Sports Medicine (2026) 56:1191-1212
https://doi.org/10.1007/540279-025-02391-3

SYSTEMATIC REVIEW q

Check for
updates

Ground Reaction Force and Centre of Pressure During the Golf Swing
and Associations with Clubhead Speed and Skill Level: A Systematic
Review

Andrew Watson' - Andrew Murray>3# . Alex Ehlert>® - Jiaging Xu' - Steve Williams’ - Abbie Spiegelhalter’ -
Daniel Coughlan?3#7 . Anthony Turner’ - Chris Bishop'-2346

Accepted: 29 December 2025 / Published online: 7 February 2026
© The Author(s) 2026

Abstract

Background Optimising performance with a driver, fairway woods and long irons is a key focus for many golfers, with the
primary goal of hitting the ball as far as possible while maintaining the ball in play. As such, recent years have seen a strong
focus in the golf literature on how to maximise performance off the tee by investigating the factors that lead to the increase
in clubhead speed (CHS). These factors include: (i) effective use of ground reaction force (GRF) during the swing and (ii)
the path followed by the centre of pressure (CoP).

Objectives The primary purpose of this systematic review was to investigate GRF and CoP within golf research and to
identify what associations they have with CHS and skill level.

Methods This systematic review followed the most recent Preferred Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) 2020 guidelines. In total, 129 studies where initially retrieved from SPORTDiscus, Medline and CINAHL
databases, with studies meeting the inclusion criteria being subject to Newcastle—Ottawa’s quality assessment criteria (with
a maximum score of 9 being possible).

Results A total of 24 studies met the inclusion criteria for this review. Nine empirical investigations showed moderate-
to-strong relationships between either: (i) CoP and CHS or (ii) GRF and CHS. In addition, more skilled golfers tended to
exhibit higher GRF and superior CHS than less skilled golfers. From a quality assessment standpoint, all 24 studies scored
eithera 7 or 8.

Conclusions Changes in both CoP and GRF represent important factors which contribute to superior golf performance, as
defined by increases in CHS or reduced handicaps. Clearly defined methods for assessing force during the golf swing and
universal terminology regarding GRF and CoP metrics are recommended for further research.

Extended author information available on the last page of the article
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Optimising performance with a driver, fairway woods
and long irons is a key focus for many golfers, with the
primary goal of hitting the ball as far as possible while
maintaining the ball in play.

As such, recent years have seen a strong focus in the
golf literature on how to maximise performance off the
tee by investigating the factors that lead to the increase
in clubhead speed (CHS). These factors include: (i)
effective use of ground reaction force (GRF) during the
swing and (ii) the path followed by the centre of pressure
(CoP).

Nine empirical investigations showed moderate-to-strong
relationships between either: (i) CoP and CHS or (ii)
GRF and CHS. In addition, more skilled golfers tended
to exhibit higher GRF and superior CHS than less skilled
golfers.

Changes in both CoP and GRF represent important
factors which contribute to superior golf performance,
as defined by increases in CHS or reduced handicaps.
Clearly defined methods for assessing force during the
golf swing and universal terminology regarding GRF
and CoP metrics are recommended for further research.

1 Introduction

Golf is a popular sport with > 100 million people partici-
pating globally from over 80 countries [1]. Optimising
performance with the driver is a key focus for many play-
ers [2], with the primary goal of hitting the ball as far as
possible while maintaining the ball in play [3]. While the
driver swing (the club used to generate maximum speed
and distance off the tee) is a highly coordinated and indi-
vidual motion [4], generating the fastest clubhead speed
(CHS) via effective force transfer through the kinematic
chain is one of the main goals [5]. As such, there has been
a focus in the golf literature on how to maximise perfor-
mance off the tee (i.e. distance and accuracy) by investi-
gating the factors that lead to the increase in CHS. These
factors include: (i) effective use of ground reaction force
(GRF)—the force acting on the body from the ground
during the swing [2], and (ii) the path followed by the
centre of pressure (CoP), often referred to as weight trans-
fer within golf coaching [3, 6]. Consequently, the more
widespread use of technologies such as force or balance

platforms has allowed both GRF and CoP data to be better
quantified and analysed during the golf swing [7].

Analysis of GRF has been described as a vital method
for investigating the relationship between the mechanical
motion of an object and the forces acting on the object [8].
Force is expressed in three directions: (i) vertical (Z), (ii)
medio-lateral or horizontal (Y), and (iii) anterior—posterior
(X). Specifically, golfers who can generate higher vertical
GRF will often benefit from the proximal-to-distal sequenc-
ing that occurs during the swing, enabling greater energy
transfer through the kinetic chain to the club. However, it
should be acknowledged that effective use of GRF in the
swing is also dependent on timing, not just solely on the
magnitude of force produced. The relevance here is that as
players become better and more efficient at this, they will
generate faster CHS and improve their shot distance [3, 9].
In turn, when a golfer is able to improve their distance (espe-
cially off the tee or on holes where a wood is deemed safe
to use—i.e. on par 4 or 5 holes), they may be able to ‘gain
strokes’ and a competitive advantage on their opponents
during tournaments [10]. Therefore, it is not surprising that
CHS has been shown to be strongly associated with handicap
(r=0.95), and thus, a good proxy for golf performance [11].

Numerous studies have investigated the role of GRF in
golf performance. For example, Dale and Brumitt [12] have
previously shown that both full and partial swings can pro-
duce compressive forces in the spine (calculated via inverse
dynamic algorithms derived from force platform and kin-
ematic data) over seven times a player’s bodyweight. When
focused more on golf performance, Barrentine et al. [13]
suggested that the interaction between the ground and the
lower body plays a pivotal role in increasing CHS and over-
all swing power. Similarly, Williams [14] found that peak
horizontal GRF was associated with CHS across golfers of
varying handicaps (r=0.69). Additionally, Bourgain et al.
[15] highlighted the importance of horizontal GRF and its
relationship to CHS, particularly when considering the sum
force from both feet (r=0.83). Collectively, these data show
that GRF plays a critical role in contributing to a golfer’s
CHS, which, in turn, may contribute to enhanced perfor-
mance statistics on the course [10].

CoP is defined as the location where the resultant GRF
vectors (combined x and y) would act if it were to have a
single point of application [16]. Several studies have also
explored the relationship between weight transfer and per-
formance in golf. Koslow [17] reported that 84% of novice
golfers failed to demonstrate the “normal” weight transfer
pattern recommended by golf coaches (a shift in weight
onto the lead leg before impact), often resulting in a reverse
pivot or incomplete weight shift. In contrast, experienced
golfers typically exhibit a more complete and effective
weight transfer during their swings [18, 19]. However, the
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small sample sizes in these abovementioned studies limit
the ability to generalise their findings to the wider golfing
population. Richards et al. [20] found no significant dif-
ferences in weight transfer between high and low handi-
cap golfers. Conversely, Robinson [21] observed a moder-
ate association between weight transfer and CHS at ball
contact across golfers with varying skill levels (r=0.48).
Finally, Mason et al. [22] failed to find similar correlations
among single-figure handicapped golfers (r=0.28), sug-
gesting that weight transfer’s impact on performance may
depend on factors such as skill level or swing style.

Despite numerous studies linking weight transfer and
GRF to CHS, there is still uncertainty regarding the
strength and consistency of these relationships. Variabil-
ity in findings may stem from differences in player skill
levels, natural fluctuations in swing variability, coaching
received, experimental methods, and sample sizes. How-
ever, it is generally agreed that achieving effective weight
transfer and maximizing foot—ground interactions play
crucial roles in generating higher CHS and improving
performance in golf. Therefore, the purpose of this sys-
tematic review is to investigate GRF and CoP within golf
research and to identify what association they have with
CHS and skill level (as defined by handicap). Importantly
though, golf biomechanics literature to date has utilised a
wide variety of methods (and even terminology); thus, to
help the reader contextualise some of the specific terms
used herein, Table 1 provides operational definitions for
relevant terms to ensure that discrete differences between
study designs are understood. Further to this, Fig. 1 pro-
vides an illustration of these concepts when undertaking
a biomechanical analysis of the golf swing.

Table 1 Operational definitions for key terms in this systematic review

2 Methods

This review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA 2020)
guidelines [23] but was not registered with the International
Prospective Register of Systematic Reviews (PROSPERO).
These guidelines are an update from the 2009 PRISMA
guidelines and reflect advancements in the methods to iden-
tify, select, appraise and synthesise included studies. This
includes a 27-item checklist, and the structure and presen-
tation of these items have been modified to facilitate easier
implementation by researchers.

2.1 Inclusion and Exclusion Criteria

For inclusion in this systematic review, studies were
required to: (i) be original empirical investigations, (ii)
involve populations aged between 16 and 65 years old and
(iii) include male or female subjects. Studies were excluded
if they were: (i) not published in English, (ii) not peer
reviewed, (iii) previously published systematic or scoping
reviews or (iv) included subjects with physical disabilities
(given that this was not the purpose of this review).

2.2 Search Strategy

Searches were performed in SPORTDiscus, Medline and
CINAHL databases using EBSCOhost by the lead investigator
(A.W.), with all searches taking place in September 2024. To
keep the search criteria as inclusive as possible, the descrip-
tors used were: ‘ground reaction force’ and ‘centre of pres-
sure’, with searches filtered using the abovementioned exclu-
sion criteria. The final structure of words with the descriptors
and operators together was (ground reaction force) OR (cen-
tre of pressure) AND (golf). Each database used has filters to
allow for both inclusion and exclusion criteria to be applied

Terminology Operational definition

Ground reaction force (GRF)

Described as vertical, mediolateral or anteroposterior, which are the three components of the GRF. When

applicable, GRF measures will be described as being directed towards or away from the target (y-axis) for
mediolateral GRF, and towards the toes or heel (x-axis) for anteroposterior GRF. Studies differ in terms of the
exact GRF measurements calculated and may include the magnitude of GRF at a specific time point or swing
position, or the peak magnitude of GRF in terms of absolute or relative force. When possible, the specific
measure of GRF will be specified within the results and discussion

Centre of pressure (CoP)

The location where the resultant GRF vectors (combined x and y) would act if it were to have a single point of

application [16]. The position of the CoP can be described within mediolateral (position relative to the trail
and lead foot on the y-axis) and anteroposterior (position relative to the toe and heel of the foot on the x-axis)
vectors. Measures of CoP motion during the swing include the range (e.g. distance covered by the CoP) and

velocity
Weight shift

Defined as the transfer of body weight (force) during the swing, often quantified as displacement of the centre

of mass (CoM) of the body or body—club system. Weight shift and CoP motions are often related, but not
interchangeable. For this reason, studies which describe CoP or weight shift may be discussed together, but the
specific measure will be defined when possible
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Fig. 1 Illustration of ground
reaction force (GRF) vectors, A
centre of pressure (CoP) posi-
tions and body weight shift
across key phases of the golf
swing. Visual three-dimensional
(3D) models show the address
position (A) and the top of the
backswing (B). The global
coordinate system (X =red,
Y=green, Z=blue) defines the
mediolateral, anteroposterior
and vertical directions used

to describe GRF components.
Additional blue arrows repre-
sent the GRF vectors originat-
ing from each foot, indicating

both the magnitude and direc-
tion of the external forces acting
on the golfer. Red dots mark

the CoP, showing the point of
application of the resultant GRF
vector within each foot. Across
the swing phases, the CoP under
the back foot shifts laterally,
while the front foot CoP moves
anteriorly towards the forefoot

to the search to reduce unmatched and unrelated articles in
the results. Within the EBSCOhost dashboard, special limiters
were selected for each database. For SPORTDiscus, the spe-
cial limiters were Language—English, Country—All and Aca-
demic Journal for Publication Type. For CINAHL, the limiters
selected were Language—English, Species—Human, Journal
Subset—Peer Review, Publication Type—Journal Article,
Sex—All and Age Groups—Adolescent (13—18 years), Adult
(1944 years), Middle Aged (45-64 years). For Medline, the
special limiters were set to Language—English, Species—
Human, Sex—All, Age Related—Adolescent (13—18 years),
Adult (19-44 years), Middle Aged (45—64 years) and Publica-
tion Type—Journal Article.

2.3 Data Extraction

The results were then screened by the lead investigator
(A.W.) and a second author (C.B.) by evaluating titles and
abstracts of each article and excluding those that: (i) did not
fit the inclusion or exclusion criteria, (ii) did not measure
GREF or CoP or (iii) the full text was unavailable. A third
author (A.E.) was then consulted if there were any disputes

on the inclusion or exclusion of studies. The remaining
articles were read in full and charted using Microsoft Excel.
The studies where charted under the following headings:
Author, Title, Purpose, Design, Methods, Results, Strengths,
Weaknesses and Conclusion.

2.4 Quality Assessment

The quality of included studies was evaluated by two authors
(A.W. and C.B.) using the Newcastle-Ottawa Scale (NOS)
for cohort studies [24]. If any disagreements were evident, a
third reviewer (A.E.) was included to finalise a decision. As
all included studies were non-randomised studies, this qual-
ity assessment was chosen post hoc as the most appropriate
quality assessment tool [25]. All studies were scored in three
areas: (i) selection, (ii) comparability and (iii) outcome. A
maximum score of four, two and three for each respective
area was possible, resulting in a maximum possible score
of nine.
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Fig.2 Flow diagram of the charting process, based on the PRISMA 2020 guidelines [23]

3 Results
3.1 Descriptive Analysis

In total, 129 studies where initially retrieved from the three
databases. After screening the titles, abstracts and full texts,
24 studies met the inclusion criteria for this review. Figure 2
shows the phases of the charting process based on PRISMA
2020 guidelines [23]. A summary of the correlational design
studies included is presented in Table 2 with all non-correla-
tional design studies presented in Table 3. Table 4 outlines
the group scoring for all studies using the Newcastle-Ottawa
System (NOS) for each study. All studies were of an accept-
able standard, with none measuring below a minimum of
seven on the NOS scale; however, no studies reached the
maximum score of nine.

3.2 Overview of Methods

Ten studies (41.7%) were correlational by design (Table 2),
reporting associations between GRF with either CHS or
handicap, with the remaining 14 (58.3%) being a mixture
of cross-sectional study designs (Table 3). The most

investigated golf club was the driver, which was used in
ten studies (41.7%). There were six (25%) studies that
investigated multiple clubs, including driver and long and
mid irons, and eight (33%) studies that only investigated a
single iron (7, 6 or 5 iron).

Of the ten correlational studies, seven studies (29%) pre-
sented correlational data on CoP and its relationship to CHS,
handicap, ball velocity or distance. Two studies (8%) investi-
gated the relationship between CHS and GRF, and one study
(4%) investigated the relationship between CHS and handi-
cap. In total, four studies (16.7%) included less than 10 sub-
jects, four (16.7%) included less than 20 subjects, ten (41.7%)
included less than 50 subjects, three (12.5%) included between
50 and 100 subjects and three (12.5%) included over 100 sub-
jects. While all studies used force plates, 13 (54%) also utilised
three-dimensional (3D) motion capture; however, no stand-
ardised method for recording swing performance was used,
with many studies relying on subjects completing ten shots
with each club (where multiple clubs were used). Regarding
the swing itself, there were varying methods used to identify
timepoints or positions within the swing for analysis. Specifi-
cally, in both studies by Ball and Best [26, 27], the authors
defined key phases in the swing to be: takeaway, mid back-
swing, late backswing, top of the backswing, early downswing,
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TabI(:: 4 Newcast]e—Ottgwa Study Selection (0/4) Comparability Outcome (0/3) Total (0/9)

quality assessment scoring o)

system for included studies
Associative study designs
Ball and Best [26] ok wk otk 7
Ball and Best [27] ok wk otk 7
Ball and Best [29] gk * ook 7
Ball and Best [30] ook * ook 7
Bourgain et al. [15] ook * ook 7
Bourgain et al. [31] ook * ook 7
Chu et al. [2] Hokeok * swokok 7
Han et al. [28] gk *% ok 3
Jones et al. [6] Hokeok * swokok 7
McHugh et al. [32] sokekok ® swokok 3
Group comparison or cross-over study designs
Blenkinsop et al. [33] ook * ook 7
Choi et al. [34] ook ok sk 8
Jones et al. [35] ok * w3k 7
Jones et al. [36] ook * *okk 7
Kim et al. [37] Rk * ok 7
Kim et al. [5] kg * ok 7
Kim et al. [38] kg * sk 7
Macadam et al. [39] Hokeok * *okk 7
McNitt-Gray et al. [32] Hokeok * sk 7
Okuda et al. [41] ok kok ® sk 8
Peterson et al. [42] ok ok ® sk 7
Peterson and McNitt-Gray [43] otk * *okk 7
Queen et al. [44] ok * sk 7
Worsfold et al. [45] okok ® otk 7

mid downswing, ball contact and mid follow-through. Han
et al. [28] identified 11 swing points and referred to them as:
break-away, mid backswing, late backswing—arm-based, late
backswing, end of pelvis rotation, top of the backswing, early
downswing—arm-based, early downswing, mid downswing,
ball impact and mid follow-through. While a considerable
overlap exists between these definitions, some differences
likely lead to challenges when comparing data between meth-
odologies. Two studies (8%) investigated the impact of hitting
a ball from an uneven stance (i.e. with the lead foot higher than
the trail foot) and its effects on GRF, one study (4%) investi-
gated the impact of wearing a resistive vest during the swing
and its effects on GRF and swing speed, and three studies
(12.5%) investigated how ball position impacted kinematics
and kinetics.

4 Discussion

The aim of this systematic review was to identify associa-
tions within the literature between GRF and CoP to both
CHS and skill level in golfers. In total, 24 studies were

included in the final analysis, with 10 showing moderate-to-
strong relationships between CoP and GRF to CHS. Further
to this, more skilled golfers tended to exhibit higher GRF
and superior CHS than less skilled golfers. When consider-
ing cross-sectional study designs (n=14), a range of study
designs and aims were examined. Of note, notable changes
in CoP were evident when golfers played shots on downhill
and uphill slopes; force production was greater when swing-
ing a driver compared with irons; and skilled golfers exhibit
a greater unweighting movement in their lead leg compared
with less skilled players, enabling superior vertical GRF dur-
ing the swing.

4.1 Associative Study Designs

A study by Ball and Best [26] investigated the CoP in
professional and recreational golfers and identified a
moderate correlation between CoP range (i.e. the distance
the CoP moved along the y-axis) and CHS (r=0.53). This
was further supported in a separate study by the same
authors [27] who showed that CoP velocity along the y-axis
was moderately correlated with CHS (r=0.54). Further to
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this, stance width (the distance between the two feet during
the address position) was significantly but moderately
correlated with CHS (r=0.47). These data support the
notion that the distance between the two feet allows for a
larger range of movement for the CoP along the y-axis, and
moving this mass at a greater velocity results in an increased
CHS. Further to this, the relevance of a golfer’s CoP appears
to be the same between different clubs, as shown by Ball and
Best [29], where the correlation values between CHS and
different clubs remained relatively consistent for a group of
46 golfers (driver: r=0.61; 3-iron: r=0.54; 7-iron: r=0.63).
Even when swings were examined on a more individual
basis, the mediolateral movement of CoP was still associated
with CHS in a group of five golfers performing 50 swings
with a driver (R*= 0.30). Jones et al. [6] also reported strong
associations between mediolateral CoP and CHS when using
a driver (R*=0.54) and a 5-iron (R>=0.56), in 104 amateur
golfers. They also reported correlations between CoP and
handicap (driver: R%2=0.34; 5-iron: R*= 0.35). Collectively,
and noting that some studies have reported correlations
(r values), while others have reported the coefficient of
determination (R? values), the relevance of the CoP during
the golf swing is clear, with a growing body of evidence.

When focusing on the relevance of GRF, Bourgain et al.
[31] showed that combined vertical and horizontal forces
explained a large amount of CHS variance (R*>=0.70). In a
separate study, Bourgain et al. [15] further developed this
work by examining the importance of horizontal force pro-
duction during the swing, which showed a very large correla-
tion with ‘motor moment’ (r=0.83), defined as the moment
produced by the GRF of both feet at the CoM. Han et al. [28]
performed an in-depth analysis of GRF and its interaction
with CHS, reporting multiple correlations (Table 2) across
three clubs for 63 male golfers — all with handicaps < 3. Of
note, lead foot ‘backward force’ showed the strongest cor-
relation with CHS (r=0.55), but interestingly this was when
using a pitching wedge. These data demonstrate how GRF
can contribute to the development of CHS, while transfer-
ring energy through the kinetic chain, down the golf club to
the ball, at impact. Finally, McHugh et al. [32] also reported
a very large amount of ball speed and driving distance vari-
ance from the lead foot’s peak GRF (R2=0.85 and 0.74,
respectively). Given the presented data from this group of
studies, it seems prudent to suggest that both CoP and GRF
have strong and potentially meaningful associations with
developing faster CHS, which subsequently results in higher
ball speeds and driving distance if the timing of these are
used in an advantageous way during the swing.

4.2 Group Comparison or Cross-Over Study Designs

The measurement of CoP has been utilised in a variety of
ways during research to identify the strategy employed by

golfers when performing different types of golf swings. For
example, Choi et al. [34] investigated the changes in CoP
and centre of mass (CoM) between 12 advanced, 13 amateur
and 10 novice golfers to determine how dynamic stability
strategies change between skill levels. The results showed a
significant difference in inclination angle between the trail
and lead foot during the downswing (6.13° +2.4°) between
advanced and novice golfers. The authors suggested that this
was an indication of improved dynamic balance in advanced
golfers during the swing. Blenkinsop et al. [33] investigated
changes in CoP in 12 elite golfers hitting 6-irons from
simulated uphill and downhill lies. Interestingly, golfers
manipulated their CoP to accommodate for the change in
surface with the mean CoP moving 9.4% closer to the front
foot in downhill lies and 8.9% closer to the trail foot for
uphill lies. Peterson and McNitt-Gray [43] demonstrated
how skilled golfers are able to manipulate their stance to
accommodate ‘lead leg up’ and ‘lead leg down’ positions,
when compared with a more neutral position. Despite these
differences, no significant difference in net angular impulse
between the three different postures were evident due to
golfers typically taking a modified stance to accommodate
the shot in either uphill or downhill positions. Kim et al.
[37] investigated changes in CoP in the address position
in 11 professional golfers, using a 5-iron with varying
ball positions (i.e. moving towards and away from the
target from the reference or neutral position). When the
ball was positioned further back in the stance (i.e. closer
to the trail leg), the CoP also shifted towards the trail leg
by —8.4 +7.1 mm compared with 11.5+12.2 mm, when
the ball was in the reference position. This alteration also
changed the vertical GRF of the trail foot 48.0 +4.9% of
bodyweight compared with 43.2+4.5% of bodyweight in
the reference position—indicating that ball position not only
changes CoP but also the vertical GRF strategy as well.
Kim and colleagues [5, 38] further investigated the ball
position’s impact on GRF in 20 professional golfers. Vertical
GREF of the lead foot showed that the left-sided ball positions
(positions moved further along the y-axis towards the target)
were associated with greater magnitudes (full ball width on
the left side: + 1.8% of bodyweight; half a ball width on the
left side: +1.0% of bodyweight), whereas the right-sided
ball positions (positions moved further away from the target
on the y-axis) exhibited smaller vertical GRF on the lead
foot (full ball width on the right side: — 1.6% of bodyweight;
half a ball width on the right side: — 1.1% of bodyweight)
when compared with the reference position of 60.7 +4.7%
bodyweight on the lead foot. Jones et al. [35] used pointwise
median absolute deviation (p-MAD) to indicate variability
of GRF trajectories. The results indicated no significant dif-
ference in GRF strategies between driver and 6-iron swings.
However, it should be noted that this study only recruited
three golfers, which almost certainly contributed to the lack
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of statistical findings. In contrast, Peterson et al. [42] dem-
onstrated that the net angular impulse generated by both
legs was greater for the driver than for the 6-iron, due to an
increase in relative horizontal GRF, in a group of 11 skilled
golfers. Somewhat unsurprisingly, these data would indicate
that there is greater GRF for driver swings compared with
iron swings; however, the individual strategy used by any
given golfer may be similar between clubs. This is supported
in seminal work by Ball and Best [26, 27], who showed that
no single technical model exists for how a golfer interacts
with the ground and swings the club.

Jones et al. [36] evaluated 104 amateur golfers using
principle component analysis with varied handicaps. They
demonstrated that skilled golfers showed reduced vari-
ability in their movement strategy (as identified from force
platforms) compared with less skilled golfers, when using
both a driver and 5-iron. Further to this, McNitt-Gray et al.
[40] demonstrated how skilled golfers manipulate GRF to
control shot distance. Peak horizontal GRF was reduced in
the lead leg by 5% when trying to reduce shot distance to a
specific target, compared with a non-modified trial using a
6-iron. McHugh et al. [32] also showed that skilled golfers
exhibit an unweighting movement in their lead foot more
than unskilled golfers, indicating that a harder push into
the floor was evident prior to impact. Queen et al. [44] also
showed GRF differences between skilled and less skilled
golfers, with skilled golfers demonstrating a greater transfer
of vertical GRF from trail to lead leg during the downswing,
also producing peak vertical GRF earlier in the downswing
than unskilled players. Similarly, Okuda et al. [41] identi-
fied GRF differences between skilled and unskilled golfers
during different points of the swing. Significant differences
between skilled and less skilled players were found for the
lead foot vertical GRF during the backswing—skilled:
35+ 11% bodyweight; less skilled: 25 + 9% bodyweight,
and downswing—skilled: 33 + 19% bodyweight; less skilled:
59 +28% bodyweight, respectively. Vertical GRF for the trail
foot was also significantly different between groups during
the backswing—skilled: 92 + 12% bodyweight; less skilled:
76 + 13% bodyweight. Interestingly, this was in conflict with
Worsfold et al. [45], who showed that handicap did not influ-
ence changes in vertical GRF when using a driver, 3-iron
and 7-iron, between eight skilled players (handicap < 7) and
eight less skilled players (handicap 8—14). However, the
inability to find any meaningful differences between groups
may have simply been a consequence of low sample sizes
in each group.

4.3 Directions for Future Research

Given the findings in the present systematic review, there
are a number of areas for future research that the authors
believe would represent important and logical next steps in
furthering our understanding of the biomechanics of the golf
swing:

e To date, a number of studies have examined GRF
data during the golf swing — some in all three planes
of motion. However, the reliability of GRF data is
substantially less clear, which would affect how the
measures are used or interpreted across repeated
swings or sessions. This represents an important step
in understanding the usability of GRF data, so that
practitioners have an appreciation of what represents
a player’s natural bandwidth of variability. In turn, this
information would help practitioners comprehend what
represents a true change after any kind of coaching or
physical training intervention has been employed.

e When reporting GRF data, almost all studies have
focused on discrete points during the swing (i.e. peak
force). However, while we know that peak force is likely
to occur somewhere between club vertical and club
horizontal during the downswing [28], it represents a
small moment during the swing. Thus, some form of
continuous analysis (e.g. statistical parametric mapping)
would enable practitioners to better understand ‘periods
of relevance’ in the swing and not just discrete points.

e From what the sport science profession already knows
about the key drivers behind human locomotion—i.e.
impulse [46]—it is surprising to note that virtually no
studies have tried to quantify this metric during the
golf swing and determine its over-arching relevance to
swing speed. Put simply, all biomechanical movement
is underpinned by how much force is produced over the
time period from which force can be applied [46, 47],
and the golf swing is no different. Thus, while force
production is critical, it is the time period over which it
is expressed which mechanistically explains outcomes
in sport. Therefore, as a starting point, it is suggested
that the metric of impulse be examined in future golf
research, with investigations quantifying its reliability
and its discriminative ability between skill levels.

e Given the link that has been identified between CoP
and CHS in this review, it seems plausible to suggest
that future investigations might consider examining
whether changes in CoP strategies are trainable factors
for enhancing golfer CHS. Specifically, while alterations
to CoP are of course possible (by virtue of changes in
technique), it is unclear whether an increased change in
CoP velocity would elicit positive adaptations to proxy
measures such as CHS and distance off the tee. Thus, this
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represents a potentially important and interesting line of
future research.

¢ Finally, as mentioned in this review, no single technical
model exists for how to swing the golf club. Thus, with
some degree of bandwidth for how to swing the club, it
seems logical to suggest that some future studies consider
both acute and chronic coaching interventions to deter-
mine whether significant changes in key outcomes can be
impacted, such as distance and accuracy. Naturally, this
is what happens in day-to-day practice on the range with
golfers who work alongside swing coaches. However,
such interventions alongside in-depth biomechanical data
would provide a more detailed insight into how changes
in the golf swing are achieved.

5 Conclusions

Changes in both CoP and GRF represent important factors
which contribute to golf performance, as defined by CHS
and handicap. The majority of studies have been cross-
sectional in design and have examined a range of interesting
questions. Of note, force production appears to be greater
when swinging a driver compared with irons, and skilled
golfers are able to exhibit higher GRF than less skilled
golfers, further supporting its importance for being one
strategy that golfers can use to generate increased CHS.
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