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ABSTRACT

The purposes of this study were to characterise the golfer-
ground interactions during the swing and to identify meaning-
ful associations between the golfer-ground interaction force/
moment parameters and the maximum clubhead speed in 63
highly skilled male golfers (handicap <3). Golfers performed
shots in 3 club conditions (driver, 5-irony and pitching wedge)
which were captured by an optical motion capture system and 2
forcg plates. In addition to the ground reaction forces (GRFs), 3
different golfer—ground interaction moments (GRF moments,
pivoting moments and foot contact moments) were computed.
The GRF moment about the forward/backward (F/B) axis and
the pivoting moment about the vertical axis were identified as
the primary moments. Significant (p < 0.05) correlations of peak
force parameters (all components in the lead foot and F/B
component in the trail foot) and peak moment parameters
(lead-foot GRF moment and trail-foot pivoting moment) to club-
head speed were found. The lead-foot was responsible for gen-
erating the GRF moment, while the trail foot contributed to the
pivoting moment more. The instant the lead arm becomes
parallel to the ground was identified as the point of maximum
angular effort, and the loading onto the lead-foot near this
point was critical in generating both peak moments.
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Two fundamental elements of high performance in golf are accuracy and consis-
tency in shot direction and distance (Kwon, Como, Han, Lee, & Singhal, 2012). The
shot distance, however, becomes increasingly important as the level of competitive-
ness increases (Hellstrom, 2009). Since the clubhead speed at impact is a key
contributor to the initial ball speed and the overall shot distance (Hay, 1993, p.
282), it is crucial to be able to generate a high clubhead speed using the linear and
angular motions of the body/club during the downswing. External forces and
moments acting on the golfer’s body during the swing cause linear and angular

accelerations of the body-club system.
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Two factors are of primary importance in clubhead speed development: (1) generation
of large momentums of the body early in the downswingand (2) transfer of these generated
momentums from the central segments (i.e., pelvis and thorax) to the peripheral segments
(i.e,, arms and club). With air resistance ignored, the ground reaction forces (GRFs; the
reaction forces caused by the push against the ground) and the ground reaction moments
(GRMs; the reaction moments about the vertical axis produced by the twisting interactions
between the shoe and the ground at the shoe/turf interface) acting on the golfer’s feet are
the only external forces/moments that can alter the momentums of the golfer-club system.
Internal forces/moments acting between the body parts (including the club) cause momen-
tum transfers within the system.

Several golf studies have focused on the foot-ground interaction measures, such
as GRF, GRM] and centre of pressure (CP; GRF’s point of action about which the
moments about the horizontal axes are balanced), as well as the clubhead/ball speed
(Barrentine, Fleisig, Johnson, & Woolley, 1994; Ball & Best, 2007a, 2007b; Chu, Sell,
& Lephart, 2010; Okuda, Gribble, & Armstrong, 2010; Robinson, 1994; Williams,
2004; Worsfold, Smith, & Dyson, 2007, 2008, 2009). In a study comparing peak
GRFs, peak GRMg and CP ranges among 3 skill groups, Barrentine et al. (1994)
reported significant correlations between select GRF, and GRM parameters and
clubhead speed. Williams (2004) compared peak horizontal GRFs and select CP
parameters among J3 handicap groups, and reported significant correlations between
handicap and clubhead speed. Based on CP excursion patterns, Ball and Best (2007a,
2007b)) identified 2 large clusters: a ‘Reverse’ group-and a ‘Front Foot’” group. While
clubhead speed was not different between these clusters, significant partial correla-
tions between clubhead speed and select” CP parameters in each cluster (peak
velocity and excursion range in-the Front Foot group and positions and velocities
at various swing events in the Reverse group) were found}.

In an effort to develop a set of ball speed prediction equations, Chu et al. (2010)
measured vertical GRFs of the feet, along with a group of kinematic variables, at 4
different events (i.e., top, acceleration, 40 ms prior to impactand impact) and reported
a prediction model that included the vertical GRF parameters of the ‘acceleration’ and
-40 ms’ events.’Okuda et al. (2010) compared vertical GRFs at )6 different swing events
and maximum vertical GRFs between 2 skill groups (i.e., skilled and low skilled).
Worsfold et-al. (2007,.2008, 2009), measured vertical GRFs and GRMs, and compared
the shoe-ground interaction characteristics among 3 different outer sole designs (i.e.,
metal spikes, alternative spikeg and flat-soled).

One area that has not received much attention in the previous studies is the
angular ‘golfer-ground’ interaction (i.e., the global effect of the foot-ground interac-
tion on the angular motion of the golfer-club system). Two sources of external
moments accelerate the golfer-club system angularly (Figure 1): (1) the moments
generated by the GRFs about the system’s centre of mass (CM) and (2) the GRMs
directly acting on the feet:

M = Z(I‘i X Fi + T,‘) (1)

1
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Figure 1. The external forces and moments acting on the golfer-club system during the swing. F, &Fr
are the ground reaction-forces (GRF) acting on the lead foot and the trail foot, respectively, 7, &tr
are the ground reaction-moments-about the vertical axis, r,&rr are the relative positions of the foot
centres of pressure (CP)-to the body-club system centre of mass (CM), p,&p; are the relative
positions of the foot CPs to the combined CP. r, is the relative position of the combined CP to the
CM, and F’is-the combined GRF.

where M is the total external moment acting on the golfer-club system about its CM, r;
is the relative position of a foot CP to the CM, F, is the GRF acting on a foot, and 7; is
the GRM acting on a foot. Although GRFs, CPgand GRMs are all involved in Equation
(1), considering these factors on their own does not provide a holistic assessment of the
golfer—ground interaction (e.g., Barrentine et al., 1994; Robinson, 1994) since: (1) the
relative position and orientation of the GRF vector to the CM can alter the moment
generated by the GRF substantially, and (2) it is not possible to inspect various moment
generation mechanisms and the relative magnitudes of the moments produced by these
mechanisms. Moreover, several investigators considered only the vertical GRFs in
establishing group differences and/or correlations (e.g., Chu et al., 2010; Okuda et al,,
2010; Worsfold et al., 2007, 2008, 2009), while others focused on the combined CP
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excursion as a measure of weight shift (Ball & Best, 2007a, 2007b). The magnitudes of
the moments generated by the GRFs (the first term in Equation (1)) are dependent on
the moment arms formed by GRF vectors against the CM and the moment arms in turn
are sensitive to the inclinations of the GRF vectors (i.e., horizontal GRF components).
The combined CP position is determined by the relative proportions of individual
vertical GRFs and does not reflect the actual weight shift (CM motion) pattern.
Therefore, the body/club motions and the foot-ground interaction must be considered
collectively to develop a greater understanding of the golfer-ground interaction.

One common trend in golf biomechanics research is the inclusion of golfers of
varying skill levels. As expected, significant inter-group differences in select foot-
ground interaction measures and clubhead/ball speed have been reported
(Barrentine et al., 1994; Okuda et al., 2010; Williams, 2004). Significant correlations
between foot-ground interaction measures and clubhead (or ball) speed have also
been reported (Chu et al., 2010; Robinson, 1994; Williams, 2004), but it-is likely that
these correlations were driven by the heterogeneity in the sample. The correlation
profiles obtained from a large heterogeneous group may not be the same to those
obtained from individual homogeneous subgroups. For this. reason, Ball and Best
(2007b) performed a cluster analysis first and then established correlation profiles
within each large cluster. It is, therefore, necessary to use a relatively homogenous
sample, such as highly skilled golfers, in understanding the direct interrelationships
among various performance parameters.

Despite the importance of the golfer-ground interaction in the golf swing, only the
direct outputs of the force plates (GRFs, CPg and GRMs) have been reported in
previous studies. And the effects of these measures on the golfer’s body and club
motion are therefore not well understood. The purposes of this study werg (1) to
characterise the linear and angular golfer-ground interactions by establishing general-
ised patterns of various golfer-ground interaction forces and moments in a group of
highly skilled golferg and (2). to identify meaningful associations between the golfer—
ground interaction force and moment parameters and maximum clubhead speed. Three
different golfer-ground interaction moments (GRF moments, pivoting momentg and
foot contact moments) were computed for the combined and individual feet (lead and
trail), in addition to the” GRFs. It was hypothesised thaf (1) peak golfer-ground
interaction forces would reveal significant correlations to maximum clubhead speed,
and (2) peak golfer-ground interaction moments would reveal significant correlations
to maximum clubhead speed.

Methods
Theoretical framework—breakdown of the foot-ground interaction moments

With air resistance ignored, 2 groups of external moments act on the golfer-club
system: the moments generated by the GRFs and the GRMs (Figure 1). The total
external moment acting on the golfer-club system (Equation (1)) can then be further
broken down to 3 terms:
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M= [0 +p) x 7]

i=1

—ronF +ZP1 ny+F —I—ZT,
i=
=r, XF+ZP1'XF>%+ZTI'
i=1 i=1

0 0
d.F,, 0 0
- dszx + 2 + 2 (2)
szxy 2} pin}/i Z; Ti
1= 1=

since

ZpiXin =0 3)

where r, is the relative position of the combined CP to the system CM, p; is the relative
position of a foot CP to the combined CP, F, is the horizontal GRE (= F,, + F,,),and F, is
the vertical GRF. The x-axis and the y-axis of the reference frame correspond to the forward/
backward (F/B) axis and the toward/away (T/A) axis, respectively (Figures 1 and 2).

[F,., F.y, Fyy| are the magnitudes of the combined GRF projected to the yz-plane, zx-plane

sadasnaay F FL* FXL

Figure 2. Key golfer-ground interaction moments: the ground reaction force (GRF) moments in the
frontal plane (a) and the pivoting moments about the combined centre of pressure (CP) in the horizontal
plane (b). F, F; and Fr are the combined, lead-foofand trail-foot GRFs, respectively, and d, pjand p; are
the moment arms formed by the combined, lead-foofand trail-foot GRFs, respectively, either against the
centre of mass (CM) (a) or the combined CP (b). d; is the moment arm formed by the lead-foot GRF about
the CM in the frontal plane. In both planes, a positive (counterclockwise) moment is in the downswing
direction, promoting either acceleration of the downswing or deceleration of the backswing. GRF
components (Fy, F,, F,) and their respective moment arms against the CM and combined CP are also
presented.
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6 K. H. HAN ET AL.

and xy-plane, respectively, Fy,, is the magnitude of the xy-component of a foot GRF, and 7; is
the vertical free moment acting on a foot. [dy, dy, d;| are the moment arms formed by the
combined GRF with respect to the system CM in the yz-, zx- and xy-plane, respectively, while
p; is the moment arm formed by a horizontal GRF with respect to the combined CP on the
horizontal plane (Figure 2). The moment arms hold positive values if the resulting moments
are counterclockwise, and vice versa. Equation (3) was derived from the definition of the
combined CP.
Equation (2) can be rewritten as

G, 0 0
M=G+P+C= |G, |+|0]|+|0 (4)
G; P, C.

where G is the GRF moment generated by the combined GRF about the golfer-body
CM (Figure 2(a)), P is the pivoting moment generated by the horizontal GRFs about
the combined CP (Figure 2(b)), and C is the foot contact moment acting directly on the
feet. These 3 moment terms in Equation (4) represent different moment generation
mechanisms. As shown in Equations (2) and (3), the horizontal moment components
(Gx, Gy) can be explained entirely by the GRF moment mechanism, but the vertical
moment comes from all 3 mechanisms (G, + P, +'Cy).

Participants

Sixty-three highly skilled male golfers (handicap <3), including touring professionals, elite
amateur (collegiate) playerg and teaching professionals, participated in this study: M
(£SD) mass = 83.6 (+8.8) kg, height = 181.6. (+5.7) cm and age = 30.9 (£8.6) years.
Participants were free of major (injuries at the time of data collection which could
potentially hinder their maximal effort swings. One golfer was left-handed. The research
protocol was approved by the Institutional Review Board of Texas Woman’s University
and written informed consent was obtained from each participant prior to data collection.

Club conditions

Three club conditions were used: driver, 5-iron and pitching wedge (Kwon et al., 2012).
Participants-used their own clubs. Five successful swing trials were captured per club
condition. Success of a shot was judged based on the flight characteristics, such as direction
and launch angle of the ball judged by the locations of impact on the front wall, and golfer’s
perceived solidness of ball striking. Foam balls were used instead of real balls in the indoor
laboratory setting (Kwon et al., 2012; Kwon, Han, Como, Lee, & Singhal, 2013).

Experimental set-up and data capture

The swing motion data and the GRF/GRM data were captured at 250 Hz by a 10-camera
optical motion capture system (Mx T-10 series, VICON, Centennial, CO, USA) and 2
forcg plates (OR-6 series, AMTI, Watertown, MA, USA) in an indoor motion analysis
facility (Figure 3). Cameras were calibrated before each data collection session following
manufacturer’s guidelines. Forcg plates were zeroed repeatedly at the beginning of each
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Cam #7 Cam #6 Cam #5

Ny S

Cam #8 Cam #4

Force-plates

Z—H-TY
T Y T

Target Ball Mat Target
(left-handed) / (right-handed)
Cam #9 Cam #3
Cam #10 Cam #1 Carh #2

Control Room

Figure 3. The experimental set-up used in this study. The'x-,y4 and z-axes of the global reference
frame were aligned with the forward/backward, toward/away and vertical axes, respectively.

trial condition and after 3 trials were collected in a trial condition. The plate surfaces were
covered with commercial golf practice mats (Hank Haney Profinity Practice Hitting Mat)
to prevent slipping. Golfers wore their own golf shoes.

The “TWUGolfer 30" marker set with 65 retro-reflective markers was used for
motion capture (Kwon et al., 2012). Participants wore black spandex shorts only
during the trials to minimise marker motion artefacts. A “T-pose’ static trial (with
49 markers on golfer’s body) was first captured for each golfer. Two additional
static trials were also captured for each club condition: club (11 markers; 5 club-
head markers and 6 shaft markers)| and ball mat (5 markers; 1 ball marker and 4
mat markers). A regular golf ball covered with retro-reflective tape was used in the
ball-mat static. trial. Swing trials were then captured with 15 static-only markers
(10 body markers, 4 clubface markers| and the ball) removed. In the swing trials,
the ball covered with reflective tape was replaced with a foam ball. VICON Nexus
(version 1.8) was used in trial capture and marker labelling.

Shots were made against a target marked on a wall (Figure 3). Target lines were
also marked on the floor to guide the shots. The distance from the centre of the ball
mat to the target was approximately 10.5 mj Golfers faced in the +X (forward)
direction in the set-up position and made shots along the T/A axis in 2 different
directions depending on their handedness: right-handed golfers in the +Y direction
and left-handed golfers in the -Y direction (Figure 3). Participants reported no
abnormal feel or alteration of swing motion due to the foam ball. Tees with various
heights were used in the driver condition to accommodate each golfer’s preferred
tee height.
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Data reduction and processing

Captured trials containing both motion and force data stored in C3D files were imported
into Kwon3D Motion Analysis Suite (version XP, Visol, Seoul, Korea) for subsequent
data processing and analysis. The CP data from the forcg plates were transformed to the
global laboratory reference frame coordinates. All data were then up-sampled to 1,000 Hz
by a cubic spline-based routine for improved time resolution. The raw coordinates of the
reflective markers were digitally filtered by a 4th-order zero phase-lag Butterworth low-
pass filter (Winter, 2005, pp. 42-50), with3 different cut-off frequencies applied: 6 Hz for
the body/ball-mat markers, 15 Hz for the proximal club markerg and 30 Hz for the distal
shaft/clubhead markers (Kwon et al., 2013).

A 107-point body model (‘“TWUGolfer 3)0’) was used in data reduction-and proces-
sing. In this model, a total of 32 secondary points (including ¢ clubface markers and j1
ball marker) were computed based on the coordinates of related markers. Since the
clubface markers were removed in the swing trials, the coordinates of these markers
were computed indirectly by using a rigid body method (Kwon, 2008; Kwon et al., 2012;
Williams & Sih, 2002). The relative positions of the clubface markers.to 3 non-collinear
markers (2 markers on the distal shaft andjl on the clubhead) were computed in the
club static trial and applied in the swing trials. The clubhead point was then computed
as the centroid of the clubface markers. The position of ‘the ball was computed in a
similar way, in that the relative positions of the ball to the mat markers were computed
in the ball-mat static trial and applied in the swing. trials.

Eighteen segments, including 3 trunk segments (thorax, abdomenjand pelvis) and

L club segments (shaft/grip and clubhead), were defined based on joint centres
(ankles, knees, hips, wrists, elbows, shoulders, mid-shoulder, mid-trunk, mid-pelvis)
and end points. The mid-shoulder point (mid-point of the suprasternal notch and
the spinous process of the 7th ‘cervical vertebra) represented the superior end of the
thorax. The mid-trunk point (mid-point of the xyphoid process and the spinous
process of the 12th thoracic vertebra) represented the joint linking the thorax and
the abdomen. The mid-pelvis point (centroid of the ASIS [anterior superior iliac
spine] and PSIS [posterior-superior iliac spine] markers) represented the link
between the abdomen-and the pelvis. The positions of other joints and hand centres
were computed following the methods outlined by Kwon et al. (2012). The body
segment parameters (mass, CMjand radius of gyration ratios) originally reported by
Zatsiorsky and Seluyanov (1983) and corrected by De Leva (1996) were used in
locating the segment CMs and the whole body CM. The CM of the golfer’s body, not
the golfer-club system, was used in the computation of the GRF moments for 2
reasons: (1) measuring the inertial properties of the club (clubhead and shaft/grip)
accurately was cumbersome, and (2) the effect of the club on the computed GRF
moment was negligible due to its relatively small mass (a#p-te-~300 g). When both
the golfer’s body CM and the golfer-club system CM were calculated for a golfer
(87 kg, 185 cm) before data collection began, the maximum difference observed in
the peak GRF moments was approximately 0.63%.

A total of JI1 swing events (Figure 4) were defined: BA (break-away), MB (mid
backswing), LBA| (late backswing, arm-based), LB (late backswing), EPR (end of pelvis


Deleted Text
Page 8 Deleted:
-

Deleted Text
Page 8 Deleted:
three

Deleted Text
Page 8 Deleted:
,

Deleted Text
Page 8 Deleted:
0&#x02B9;

Deleted Text
Page 8 Deleted:
four

Deleted Text
Page 8 Deleted:
the

Deleted Text
Page 8 Deleted:
three

Deleted Text
Page 8 Deleted:
two

Deleted Text
Page 8 Deleted:
one

Deleted Text
Page 8 Deleted:
three

Deleted Text
Page 8 Deleted:
,

Deleted Text
Page 8 Deleted:
two

Deleted Text
Page 8 Deleted:
,

Deleted Text
Page 8 Deleted:
two

Deleted Text
Page 8 Deleted:
eleven

Deleted Text
Page 8 Deleted:
,

Young-Hoo Kwon
Cross-Out

Young-Hoo Kwon
Cross-Out

Young-Hoo Kwon
Inserted Text
4


SPORTS BIOMECHANICS 9

el F‘i\-..-" r‘:'l’
Q 0 sy
4 [ 4 b & é i
$ ¢ - 3 ¢ & & & ¢ - &
LBA LB EPR TB
| ~
/7R 8 [+
"_v_-...___ ’;‘%; | r - P
< ) \\_,-:j{ | il
“"“ f:‘“ - I').'-_': A ~ e
a8 b 4 | i | B & 1]
¥ = ’ & y = s age f e
EDA ED MD Bl MF

Figure 4. Swing events; BA; breakaway; MB:mid backswingg LBA: Jate backswing, arm-based; LB: jate
backswingg EPR: end of pelvis rotation; TB: fop of backswingg EDA: early downswing, arm-based; ED:
_garly downswingg MD: mid downswingg Bl: pall"impact JMF: mid follow-through. Among these, MB,
LB, ED, MD, and MF are based on the angular position (horizontal or vertical) of the club in the
frontal (face-on) view, whereas LBA and EDA are lead arm-based (parallel to the ground). BA is the
instant the clubhead moved by more than 2 cmy from the initial position at address. EPR is when the
pelvis reverses the direction of rotation near the end of backswing. TB is the instant the club
changes the direction of rotation. Bl is the instant the clubface makes contact with the ball.

rotation), TB (top of backswing), EDA (early downswing, arm-based), ED (early
downswing), MD (mid downswing), BI (ball impact)jand MF (mid follow-through).

Variable computation

The clubhead speed was computed through a numerical differentiation of the
unfiltered position data of the clubhead. The GRF moments produced by individual
GRFs, as well.as the combined GRF, the pivoting moments and the foot contact
moment, were computed (Equations (2) and (4)). The clubhead speed was normal-
ised to the golfer’s body height (BH) and expressed in BH/s. The force and moment
data were normalised to the golfer’s body weight (BW) and expressed in BW and
BW-cm, respectively.

Generalised patterns of the golfer-ground interaction forces and moments
(Figures 5 and 6) were developed through ensemble averaging (BA to MF). A
subphase-by-subphase time normalisation strategy was used, which included the
following steps: (1) average individual subphase times were computed from all
involved trials; (2) their relative proportions to the average whole phase (BA-MF)
time were computed; (3) time jnormalisation was conducted subphase by subphase
and the time points were reduced to 101 normalised time points (0-100%); (4) the
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Figure 5. The ensemble-average patterns of the normalised 'ground reaction force (GRF) components
(driver; n = 63): forward/backward (a), toward/away (b} and upward (c). The thin black lines show the

_M =+ SE patterns. i forward; B; backward; Tj towardy A; away; U upward; BW; body weight. See Figure 3

for the event abbreviations. Peak forces used.in the correlation analysis are marked with asteriskg

M and standard error (SE) of all'involved trials were computed at each normalised

time point; (5) the average whole-phase time was applied to the ensemble average
pattern to express the horizontal axis‘in actual time (in ms), with BI representing
the zero-time event.

As there was jI left-handed golfer among the participants, handedness-neutral
terms were used in-describing the following directions: (1) ‘lead” (‘left’ for a right-
handed golfer, but ‘right’ for a left-handed golfer) and ‘trail’ (‘right’ for a right-
handed golfer, but ‘left’ for a left-handed golfer) were used in describing the sides;
(2) ‘towards’ the target (‘+Y for a right-handed golfer and [-Y for a left-handed
golfer) and ‘away’ from the target (*-Y for a right-handed golfer and ‘“+Y” for a left-
handed golfer) were used in describing the direction of the lateral force. Before
ensemble averaging, appropriate directional multipliers (‘+1’ for the right-handed
golfers and ‘-1’ for the left-handed golfers) were applied to the F/B and vertical-axis
moments and the T/A force.

Based on the ensemble-averaged force patterns, the following peak force parameters
were recognised and used in the analysis:

- F/B component (F,, Figure 5(a)): combined (+), lead-foot (-)jand trail-foot (+)
- T/A component (F,, Figure 5(b)): combined (both + and -), lead-foot (-) and
trail-foot (+)
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Figure 6. The ensemble-average patterns of the normalised golfer—ground interaction moments
(driver; n = 63): ground reaction force (GRF) moments (a) and vertical moments (b). The thin black
lines show the V. SE patterns F/B; forward/backward; T/A; toward/away; Py pivoting momeng; G foot
contact momenfy BW; body weighg CG counterclockwiseg; jG clockwise. See Figure 3 for the event
abbreviations. Peak moments used in the correlation analysis are marked with asteriskg

- Vertical component (F,, Figure 5(c)): combined (+maximum and +minimum),
lead-foot (+) and trail-foot (+)

Based on the moment patterns, the following peak moment parameters were also
identified:

- GRF moment about the F/B axis (G, in Figure 6(a)): combined (+) and lead-foot (+)
- Pivoting moment (P, in Figure 6(b)): combined (+), lead-foot (+) and trail-foot (+)
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Peak T/A and vertical GRF moments (G, and G.) and foot contact moment (C;) were
excluded from the analysis because either the peak value occurred late near the impact_
or the magnitude was small (Figure 6). The signs of the peak values reflect the
directions of the ‘reaction’” force and moment components acting on the body.

Statistical analysis

Average values of the |5 repeated trials were used in the statistical analysis. After outliers
(|t| > 3.2) were removed from the data set, normality test was conducted. Pearson
product-moment correlation coefficients of peak normalised clubhead speed (BH/s) to
peak normalised forces (BW) and moments (BW-cm) were computed in each club
condition. To associate the force/moment ‘magnitudes’ to peak clubhead speed, the
signs of the peak force/moment parameters were dropped before the correlation
analysis. In the interpretation of the correlations, r = 0.1, 0.3] and 0.5 were used as
the thresholds for small, moderatg and large correlations (Lee, 2016). Ninety-five per
cenfl confidence interval (CI) of the normalised variables were computed. Statistical
analyses were performed using IBM SPSS version 19 (IBM, New York, NY, USA) with
an a-level set at 0.05.

Results

The M (+SD) peak clubhead speeds were 48.3 + 2.5 m/s (26.6 =+ 1.4 BH/s, 95%
Cl: 26.4-27.1 BH/s), 41.3 £ 1.93 m/s (22.7 + 1.2 BH/s, 95% CI: 22.6-23.1 BH/s) and
37.5 £ 1.9 m/s (20.7 £ 1.2 BH/g, 95% CI:20.5-21.1 BH/s) for the driver, 5-ironjand
pitching wedge conditions, respectively. The ensemble-average patterns of the gol-
fer-ground interaction force and moment components obtained from the driver
condition are presented in Figures 5 and 6. While the magnitudes were smaller, the
other club conditions also-revealed similar generalised patterns with slightly shorter
overall swing times (driver = 1,054 + 162 ms, 5-iron = 1,030 + 156 mg and pitching
wedge = 1,016 + 134.ms).

Outliers were identified in the driver condition (|l in trail-foot forward force andQ in
trail-foot toward force) and in the 5-iron condition (|l in trail-foot forward force and I
in trail-foot-upward force). All cases were associated with the trail foot and no outlier
was observed in the moment parameters and in the clubhead speed. With outliers
eliminated, all variables met the normality requirements.

Among the peak normalised force parameters, combined and lead-foot backward
forces, trail-foot forward force, lead-foot away force, combined maximum and mini-
mum upward forcegand lead-foot upward force showed significant (p < 0.05) correla-
tions to peak clubhead speed in 2 or more club conditions (Table 1). Combined
toward and away forces, trail-foot toward forceg and trail-foot upward force generally
revealed insignificant correlations. Most of the significant correlations were moderate
(0.3 < r < 0.5), with some small (0.1 < r < 0.3) and jl large (0.5 < r) correlation
(lead-foot backward force).

Among the peak normalised moment parameters, combined and lead-foot GRF
moments about the F/B axis and combined and trail-foot pivoting moments revealed
significant correlations to peak normalised clubhead speed in 2 or more club
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SPORTS BIOMECHANICS (&) 15

conditions (Table 2). No significant correlation was observed in the lead-foot pivoting
moment. While most of the significant correlations were moderate, peak trail-foot
pivoting moments showed large correlations.

When examined for each foot, the lead foot was characterised by significant
correlations in the GRF moment about the F/B axis and all force components. The
trail foot revealed significant correlations in the pivoting moment and forward force
(Tables 1 and 2).

Discussion and practical implications

The generalised patterns of the GRF components (Figure 5) highlight several
important linear golfer-ground interaction aspects. The F/B components of the
lead and trail foot show fairly symmetric force patterns throughout the entire
swing (Williams, 2004), although the lead-foot backward GRF (caused by the
forward push against the ground) is slightly larger than the trail-foot forward
GRF (caused by the backward push against the ground) inthe middle of the
downswing (Figure 5(a)). As the F/B forces are fairly balanced throughout the entire
swing, the motion of the CM of the body in the F/B direction should be minimal.
The F/B GRFs reach their peak values near EDA, and both the lead-foot (backward)
and trail-foot (forward) peak forces revealed significant, correlations to maximum
clubhead speed in all club conditions. In a group of 24 golfers (Q-36 handicap), a
significant correlation (r = 0.69) between peak lead-foot backward force and max-
imum clubhead speed was previously reported (Williams, 2004). Previously reported
F/B peak forces (Barrentine et al., 1994; Williams, 2004) were either comparable to
or smaller than those observed in this study (Table 3).

The vertical forces also show symmetric patterns about the 0.5 BW line in the
backswing and in the early phase of downswing with a larger force observed in the
trail foot (Figure 5(c)). This caused the combined CP to shift towards the trail foot
initially, and then shift back towards the centre in the backswing. The combined CP,
however, remained-closer-to-the trail foot at TB. The lead-foot vertical force got
substantially larger in-magnitude when compared to its counterpart in the down-
swing. As a result, the combined CP shifted quickly towards the lead foot during the
TB-EDA phase. The combined vertical force pattern displayed an unweighing phase
(vertical force < BW) in the late backswing phase and in the early part of downswing
before the primary thrust occurred in the downswing. This essentially highlights the
countermovement action used in the vertical direction. Both the unweighing peak
(minimum vertical force) and the thrust peak (maximum vertical force) revealed
significant correlations to clubhead speed in 2 or more club conditions (see Table 1).
The unweighing peak was characterised by consistent negative correlations across
club conditions; gtherefore, more unweighing was associated with higher clubhead
speed. The thrust peak occurred midway between ED and MD, later than the F/B
peaks. Previously reported peak vertical force values (Barrentine et al., 1994; Okuda
et al., 2010) were fairly comparable to those observed in this study (see Table 3).
Worsfold et al. (2007), however, reported much smaller average lead-foot and trail-
foot vertical forces of 0.84{ and 0.49 BW, respectively, for the driver condition.
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The T/A forces exhibit smaller ranges than the other components with no sym-
metry observed (Figure 5(b)). The T/A forces were mostly inward, with the lead-foot
force generally pushing the body away from the target, but the trail foot pushing
towards (Williams, 2004). Overall, the combined T/A force was characterised by a
longer towards push phase (before MB to ED). Between BA and MB, the CM of the
body accelerated away, and then decelerated. From MB to ED, the CM accelerated
towards the target, and then decelerated after ED. The body CM began shifting
towards the target before the backswing was completed after the initial shift away.
Due to the imbalance between the lead-foot and trail-foot T/A forces, the CM of the
golfer-body system should have moved more in the T/A direction than in the F/B
direction. The combined T/A force changed direction earlier than both the GRF
moment about the F/B axis and the pivoting moment (Figure 6), which suggests a
‘shift-rotate-shift-rotate’ motion pattern (i.e., shift away — rotate back — shift
towards — rotate down) in regards to the translation in the T/A direction and the
rotation of the body during the swing. Barrentine et al. (1994) reported comparable
peak T/A peak forces (Table 3). Williams (2004) reported a. significant correlation
between the trail-foot away peak and the maximum clubhead speed (Table 3).

One unique aspect of this study was the breakdown of the total external moment
acting on the golfer-club system into 3 moments representing different mechanisms: GRF
moment, pivoting moment and foot contact moment. The GRF moment is the moment
generated by the GRFs that can be explained by the combined GRF. The pivoting
moment is the moment generated by individual GRFs about the combined CP and
thus cannot be explained by the combined GRF acting at the combined CP (Equation
(2)). The foot contact moment is due to-the direct torsional interaction between the foot
and the ground. From the generalised moment patterns (Figure 6(a,b)), the GRF moment
about the F/B axis and the pivoting moment were identified as the primary moment
terms. The other moment terms. did not significantly contribute to angular momentum
generation in the early phase of downswing due to small magnitudes (GRF moment
about the vertical axis and foot contact moment) or late onset of the peak moment near
BI (GRF moment about the T/A axis). With an inclined functional swing plane aligned
closely towards the target (Kwon et al., 2012), the F/B axis and the vertical axis become
the main axes of rotation. It is clear from the moment profiles that highly skilled male
golfers generate the rotations about the F/B axis and the vertical axis by using the GRF
moment mechanism and the pivoting moment mechanism, respectively.

The majority of the GRF moment about the F/B axis was derived from the lead foot
(Figure 6(a)), as the lead-foot GRF vector formed a long moment arm against the body CM
near EDA (d, in Figure 2(a)) due to substantial loading on the lead foot. This moment arm
must be sensitive to the T/A component of the lead-foot GRF (F,, in Figure 2(a)), as it forms
a long moment arm about the CM (i.e., the height of the CM). The line of action of the trail-
foot GREF at this position, in contrast, remained close to the body CM. The magnitude of the
trail-foot GRF moment about the F/B axis therefore became small and the direction was
typically opposite to that of the lead-foot moment (Figure 2(a)). The trail foot, however, was
characterised by a greater contribution to the pivoting moment (Figure 6(b)).

The pivoting moment was primarily generated by the F/B GRFs of the feet, as the
lines of action of the T/A GRFs stayed close to the combined CP (Figure 2(b)).
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Although the magnitude of the trail-foot forward GRF was smaller than that of the
lead-foot backward GRF near EDA (Figure 5(a)), the trail-foot pivoting moment arm
must be much longer due to a much larger vertical GRF acting on the lead foot at this
point (Figures 2(b) and 5(c)). The trail foot thus generated a larger pivoting moment,
utilising a longer moment arm.

In summary, it appears that the primary angular role of the lead foot is to generate a
large GRF moment about the F/B axis, while that of the trail foot is to generate a large
pivoting moment about the vertical axis. Peak lead-foot GRF moment about the F/B
axis and peak trail-foot pivoting moment yielded significant correlations to peak club-
head speed. It should be noted that a substantial loading onto the lead foot near EDA
(Figure 5(c)) was critical in generating both peak moments.

In Figure 6, both the GRF moment about the F/B axis and the pivoting moment
exhibit negative values (causing acceleration of the backswing motion) in the early
phase of backswing, but become positive after LB (causing deceleration-of the back-
swing motion) while the backswing motion is still in progress until TB. As a result, large
positive moment values are observed at the beginning of the downswing (TB), implying
a countermovement-like role of the backswing motion. More specifically, the active
deceleration of the backswing motion was immediately followed by acceleration of the
downswing motion.

The contact moment is much smaller than the pivoting'moment, with its ensemble
maximum approximately 19% of the pivoting moment (Figure 6(b)). The magnitude of
the contact moment decreases as the downswing motion progresses, and the ensemble
contact-to-pivoting-moment ratio at the instant of the peak pivoting moment is only 9%.
Although the GRMs (foot contact moments)-acting on the feet could be meaningful in
evaluating the shoe-ground interaction characteristics (Worsfold et al., 2008), its role in
the golfer-ground interaction during the downswing is minimal.

Among the downswing events, EDA was identified as the point of maximum
angular effort as both the F/B axis GRF moment and the pivoting moment reach
their respective peak values slightly before or near this event (Figure 6). The GREF, in
contrast, reaches its maximum magnitude midway between ED and MD (Figure 5),
where the moments exhibit large decreases when compared to the peak values. It is
clear from this temporal-profile that: (1) the peak GRF moment about the F/B axis is
not derived from the maximum GRF, and (2) the moment arm plays an important
role in maximising the GRF moment about the F/B axis. Since a golf club is fairly long
and its CM is located towards the head, the club’s moment of inertia about the body
CM can be large. To generate a high clubhead speed, it is necessary to| (1) generate
large golfer-ground interaction moments early in the downswing, (2) angularly
accelerate the body sufficiently in the early phase of downswing, while maintaining
the position of the club close to the body and (3) allow sufficient time for the club to
accelerate in the later part of downswing through a delayed release of the club. This
early onset of peak moments appears to be an important factor for the early devel-
opment of body angular momentum and promotion of subsequent momentum
transfer from the central body to arms/club.

In this study, only the peak golfer-ground interaction forces and moments were
considered in the correlation analysis. While this approach allows for a big-picture
understanding of the effects of linear and angular golfer-ground interactions on
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clubhead speed, a more detailed study using an event-by-event approach (Ball & Best,
2007a; Chu et al., 2010; Okuda et al., 2010) is warranted, as even highly skilled golfers
exhibit substantially different CM/CP shift patterns during the swing. The moment
arm formed by the GRF with respect to the CM can be influenced greatly by the
golfer’s CM/CP shift patterns. The correlation profiles of the forces and moments at
various meaningful swing instants (events) therefore will allow for a more in-depth
understanding of the golfer-ground interaction. In addition, identification of distinct
interaction styles based on methods, such as cluster analysis (Ball & Best, 2007a), and
subsequent inter-style comparisons of various kinematic and kinetic parameters will
allow investigators to assess whether specific interaction styles are superior to others
in generating a high clubhead speed.

Conclusion

The purpose of this study was to characterise the linear and angular golfer-ground
interactions, and to identify meaningful associations between the peak golfer-ground
interaction force and moment parameters and peak clubhead speed. For this, general-
ised patterns of key golfer-ground interaction force and moment components were
established, and a correlation analysis was conducted between a group of select peak
force and moment parameters and the clubhead speed. From the data analysis, it was
concluded that:

- In highly skilled male golfers (handicap <3), the peak lead-foot GRFs were
significantly correlated to maximum clubhead speed in all 3 directions (back-
ward, awayl and upward). The peak trail-foot GRFs were significantly correlated
to maximum clubhead speed in the forward direction only. Larger forces were
associated with higher clubhead speed.

- The GRF moment about the F/B-axis and the pivoting moment about the vertical
axis were identified as the primary moment terms, and their peak moments
(combined and-lead-foot'GRF moments about the F/B axis and combined and
trail-foot pivoting-moments) were significantly correlated to maximum clubhead
speed, with larger moments associated with higher clubhead speed.

- The GRF moment about the F/B axis was primarily derived from the lead foot.
The moment arm formed by the lead foot GRF with respect to the body CM plays
a crucial role in this GRF moment mechanism. The trail foot contributed to the
pivoting moment more than its counterpart did. The peak forward and backward
GREFs of the feet play a key role in maximising the pivoting moment.

- A ‘shift-rotate-shift-rotate’ motion pattern (shift away — rotate back — shift towards
— rotate down) was evidenced by the combined T/A force’s changing direction
earlier than both the GRF moment about the F/B axis and the pivoting moment.

- The instant where the lead arm becomes parallel to the ground during the down-
swing was identified as the point of maximal angular effort, and the substantial
loading onto the lead foot near this instant in the downswing is important in
maximising the moments.
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