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Abstract
The moment of inertia of a golf club, quantified about an axis at the butt of the handle, normal to the swing plane, has the 
potential to influence both clubhead and ball velocity. The purpose of this study was to assess the reliability of clubhead and 
ball velocity with changes to moment of inertia over repeat testing sessions and, if reliable, to quantify the effect of modify-
ing moment of inertia. Eleven skilled male golfers hit 20 golf shots with three golf clubs, each with a different moment of 
inertia achieved through adding mass inside the club shaft and repeated this protocol over three sessions. A commercially 
available launch monitor was used to measure both velocity variables. Test–retest reliability was assessed via (1) limits of 
agreement, to determine reliability from a change in magnitude perspective and (2) linear-weighted kappa, to determine reli-
ability from a directional perspective. The effect of moment of inertia on clubhead and ball velocity was determined using 
one-way, repeated measures analysis of variance tests, with partial eta squared being used to quantify the size of the effect. 
Increasing golf club moment of inertia reliably decreased clubhead and ball velocity, with fair to substantial kappa results 
revealed between sessions. The magnitude of decrease in these velocities, however, could not be reliably quantified. Statisti-
cally, the influence of moment of inertia was considered large (η2 ≥ 0.662 and 0.404) and significant (p < 0.001 and ≤ 0.006) 
for both clubhead and ball velocity, respectively.
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1  Introduction

Golfers continually strive for improvements in performance. 
Two key performance variables in golf are the inbound 
velocity of the clubhead and outbound velocity of the ball, 

as these variables influence the distance that the ball trav-
els. In an attempt to understand how the design of the golf 
club can enhance golfer performance, the effect of modify-
ing various physical golf club properties on these velocities 
has been investigated [1–5]. As the golf swing is primarily 
a rotational motion, the moment of inertia (MOI) of the golf 
club, quantified about an axis at the butt end of the handle 
and normal to the swing plane, provides a key physical prop-
erty of the golf club that could theoretically be modified to 
change these velocities [6].

Previous research has reported a decrease in the veloc-
ity of rackets [7], bats [8] and rods [9, 10] when increasing 
MOI. In golf, decreases in clubhead velocity have also been 
reported when increasing club MOI via clubhead mass [4, 
5, 11, 12]. However, the total mass of the golf club was not 
controlled in these studies and increased with club MOI, 
which could have had a confounding effect on clubhead 
velocity. Furthermore, as increasing clubhead mass results in 
an increase in the effective mass at the impact location [13], 
similar decreases in ball velocity have not been observed 
[4, 5]. As the clubhead is considered to act as a free moving 
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projectile during impact with the ball [14], if the mass used 
to increase club MOI was located in the shaft, it is expected 
that a decrease in both clubhead and ball velocity would be 
observed. Mass has previously been added to the shaft as 
opposed to the clubhead [15, 16]; however, the small magni-
tude of mass used, and the location of this mass would have 
had only a small effect on MOI, hence sizeable differences 
in velocity were not observed. Whilst it is expected that 
increasing golf club MOI by adding mass to the shaft would 
result in decreases to clubhead and ball velocity, the golfer 
and the golf club are not a predictable mechanical system 
[15]; they form a complex, adaptable biomechanical system. 
It is therefore plausible that the effect of modifying MOI on 
the magnitude or direction of change in clubhead and ball 
velocity may not be consistent over time and repeat testing.

Various statistical analysis techniques can be used to 
assess the test–retest reliability of the change in clubhead 
and ball velocity when modifying MOI. From a magnitude 
perspective, the limits of agreement provides a method for 
assessing how the change in velocity between different club 
conditions systematically varies from session to session 
(bias) and randomly varies within the group (95% limits 
of agreement). Furthermore, the 95% limits of agreement 
can be interpreted as an interval within which the difference 
in velocity change between conditions would be expected 
to occur 95% of the time for a new individual from the 
population sampled [17]. The reliability of the MOI effect 
from a directional perspective can be quantified by assess-
ing whether golfers achieve the same relative order of club 
conditions across different sessions, when ranked on veloc-
ity magnitude. Statistically, the reliability can be inferred 
using correlation coefficients, such as the Pearson product 
moment or intra-class correlation [17–19], although results 
from these measures are sensitive to the homogeneity of the 
sample group [19] and should not be compared to other stud-
ies or extrapolated to the wider population [17].The percent-
age agreement between session ranks can be used; however, 
this measure is limited as it does not take into account the 
extent of the disagreement between ranks [20]. An extension 
of the percentage agreement is the weighted kappa coeffi-
cient (κ), which accounts for the extent of the disagreement 
between ranked scores and the agreement due to chance. The 
weighted kappa method is typically used to determine inter-
rater agreement [21], but could also be used to determine 
inter-session (test–retest) agreement as this does not violate 
any statistical assumptions.

Despite the abundance of literature dedicated to determin-
ing the influence of different golf club properties on perfor-
mance, no study has ever quantified how reliably the club 
properties influence performance over time. This knowledge 
gap is a limitation for multiple aspects of the golf industry, 
such as golf club design and customisation, whereby durable 
changes to golfer performance are desired. Therefore, the 

purpose of this study was, firstly, to assess the reliability of 
clubhead and ball velocity with changes to golf club MOI 
over repeat testing sessions and, secondly, to report the over-
all effect of MOI on clubhead and ball velocity.

2 � Methods

2.1 � Data collection

Eleven skilled right-handed male golfers (mean ± SD: age 
22.0 ± 6.9 years, handicap 6.3 ± 4.3 strokes) gave their 
informed consent prior to participating in the study, which 
was approved by Loughborough University Ethics Com-
mittee (reference number: R18-P196). The golfers all pos-
sessed handicaps equivalent to CONGU category 2 or less 
[22] and played golf at least once a month.

Three golf club conditions were used, each with a 
different MOI about the butt of the handle: low MOI: 
2780.1 kg cm2, mid MOI: 2985.5 kg cm2 and high MOI: 
3176.4 kg cm2. MOI was measured using an Auditor MOI 
Speed Match System (Technorma Co., Ltd., Kaohsiung 
City, Taiwan) with an accuracy of ± 0.05 kg cm2, derived 
from the calibration procedure. The changes in MOI were 
achieved by positioning approximately 50 g of mass at 
different locations inside identical Aldila NV 44 Magnum 
stiff-flex shafts (uncut specifications: mass, 45 g; torque, 
4.6°; kick-point, mid [23]) (Fig. 1), therefore blinding 
golfers to the modifications. For the low MOI condition, 
the mass was located at the top of the golf shaft (Fig. 1a); 
for the mid MOI condition, the mass was located approxi-
mately 61% down the length of the shaft (Fig. 1b); and for 
the high MOI condition, the mass was located approxi-
mately 81% down the length of the shaft (Fig. 1c). The 
same Ping G30 clubhead (199.1 g, 10.5° nominal loft) was 
used across all conditions.

The additional mass used to modify golf club MOI 
resulted in the total mass of the club conditions being 
towards the upper extreme for a driver [5], whilst the vari-
ance in added mass location led to differences in swing-
weight and fundamental club frequency between the three 
club conditions (Table 1). Swingweight, an alternative 
measure of mass distribution, is the first mass moment 
about an axis 35.6 cm from the butt of the golf club [5], 
whilst fundamental club frequency was used as an indica-
tion of shaft stiffness [24]. The properties of mass, swing-
weight and club frequency were measured using an Ohaus 
EB EB6 bench scale (Mettler Toledo, Columbus, OH), 
Dynacraft golf swingweght scale and Golfsmith 8720 
Shaft Frequency Analyzer (Dick’s Sporting Goods, Inc., 
Coraopolis, PA), respectively.

Each golfer attended three separate sessions, each on 
a different day (mean ± SD: duration between sessions 
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8.5 days ± 7.0 days). Prior to data collection, each golfer 
performed an adapted active dynamic warm-up [25], con-
sisting of ten practice swings with a short iron, followed 
by three shots with an 8-iron, 6-iron, 4-iron, fairway wood 
and driver. If, during the first session, golfers wanted to 
perform a further warm-up routine, this was noted and 
repeated in the remaining sessions, due to evidence sug-
gesting that the type of warm-up can affect performance 
[25–28]. Thereafter, each golfer hit 20 shots with each 
club condition in each session, resulting in a total of 60 
shots per session, where the order of club conditions 
was varied between sessions for each golfer and between 

golfers for each session. Golfers were given a short break 
(approximately, 3–5 min) between each block of 20 shots 
to minimise the risk of fatigue. A new golf ball of the same 
manufacturer and model (Titleist TruSoft) was used for 
every golfer and session.

The variables of clubhead velocity and ball velocity 
were measured indoors using a Trackman 4 launch moni-
tor (TrackMan A/S, Denmark). Clubhead and ball velocity 
measurements from a former Trackman model (Trackman 
Pro 3e) have previously been compared to a gold stand-
ard optical tracking system to determine their accuracy 
(median and lower/upper quartile difference during driver 
shots: clubhead velocity − 0.18 m/s and − 0.54/0.13 m/s, 
ball velocity 0.09 m/s and 0.00/0.27 m/s) [29]. As a newer 
model, the accuracy of Trackman 4 in measuring these vari-
ables was expected to be comparable to, or better than, the 
Trackman Pro 3e. The launch monitor was set up accord-
ing to the manufacturer’s requirements, repositioned 2.8 m 
behind the impact area, with the screen being over 5 m in 
front of the impact area [30]. The device was aligned to the 
middle of the screen (located by a visual mark) using a laser 
(Leica Lino L360). A projection of the Trackman driving 
range (ball flight only, no quantitative variable information) 
was shown on screen to provide feedback to the golfers to 
make the testing more realistic and increase external validity.

2.2 � Data analysis

2.2.1 � Test–retest reliability

The limits of agreement method was used to assess how the 
change in magnitude of velocity between conditions var-
ied from one session to another. The bias was calculated as 
the mean between-condition change in velocity difference 
between sessions, whilst the 95% limits of agreement were 
calculated as the standard deviation of the within-group 
change in velocity differences, multiplied by 1.96 [31]. Lin-
ear weighted kappa was used to assess whether golfers in the 
group maintained the same order of MOI conditions between 
sessions when ranked in velocity. Rankings were created 
for each golfer separately, where for each session the MOI 
condition which resulted in the highest velocity magnitude 

Fig. 1   The locations of the additional mass used to vary the MOI of 
the three club conditions: a low MOI; b mid MOI; c high MOI

Table 1   Physical properties of the three MOI club conditions used in 
the investigation

Property Low MOI Mid MOI High MOI

MOI butt (kg cm2) 2780.1 2985.5 3176.4
Club mass (g) 351.6 352.5 354.4
Swingweight B7.0 E1.0 F0.5
Club frequency (Hz) 4.2 4.1 4.0
Club length (cm) 114.3 114.3 114.3

Table 2   An example of a ranked score comparison between two test 
sessions

Session 1

Session 2 High (1) Medium (2) Low (3) Total

High (1) 9 2 0 11
Medium (2) 1 8 2 11
Low (3) 1 1 9 11
Total 11 11 11 33
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was given a rank score of 1, and the MOI condition which 
resulted in the lowest velocity magnitude was given a rank 
score of 3. The ranks from each golfer were then cumulated, 
resulting in 33 ranks per session (11 golfers × 3 conditions) 
and compared from one session to another (Table 2).

The observed scores in the 3 × 3 matrix (Table 2) were 
converted into proportions of the grand total (33, Table 2). 
A linear weighting was then applied to the scores, whereby 
ranks in perfect agreement between sessions (main diagonal 
of Table 2) were multiplied by 1, those in disagreement by one 
category (e.g. high rank in session 1 and medium rank in ses-
sion 2) were multiplied by 0.5 and those in complete disagree-
ment (e.g. high rank in session 1 and low rank in session 2) 
were multiplied by 0. The observed probability was then deter-
mined as the sum of the resulting scores in the 3 × 3 matrix. 
The expected probability score for each cell of the 3 × 3 matrix 
was calculated as 0.111 (row total × column total, divided by 
the square of the grand total). The same linear weighting was 
then applied to these scores, and the expected probability due 
to chance was determined as the sum of the resulting scores. 
The weighted kappa coefficient was calculated as

where Po is the observed probability and Pe is the expected 
probability due to chance. The 95% confidence intervals for 
the kappa coefficient were calculated and the reliability was 
interpreted using the predetermined guidelines of a kappa 
coefficient of 0.00–0.20, 0.21–0.40, 0.41–0.60, 0.61–0.80, 
0.81–1.00 representing slight, fair, moderate, substantial and 
almost perfect agreement, respectively [32].

2.2.2 � Effect of MOI on clubhead and ball velocity

The effect of club MOI on clubhead and ball velocity was 
quantified using a one-way, repeated measures analysis of 
variance (ANOVA) with a significance level of 0.05. Effect 
sizes were determined using partial eta squared (η2) with val-
ues of 0.01, 0.06 and 0.14 representing small, medium and 
large effects, respectively [33]. Prior to conducting ANOVA 
tests, the data were assessed for normality (Shapiro–Wilk test) 
and sphericity (Mauchly’s test) with a Greenhouse–Geisser 
correction being applied when the assumption of sphericity 
was violated. For statistically significant ANOVA results, post 
hoc pairwise t tests with a Bonferroni correction (p × number 
of multiple comparisons) were conducted to determine where 
the differences existed between conditions. At the individual 
golfer level, the median velocity of the 20 shots with each 
club condition was used as the measure of central tendency to 
minimise the effect of any extreme data points (outliers). All 
statistical analysis was conducted using SPSS v24.0 (SPSS, 
Inc., Chicago, USA).

(1)� =

P
o
− P

e

1 − P
e

3 � Results

3.1 � Test–retest reliability

The mean change in clubhead velocity between MOI con-
ditions ranged from 0.5 to 1.3 m/s (mid–low MOI), 0.5 
to 0.8 m/s (high–mid MOI) and 1.3 to 1.8 m/s (high–low 
MOI) (Fig. 2). The mean change in clubhead velocity 
magnitude was, therefore, fairly consistent, resulting in 
a small bias both between clubs and sessions (Table 3). 
The between-club bias was smaller across all three ses-
sion pairings for the high–mid MOI comparison (Table 3), 
suggesting that the change in clubhead velocity was most 
reliable between these club conditions, whilst the between-
club bias was greater across all session pairings for the 
mid–low MOI comparison (Table 3). Furthermore, the 
between-session bias was consistently greater for the ses-
sion 2 and 3 pairing (Table 3), indicating weaker reliability 
between these sessions. Within the group, the individual 
golfers displayed noticeable variation in both the change 
in clubhead velocity as a result of modifying MOI (Fig. 2) 
and the consistency in this change in velocity, resulting in 
large limits of agreement (Table 3) which were greater in 
magnitude than the observed change in clubhead velocity 
for golfers (Fig. 2). Therefore, although the mean change 
in clubhead velocity magnitude was reliable, the change in 
clubhead velocity for individual golfers was not reliable.

The mean change in ball velocity between MOI condi-
tions ranged from 0.7 to 2.4 m/s (mid–low MOI), 0.4 to 
1.3 m/s (high–mid MOI) and 1.8 to 2.8 m/s (high–low 
MOI) (Fig. 3). The mean change in ball velocity mag-
nitude was therefore less consistent across the different 
test sessions compared to clubhead velocity, resulting in 
larger systematic differences between sessions (Table 4). 
Similar to clubhead velocity, there was a tendency for a 
smaller between-club bias in ball velocity for the high–mid 
MOI comparison and a greater bias for the mid–low MOI 
comparison (Table 4). Furthermore, there was once again 
a tendency for a greater between-session bias for session 
2 and 3 (Table 4). Within the group, the individual golf-
ers were variable in the change in ball velocity achieved 
as a result of modifying MOI and the consistency in this 
change in velocity (Fig. 3), resulting in large limits of 
agreement (Table 4). As with the clubhead velocity results, 
the ball velocity limits of agreement were greater in mag-
nitude than the observed change in ball velocity for golf-
ers (Fig. 3) and, therefore, the magnitude change in ball 
velocity as a result of modifying golf club MOI cannot be 
considered reliable.

Acceptable reliability was observed in the change in 
velocity direction; particularly for clubhead velocity, 
where moderate to substantial agreement between session 
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ranks was observed (κ min, max = 0.591, 0.727), with fair 
to substantial agreement observed in ball velocity ranks (κ 
min, max = 0.386, 0.795) (Table 5). The choice of session 
pair was found to have a noticeable effect, with the strong-
est agreement in ranks occurring between sessions 1 and 
3 and the weakest agreement occurring between sessions 
2 and 3 for both clubhead and ball velocity (Table 5). 
Interestingly, when observing the golfer velocity rankings 
in each session, it was found that golfers adhered bet-
ter to expectation in session 1, with all golfers achieving 
the highest clubhead velocity with the low MOI condi-
tion, and all but one golfer achieving the lowest clubhead 
velocity with the high MOI condition.

3.2 � Effect of MOI on clubhead and ball velocity

Golf club MOI was found to have a large effect size and 
was statistically significant in all three test sessions, for 
both clubhead velocity (session 1: F(2, 20) = 43.404, 
p < 0.001, η2 = 0.813, session 2: F(2, 20) = 17.511, p < 0.001, 
η2 = 0.637, session 3: F(1.337, 13.372) = 19.580, p < 0.001, 
η2 = 0.662) and ball velocity (session 1: F(2, 20) = 35.710, 
p < 0.001, η2 = 0.781, session 2: F(2, 20) = 6.776, p = 0.006, 
η2 = 0.404, session 3: F(2, 20) = 13.395, p < 0.001, 
η2 = 0.573), respectively. The observed trend was that an 
increase in MOI resulted in a decrease in clubhead (Fig. 4) 
and ball velocity (Fig. 5). The post hoc pairwise compari-
sons for clubhead and ball velocity revealed significant 
differences (p < 0.05) between the low and high MOI con-
ditions across all three sessions; however, the statistical sig-
nificance of the other pairwise comparisons (low v mid and 
mid v high) varied depending on the choice of test session 
(Figs. 4, 5).

4 � Discussion

The purpose of this study was, firstly, to assess the reliabil-
ity of clubhead and ball velocity with changes to golf club 
MOI over repeat testing sessions and, secondly, to report 
the overall effect of MOI on clubhead and ball velocity. The 
results of this study suggest that increasing golf club MOI 

Fig. 2   Change in clubhead velocity between MOI conditions: a mid–low; b high–mid; c high–low. Scatter points represent individual golfers 
and the bold horizontal line indicates the group mean (bias). S1, S2, S3 = session 1, session 2, session 3

Table 3   The mean difference (bias) ± 95% limits of agreement for 
clubhead velocity between the three MOI conditions and across the 
three different sessions

S1, S2, S3 = session 1, session 2, session 3

Clubhead velocity 
(m/s)

S2–S1 S3–S1 S3–S2

Mid MOI–low MOI 0.33 ± 1.76 − 0.44 ± 2.09 − 0.77 ± 2.13
High MOI–mid MOI − 0.03 ± 2.12 0.20 ± 1.58 0.23 ± 2.96
High MOI–low MOI 0.30 ± 1.59 − 0.24 ± 2.87 − 0.54 ± 3.37
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reliably decreases both clubhead and ball velocity; however, 
the magnitude of decrease in these velocities could not be 
reliably stated.

The group mean clubhead velocity differences between 
the three MOI conditions used in this study were comparable 
to those reported when changing MOI via clubhead mass 
[4]. This study extended on previous literature by showing 
that increasing MOI decreases ball velocity when the mass is 
altered via the shaft rather than the clubhead (Fig. 5). There-
fore, as the effect of MOI on ball velocity appears to be 

dependent on the location of the mass used to modify MOI, 
future work should state where mass has been added to the 
golf club. The magnitude differences between the MOI con-
ditions were less reliable for the ball velocity data in com-
parison to clubhead velocity; however, this is to be expected, 
as ball velocity will be influenced by variability in other 
measures such as impact location and clubhead orientation. 
Practically, these findings combined with those from previ-
ous research provide two different scenarios when altering 
MOI for club designers and fitters. Firstly, if a skilled golfer 
wants to increase ball velocity, it appears that a reduction in 
golf club MOI would likely achieve this, provided that the 
decreases in MOI are achieved by reducing shaft mass rather 
than clubhead mass. Secondly, if a skilled golfer prefers the 
feel of a heavier golf clubhead, adding mass to the clubhead 
would achieve this preferred feel without compromising ball 
velocity [4, 5]. The potential increase in clubhead and ball 
velocity that a skilled golfer could expect to achieve when 
reducing golf club MOI, however, remains uncertain. The 
golfers in this study were variable in terms of their change 
in velocity when modifying golf club MOI (Figs. 2, 3). It 

Fig. 3   Change in ball velocity between MOI conditions: a mid–low; b high–mid; c high–low. Scatter points represent individual golfers and the 
bold horizontal line indicates the group mean (bias). S1, S2, S3 = session 1, session 2, session 3

Table 4   The mean difference (bias) ± 95% limits of agreement for 
ball velocity between the three MOI conditions and across the three 
different sessions

S1, S2, S3 = session 1, session 2, session 3

Ball velocity (m/s) S2–S1 S3–S1 S3–S2

Mid MOI–low MOI 0.61 ± 3.12 − 1.17 ± 5.02 − 1.78 ± 3.56
High MOI–mid MOI 0.13 ± 4.45 0.93 ± 2.95 0.80 ± 5.76
High MOI–low MOI 0.74 ± 3.29 − 0.24 ± 5.89 − 0.98 ± 7.51

Table 5   The linear weighted 
kappa coefficient (κ) with 95% 
confidence intervals for both 
clubhead and ball velocity

S1, S2, S3 = session 1, session 2, session 3

Variable S2–S1 S3–S1 S3–S2

Clubhead velocity 0.659 (0.453, 0.866) 0.727 (0.534, 0.921) 0.591 (0.345, 0.837)
Ball velocity 0.455 (0.211, 0.698) 0.795 (0.618, 0.973) 0.386 (0.107, 0.665)
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therefore appears that changes in velocity are golfer specific 
as opposed to consistent for all golfers. This finding agrees 
with previous research that has identified individual rela-
tionships between MOI and the velocity of golf clubs and 
rods [9, 12]. Furthermore, although it appears that reducing 
MOI will increase the clubhead and ball velocity of skilled 
golfers, there is likely to be a golfer-specific optimum MOI, 
which could be influenced by a golfer’s technique and physi-
cal characteristics such as strength.

Previous biomechanics studies using human participants 
have recommended the use of a familiarisation session to 
obtain more reliable measurements [34–36] due to partici-
pants experiencing a learning effect during the first test ses-
sion [35, 36]. There is no clear evidence from the results 
of this study that a familiarisation session would improve 
reliability, with the results from session 2 and session 3 
demonstrating the weakest reliability across the different 
measures (Tables 3, 4, 5). The lack of need for a familiari-
sation session in this study type is plausible, as research into 
golfer adaptation to equipment has suggested it is a more 

immediate response [37] resulting in only a couple of trials 
being used for familiarisation purposes [2]. It is therefore 
suspected that the effect of any adaptation was negated in 
this study as a consequence of collecting a large sample of 
trials per condition (n = 20). Although the results from the 
first session should be sufficient when reporting the influ-
ence of MOI on velocity using a protocol similar to that used 
in this study, if a longitudinal study is of interest, then the 
test protocol will need to be carefully considered to ensure 
the most reliable outputs.

A common limitation when altering the physical prop-
erties of sports equipment is the difficulty in altering one 
property in isolation [4]. In this study, the modifications 
in MOI led to differences in swingweight and club fre-
quency between conditions. The differences in swing-
weight were inevitable, given that like MOI, swingweight 
is also a measure of golf club mass distribution. The dif-
ference between MOI and swingweight in golf is the axis 
about which the mass distribution is measured, with MOI 
being measured about the butt of the golf club, compared 

Fig. 4   Mean (± 1 SD) clubhead 
velocity for each MOI condition 
across the three sessions. Sig-
nificant post hoc pairwise com-
parisons highlighted: *p < 0.05, 
**p < 0.01, ***p < 0.001

Fig. 5   Mean (± 1 SD) ball 
velocity for each MOI condition 
across the three sessions. Sig-
nificant post hoc pairwise com-
parisons highlighted: *p < 0.05, 
**p < 0.01, ***p < 0.001
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to swingweight, which is measured 35.6 cm down from 
the butt [5]. Therefore, adding mass to the butt of the golf 
club would reduce swingweight whilst having a minimal 
effect on MOI, whereas adding mass at the swingweight 
axis would increase MOI whilst having a minimal effect on 
swingweight. Adding mass further down than the swing-
weight axis would increase both swingweight and MOI. 
The MOI intervals used in this study were chosen to pro-
vide a range representative of what is commercially avail-
able; however, the resultant swingweights of the three club 
conditions were different to what is considered standard 
for a driver (~ D0 [1, 2]). Therefore, the three MOI condi-
tions would have felt different to what the golfers were 
used to, which could have influenced the way in which 
golfers performed. The small differences in club frequency 
(0.1 Hz per MOI condition) were considered unlikely to 
have had an influence on the results, given that larger dif-
ferences (0.9 Hz) resulted in no meaningful differences to 
club delivery and ball launch parameters [2]. Furthermore, 
whilst the total mass of the golf clubs was kept relatively 
consistent between conditions (< 1% difference, Table 1), 
the greater than standard mass of the golf clubs could have 
also influenced golfer adaptation, impacting both the reli-
ability and overall influence of MOI on clubhead and ball 
velocity.

This study primarily aimed to assess the test–retest reli-
ability of a golf club property effect. The reliability of this 
effect will, in part, be dictated by the reliability of the entire 
protocol. Both skilled golfers and a large number of trials per 
condition were used in this study in an attempt to maximise 
the reliability of the protocol, with evidence suggesting that 
lower handicap golfers are more consistent in delivering the 
clubhead to the ball [38] and a large number of trials result-
ing in a more representative central tendency measure of 
the golfer’s performance. A potential risk of using a large 
number of trials was introducing systematic effects such 
as fatigue into the results. Whilst the likelihood of golfers 
inducing fatigue in this study was minimised through rest 
periods during each session, it was noted that the mean club-
head velocity for each condition progressively dropped from 
one session to the next (Fig. 4). This could have been a con-
scious response by golfers after the first test session to pre-
serve energy and ensure they can successfully complete the 
following test sessions. The changes in velocity observed in 
this study could have also been influenced by measurement 
error, due to the uncertainty of the launch monitor in meas-
uring both velocity variables, and other factors such as day-
to-day variation in the setup of the launch monitor. Future 
work should address the golfer-specific responses to changes 
in MOI from a biomechanical perspective, to improve the 
current understanding of the interaction between the golfer 
and club. Improving knowledge in this area will help pro-
gress the design and customisation of golf clubs.

5 � Conclusion

Increasing golf club MOI reliably decreased clubhead and 
ball velocity; however, the magnitude of change in velocity 
as a consequence of altering MOI could not be reliably quan-
tified. The protocol and findings of this study have important 
implications for both the research and commercial sectors. 
From a research perspective, when investigating the influ-
ence of an equipment effect on performance, the test–retest 
reliability of the effect should be reported so that both the 
consistency of the effect over time can be interpreted and 
confidence can be obtained in the results. The protocol used, 
in particular the reliability analysis, provides a methodol-
ogy to be used for future investigations. From a club manu-
facturer and fitters’ perspective, it appears that in general, 
a decrease in MOI about the butt of the handle, achieved 
through the repositioning of mass in the golf shaft, has the 
potential to improve the clubhead velocity, ball velocity and 
ultimately driving distance of skilled golfers, although it is 
expected that the size of the improvements will be golfer 
specific.
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