuates the rotation
of the lead hip joint. While this result was also observed in
the male golfers, it was significant in females for up to about
40% of rotation at the initial downswing (Fig. 2a) due to the
female articular and muscular flexibility. While this flexibil-
ity facilitates a smooth golf swing, the remaining excessive
rotation of the opposite direction did little to contribute to
increase the clubhead speed at impact. Because the rota-
tion of the hip joint at the initial downswing has an impor-
tant role in increasing the clubhead speed at impact [14], a
proper hip rotation strategy as well as muscular flexibility
are needed for a successful swing shot. For the coordina-
tion between the trail hip and lumbar spine, male golfers
demonstrated a similar contribution for rotation, while the
female golfers did not show typical coordination patterns. In
addition, both groups demonstrated the different coordina-
tion characteristics between lead hip—lumbar spine and trail
hip—lumbar spine (Fig. 3b). It is considered that no typical
coordination strategies are made between the trail hip and
lumbar spine compared to those between the lead hip and
lumbar spine. In other words, various coordination strategies
are available for the rotation between the trail hip and lumbar
spine. Therefore, training for unskilled golfers should be pro-
vided to improve the coordination patterns between the lead
hip and lumbar spine joint of skilled golfers. In particular,
male golfers should focus on strengthening lower limb joint
muscles due to the greater usage of lead hip joint rotation,
while the practice program of female golfers includes retain-
ing of muscle suppleness of shoulder and spine joint against
excessive rotations of lumbar spine. In addition, golf coaches
should recognize that less regulated movement pattern of the
trail hip joint will be performed due to the flexible coordina-
tion strategies between trail hip and lumbar spine.
Out-of-phase status for inter-joint coordination between hip
and lumbar spine joints was observed in the female golfers
throughout the downswing phase compared to the male golf-
ers (Fig. 4a and Table 4). This is caused by the lumbar spine
rotation opposite the lead and trail hip joints at the initial stage
of downswing. The difference in MARP between the lead and
trail hips can be interpreted as a result of different mechanical
demands in both hip joint rotations. It has been reported that
the role of the lead hip differs from that of the trail hip during
golf swings [13]. Complex out-of-phase coordination patterns
were observed for the lead hip joint, acting as a rotation axis
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during the downswing, because the center of mass shifts from
right (trail) to left (lead) [32, 33]. In terms of coordination vari-
ability, male golfers demonstrated a more typical and stable
swing strategy than that of female golfers (Fig. 4b). Human
neuromechanical processes involve three stages: localization
defined as the target and end effects, motor planning, and
motor execution to perform the task-based movements [34].
In golf, coordination variability has been reported to occur in
the final stage of motor execution [1], and male golfers are
more likely to perform a typical movement strategy in the
final phase of motor execution than during localization and
movement planning. On the contrary, the female group showed
more flexible and various rotational coordination between the
lead hip and lumbar spine.

This study only focused on evaluating the inter-joint coor-
dination between hips and the lumbar spine during the golf
downswing of male and female golfers. Because mechani-
cal differences between male and female skilled golfers
were observed to depend on various factors such as flying
ball, swing club, kinematics, and kinetics of golfers, further
research will be needed to identify gender-specific swing
characteristics. Additionally, coordination analysis of golfers
who have experienced musculoskeletal disorders of the lumbar
spine or hip joints will be necessary for the evaluation of injury
mechanisms as a future study.

5 Conclusions

In this study, male and female skilled golfers showed clearly
different swing mechanisms from the inter-joint coordination
between the hips and lumbar spine perspective. Male golf-
ers typically used their lead hip more than their lumbar spine
during the early downswing, while the rotational contribution
of the lumbar spine and lead hip in female golfers were com-
parable until the middle of the downswing phase. This results
from the opposite rotation of the lumbar spine for even the
early downswing phase due to the muscular and articular flex-
ibility of female golfers. Additionally, male golfers showed
a typical and stable coordination variability, while female
golfers showed more flexibility in controlling their inter-joint
coordination properly during downswings. This study has the
potential to help develop gender-specific coaching materials
for the improvement of swing skills.
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