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Abstract
There is much debate around the role of shaft stiffness in the dynamic response of the club shaft during the golf swing. This 
study used a novel complex analysis to investigate within- and between-golfer differences in shaft strain patterns for three 
shaft stiffnesses. Twelve right-handed male golfers, with a handicap less than or equal to five, hit six shots with three driver 
clubs which differed only in shaft stiffness. Clubs were instrumented to record the shaft strain in the lead/lag and toe/heel 
directions. The analysis combined these perpendicular components into a single complex function, which enabled the differ-
ences between two swings to be characterised by a scale and a rotation component. Within-golfer strain patterns were found 
to be significantly more consistent than between-golfer, p < 0.01. Whilst some golfers displayed more similar patterns than 
others, there were no clear groups of golfers with similar patterns of shaft strain. Between the clubs, shaft strain patterns 
differed in the scale component, p < 0.01, rather than the rotation, p = 0.07.

1 Introduction

The role of shaft bending during the golf swing has been 
subject to much debate, with claims that it may facilitate 
loading and unloading of the shaft like a spring [1], and 
counterclaims that ‘centrifugal stiffening’ [2] and the damp-
ing provided by the hands [3] would prevent this from occur-
ring. Shaft bending stiffness has been the focus of scientific 
investigation [4]; however, despite universal acceptance that 
the club shaft bends during the backswing and the down-
swing with a recoil as the clubhead approaches impact with 
the ball, the role of varying shaft stiffness on golfing perfor-
mance is not yet fully understood [5].

Studies investigating the effects of shaft stiffness on per-
formance include theoretical models [6, 7] and experimental 

studies, utilising either high-speed photogrammetry [8] or, 
more commonly, the use of strain gauges attached to the 
shaft [1, 7, 9–17]. The results of the theoretical studies lack 
experimental validation whilst overall results are often con-
flicting [5]; however, it has been shown that shafts of varying 
flex have distinctly different bending profiles throughout the 
swing [8, 16, 18, 19]. Recent work has suggested that a more 
flexible shaft makes a greater contribution to clubhead speed 
than a stiffer shaft but may not result in greater clubhead 
speed due to reduced angular velocity at the grip [20].

In addition to shaft flex effects on bending properties, 
it has been noted that there can be marked differences in 
shaft deflection patterns when comparing swings of differ-
ent golfers [13]. Various shaft strain profiles, characterised 
as “single peak”, “double peak” and “ramp like”, have been 
suggested to occur during the swing [1], yet these patterns 
appear to be mainly based on qualitative observations rather 
than quantifiable results. Jorgensen [2] performed simula-
tions of golf swings that included flexible shafts and found 
that a small torque supporting the wrist ‘uncocking’ process, 
or wrist release, could explain the way that the shaft bends 
during the downswing. Both Suzuki et al. [21] and Nesbit 
[22] claim that highly skilled golfers can use joint torque 
profiles that influence shaft deflection in a way that allows an 
efficient utilisation of energy stored in the shaft. Koike et al. 
[23] measured a golfer’s torque and force inputs to the shaft 
directly using an instrumented grip. They only presented 
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preliminary results for one scratch golfer, but the trend for 
the wrist torque to drop towards a zero or negative torque 
within the last 0.05 s of the downswing can also be observed 
in their results.

Apart from a study by our group [9] that provides aggre-
gate strain profiles for a group of golfers for two shaft flexes, 
no previous studies have been identified that quantitatively 
define strain profiles for shafts of different flex including 
within- and between-golfer effects. The purpose of the pre-
sent study, therefore, was to add to the limited understanding 
of both golfer and shaft flex effects on shaft strain during the 
golf swing with a driver club using three shafts of different 
stiffness. Using a novel complex analysis, the aims of the 
study were to (1) determine within-golfer strain consistency 
levels, (2) to compare strain patterns across golfers, and (3) 
to provide a characterisation of golfers’ shaft strain patterns 
for the three shaft flexes.

2  Methods

2.1  Clubs and testing equipment

Three driver clubs were assembled with the intention of 
matching their first moment, termed swing weight; their 
overall mass; their performance metrics; and their aesthet-
ics, within reasonable ranges. Small changes in club swing 
weight are generally not perceivable by golfers and have 
little effect on playing performance [10]. The three shafts 
featured in this study were advertised as having equal mass 
but different stiffness. The shaft frequency, rigidity and bend 
point of several unassembled shafts, of the same design, 
were measured, and the shafts which matched most closely 
were chosen for the investigation. The shaft rigidity was 
measured at a cantilever length of 1 m and the shaft bend 
point measured relative to the tip end of the shaft when unas-
sembled. The only characteristic which was designed to vary 
was the shaft rigidity (often termed shaft flex). The proper-
ties are given for the shafts, and the fully assembled club 
including the strain gauges, associated wiring and markers 
(Table 1).

The clubheads used for this study were the same generic 
model and were confirmed to conform to the Rules of Golf 
[24]. To account for differences between clubheads caused 
by manufacturing tolerances, the properties of several club-
heads of the same model were measured, and those which 
matched most closely were chosen (Table 2).

Each shaft was equipped with four uniaxial foil strain 
gauges (Kyowa, Japan), forming two half-bridges. The strain 
gauges were 2 mm long, their resistance was 120 Ω and they 
were placed at the location where the highest magnitude of 
strain was expected during the swing. This location was the 
point of maximum bending curvature, as determined dur-
ing a static shaft bending test, approximately 0.5 m from 
the tip end of the shafts, regardless of their stiffness rating 
(Table 1). The strain gauges were aligned with the longitu-
dinal axis of the shafts and placed so that one pair of strain 
gauges recorded the lead/lag strain of the shaft and the other 
pair the toe-up/down strain. A cable connected to the butt 
end of the club transmitted the strain signals to two P-3500 
analogue strain amplifiers (Vishay, USA). Three reflective 
markers were fixed to the club just below the grip to track the 
movement of the club throughout the swing (Fig. 1). Strain 
was recorded synchronously with the club movement via a 
Qualisys A/D board (Qualisys AB, Sweden) at a sample rate 
of 960 Hz. Movement trajectories of the reflective markers 
were recorded using an eight camera ProReflex motion cap-
ture system (Qualisys AB, Sweden), operating at 240 Hz. 
The system was calibrated according to the manufacturer’s 
instructions prior to testing.

Table 1  Club characteristics for the three drivers used for the study. Test tolerances were ± 0.2  g, ± 0.5  Nm2, ± 1  cpm, ± 0.02 in., ± 0.1 
and ± 0.2 g, respectively

Label Shaft flex Shaft mass (g) Shaft rigidity 
 (Nm2)

Shaft frequency 
(cpm)

Shaft length (m/in.) Swing weight Total mass (g)

‘l’ Ladies 56.8 38 217 1.14/45.0 C9.7 306.8
‘r’ Regular 57.2 48 244 1.14/45.0 C9.6 305.6
‘x’ Extra stiff 57.7 58 271 1.14/45.0 D0.0 307.7

Table 2  Clubhead characteristics for the three drivers used for the 
study. Testing tolerances were ± 0.2  g, ± 0.8°, ± 0.8° and ± 50  g  cm2, 
respectively

Clubhead Mass (g) Loft (°) Lie (°) MOIz (g cm2)

‘l’ 197.0 10.8 59.5 3675
‘r’ 197.4 10.9 59.0 3687
‘x’ 198.4 11.5 58.8 3719
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2.2  Golfer testing

Twelve right-handed, male golfers, with a handicap less 
than or equal to five, participated in this study (handicap: 
2 ± 1.8; age: 34 ± 10 years; height: 1.8 ± 0.1 m: body mass: 
81 ± 10 kg; all values are mean ± standard deviation). Pro-
fessional golfers were assumed to have a handicap of zero. 
The study was approved by the ethical review board at 
Edinburgh Napier University, and informed consent was 
obtained from each golfer prior to testing. After perform-
ing their own warm-up routine, golfers performed a set of 
six swings with each of the three test clubs in a randomised 
order, determined using the Latin square method [25]. After 
the three sets, the golfers performed a final set of six swings 
with the first club used in the main analysis to assess the 
potential impact of order and fatigue. During each set, each 
golfer performed a self-selected number of familiarisation 
swings prior to data recording and repeated the swing if data 
were not recorded for any reason. The maximum number of 
swings performed in a set to achieve six valid measurements 
was nine. Golfers were not made aware of the variable being 
considered in the study during the test.

2.3  Data processing

For each swing, the takeaway event was defined as the 
moment at which the velocity of the lower shaft marker 
exceeded 0.2 m s−1 and the impact event defined as the 
sample when the strain rate of lead/lag strain exceeded 
− 3000 s−1. The strain time series for this period of inter-
est were extracted and the time series aligned at impact. 
To create time series of equal lengths, the time series were 
trimmed to the length of the shortest signal from takeaway to 
impact. The maximum amount of signal trimmed at the start 
of the time series was 0.3348 s (331 frames) which equated 
to 26% of the total time for that swing. This method was pre-
ferred over time normalisation methods, such as resampling 
to 1000 points, because it did not distort the derivatives of 
the signal, but this choice did not significantly impact the 
results of the study. Alternative periods of interest, such as 
from the top of the back swing, defined as the point at which 
the clubhead is stationary, or the zero crossing of toe/heel 

strain component, which generally occurs just prior to the 
top of the back swing, were also considered and did not 
significantly impact the results.

2.4  Complex analysis

The analysis considered the comparison of strain data 
between two swings, before extending this analysis to a 
range of swings. For the jth swing, the toe/heel and lead lag 
strain were combined into a complex function, such that:

The use of complex analysis is not necessary, but it ena-
bled both components of strain to be considered jointly using 
simple analytics. Equivalent analysis could be performed in 
a Cartesian or polar system, but the use of complex analysis 
facilitated a procedure based on simple arithmetic functions, 
conveniently simplifying the analysis. To compare the jth 
swing and the kth swing, the latter was expressed as a linear 
multiple of the former plus an offset:

where Aj,k,Bj,k ∈ ℂ . The constant Aj,k can be expressed as 
Âj,ke

i𝜃j,k , where Âj,k ∈ ℝ
+ and �j,k ∈ [0, 2�) . These quantities 

are a scaling of the strain between swings and a rotation of 
the strain, respectively. The shift, Bj,k , facilitated the fitting 
process and in practice it was found that |||Bj,k

||| = o
(
Âj,k

)
 . Fur-

thermore, the correlation between ||S(j)|| and ||S(k)|| was calcu-
lated; Cj,k = corr(||S(j)||, ||S(k)||) . Thus, there were three quanti-
ties which could be used to compare two swings: Aj,k , the 
scaling, �j,k , the rotation, and Cj,k , the correlation. For practi-
cal purposes, the scaling is effectively the difference in mag-
nitude between the two swings and the rotation is effectively 
the amount of lead/lag strain compared to the amount of 
toe-up/down strain. The correlation indicated the similarity 
of the two swings.

Comparisons between participants or conditions were 
performed by calculating all possible pairwise comparisons 
between the relevant sets; the scaling, rotation and correla-
tion, characterised by the mean, � , and standard deviation, 

S(j)(t) = S
(j)

toe
(t) + iS

(j)

lead
(t)

S(k) = Aj,kS
(j) + Bj,k

Fig. 1  Schematic of instrumented and assembled golf club
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� , of these matrices of comparisons. To indicate the com-
parisons being considered, the following general notation 
was used: (Mi,j

s )x,y , with M being the metric being considered 
(the scaling, rotation or correlation), s being the summary 
statistic used (either the mean or standard deviation), i and 
j indicating the players compared (either specifically or gen-
erally), and x and y the shafts being compared (either specifi-
cally or generally). For example, 

(
Â1,2
𝜇

)

l,r
 denoted the mean 

of the 36 pairwise comparisons of scaling between shots 
from Golfer 1 using the l-flex shaft and Golfer 2 using the 
r-flex shaft.

2.5  Data analysis

The first aim of the investigation was to determine the 
within-golfer strain consistency, which was achieved by cal-
culating 

(
Ck,k
�

)

z,z
 and 

(
Ck,k
�

)
z,z

 for each participant; the mean 

(µ) and standard deviation (σ) of the correlations for each 
participant (k, k) with the same shaft (z, z). The second aim 
of the investigation was to examine the between-golfer strain 
consistency, which was achieved by comparing 

(
Ck,k
�

)

z,z
 and 

(
C
k,j
�

)

z,z
 , with k ≠ j; the mean correlations for each partici-

pant with the same shaft compared to the mean correlations 
between the participants with the same shaft. The statistical 
significance of this difference was assessed using a Student’s 
t test. Finally, a characterisation of golfers shaft strain pat-
terns with the different shafts was achieved by comparing (
Âk,k
𝜇

)

z,y
 and 

(
�k,k
�

)

z,y
 for each shaft combination (‘l’–‘x’, 

‘r’–‘x’, ‘l’–‘r’) to 
(
Âk,k
𝜇

)

z,z
 and 

(
�k,k
�

)

z,z
 ; the average shift and 

rotation for multiple swings with the same shaft. The statisti-
cal significance of differences was assessed using a one-way 
repeated measures ANOVA, with post hoc Bonferroni 
adjusted t test. All data analysis and hypothesis testing were 
performed in MATLAB 2018a (Mathworks, USA). The sig-
nificance level was set at p = 0.05 for all statistical tests.

3  Results

3.1  Within‑golfer shaft strain

In repeated shots with the same shaft, all golfers displayed 
generally similar and consistent strain patterns (Fig. 2); (
Ck,k
�

)

z,z
 = 0.983 ± 0.012, and 

(
Ck,k
�

)
z,z

 = 0.013 ± 0.009. This 

was the case for all three shafts studied; 
(
Ck,k
�

)

l,l
 =  0.984  

± 0.012, 
(
Ck,k
�

)
l,l

  = 0.01 2 ± 0.011, 
(
Ck,k
�

)

r,r
  = 0. 981 ± 0.012,  

(
Ck,k
�

)
r,r

 =   0.015 ± 0.009,  
(
Ck,k
�

)

x,x
  =  0.984 ± 0.011, a nd 

(
Ck,k
�

)
x,x

  = 0.01 3 ±  0. 009. Correlations between shots in the 

first and last set s,  whi ch were completed with the same club, 
were similar to comparisons between shots in the same set; (
Ck,k
�

)

z1,z2
 = 0.970 ± 0.026, t(58) = 1.24, p = 0.22.

3.2  Between‑golfer shaft strain

Shaft strain patterns were significantly less consistent 
between golfers than within golfers; t(430) = − 12.52, 
p < 0.01, 

(
Ck,k
�

)

z,z
 = 0.983 ± 0.012, 

(
C
k,j
�

)

z,z
 = 0.489 ± 0.237. 

The variability of the correlations was also significantly 
higher when comparing between golfers compared to within 
golfers; t(430) = 11.83, p < 0.01, 

(
Ck,k
�

)
z,z

 = 0.013 ± 0.009, (
C
k,j
�

)

z,z
 = 0.059 ± 0.023. However, whilst all golfers dis-

played higher correlations with their own shaft loading pat-
terns, there were participants who showed a degree of simi-
larity with each other. For example, Golfer 1 and Golfer 10 
showed generally high correlation, 

(
C1,10
�

)

z,z
 = 0.858 ± 0.042, 

whilst Golfer 4 and Golfer 10 showed much lower correla-
tion, 

(
C4,10
�

)

z,z
 = 0.142 ± 0.010. The corresponding shaft 

Fig. 2  Lead and toe strain for the three different shafts for Golfer 
1. All six swings with each club are displayed. The consistency of 
within-club patterns of strain displayed by this golfer are typical of 
those displayed by the cohort
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loading patterns are shown in Fig.  3. The maximum 
between-golfer correlation was 0.898 ± 0.006, between par-
ticipants 6 and 11, which was lower than the average within-
golfer correlation. The similarity of golfers was visualised 
using a figure in which golfers were positioned based on 
their average correlation, with golfers who displayed similar 
patterns located near to one another. Whilst there were simi-
larities between certain participants, the correlations did not 
separate the participants into obvious groups (Fig. 4).

3.3  Shaft strain patterns

Comparing swings with two different shafts, there was gen-
erally a good fit when comparing swings from a single indi-
vidual, shown by high correlations between the compared 
swings; 

(
Ck,k
�

)

z,y
 > 0.964. Differences in strain patterns were 

characterised by a rotation and a change in scaling factor, a 
reduction in scale and a positive rotation when comparing a 
less stiff shaft to a stiffer shaft and an opposite increase in 
scale and negative rotation when comparing a stiffer shaft to 
a less stiff shaft (Table 3). The scale factor, 

(
Âk,k
𝜇

)

z,y
 was 

significantly different between comparisons with different 
shaft stiffness and comparisons with the same shaft stiffness; 
F(5,50) = 967.70, p < 0.01. Post hoc tests indicated that all 
comparisons were statistically significant; p < 0.01. Whilst 
there was a trend toward a positive rotation when comparing 
shafts with increasing stiffness, the standard deviation of 
these differences was much higher than the differences them-
selves and the differences were not statistically significant; 
F(5,50) = 2.19, p = 0.07. Thus, the primary difference in 
shaft strain profile between different shaft stiffnesses was in 
magnitude; shafts with greater flexibility were associated 
with a higher magnitude of strain during the golf swing 
(Fig. 5).

4  Discussion

Optimising shaft stiffness on an individual basis may facili-
tate increased performance [1], but whilst it has been previ-
ously shown that shafts of varying stiffness respond differ-
ently through the swing [16, 18, 19], the general consensus 
is that shaft stiffness does not have a systematic effect on 
clubhead speed [5, 9, 20]. The main finding of this investi-
gation was that differences in shaft strain during the swing 
were primarily in the magnitude of the strain. The overall 
‘pattern’ of the strain profile and the ratio of the lead/lag 
and toe-up/down strain were generally consistent between 

Fig. 3  Lead and toe strain using the r-flex driver for Golfers 1, 4 and 
10; all six swings by each golfer are displayed. Lead and toe-up strain 
are indicated by a positive strain, while lag and toe-down strain are 
indicated by a negative strain

Fig. 4  Similarity of strain patterns between golfers visualised in a 
two-dimensional space where highly correlated golfers are placed in a 
similar region. The distance between golfers is approximately 
1 −

(
C
k,j
�

)

z,z
 and greater distance between golfers indicates lower sim-

ilarity. Concentric circles are equally spaced to make it easier to judge 
the distance between golfers. Full details of the method used to con-
struct this figure are included in the "Appendix"
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clubs for individual golfers. This insight was achieved using 
a novel complex analysis which considered the lead/lag and 
toe-up/down components of shaft strain jointly. Whilst sepa-
rating the two components of strain makes intuitive sense, 
due to each component’s different effect on clubhead pres-
entation at impact, understanding the overall shaft bending 
dynamics is important.

The maintenance of the shaft strain profile during the 
swing, found in this investigation, is compatible with results 
presented by MacKenzie and Boucher [20] which provide 
an explanation as to the lack of a systematic effect of shaft 
stiffness on clubhead speed. Whilst the speed of shaft recoil 
was greater with a more compliant shaft, a result previously 
reported in the literature [6], this was offset by a decrease in 
angular velocity at the grip end of the club. That differences 

were predominantly in the magnitude of the strain, with 
the strain profile otherwise remaining relatively consist-
ent, supports the suggestion that optimum shaft stiffness 
may be individually specific [20]. Apart from a change in 
magnitude, the shaft strain profiles for individual golfers 
were also highly similar with different stiffness shafts, indi-
cated by high average correlations between the conditions. 
However, it is important to consider that the kinematics of 
the swing may be different between the clubs. That is, the 
golfers’ movement patterns may have been altered with the 
different stiffness shafts, either due to the golfers adapting 
their swing or due to differences in reaction forces applied 
by the shaft. Differences in kinematics might explain the 
reported decrease in angular velocity at the grip end of the 
club [20] and the discrepancies with results from computer 
simulation studies [6]. Whilst golfers are typically blinded 
to the shaft stiffness in human studies, like in this investi-
gation, it is probable that golfers adjust their movements 
based on the subjective feel of the club. The characteristics 
of these adjustments are unclear, as this was not the topic of 
this investigation, but future research could consider these 
potential differences.

The within-golfer consistency of shaft strain profile was 
greater than between golfers, consistent with research into 
movement variability [26]. Indeed, a golfer’s shaft strain 
profile showed greater average similarity to their own swings 
with a different flex shaft, a minimum correlation of 0.964, 
than to any other golfer with the same flex shaft, a maxi-
mum correlation of 0.898. This suggests that the golfers had 
swings which were reasonably robust to changes in shaft 
stiffness and other variables, such as the first moment of 
inertia, swing weight, or the golfers’ subjective feel of the 
club, might be more important considerations in club fitting. 
However, the effect of changes in shaft stiffness on outcome 
measures was not considered in this investigation and only 
golfers in a narrow range of skill were studied.

Butler and Winfield [1] proposed three categories of 
strain profiles during the swing: single peak, double peak 
and ramp like. Inspection of individual shaft strain profiles 
(Fig. 3, for example) showed that characteristics of these 
patterns were evident in the golfers studied, although classi-
fication was sometimes difficult as certain golfers displayed 
features from multiple categories. Furthermore, whilst the 
number of golfers studied in this investigation is a limita-
tion, it is worth noting that the correlations between swings 

Table 3  Average scaling and 
rotation factors comparing 
swings with different flex shafts

Comparison
(
Âk,k
𝜇

)

z,y

(
Âk,k
𝜎

)
z,y

(
�k,k
�

)

z,y

(
�k,k
�

)
z,y

‘l’–‘x’ 0.601 ± 0.011 0.015 ± 0.006 0.717 ± 1.347 1.870 ± 0.503
‘l’–‘r’ 0.743 ± 0.015 0.020 ± 0.007 0.547 ± 1.460 1.780 ± 0.349
‘r’–‘x’ 0.806 ± 0.016 0.022 ± 0.007 0.186 ± 1.872 1.880 ± 0.580

Fig. 5  Average strain patterns for all participants with the three dif-
ferent shafts (mean ± standard deviation)
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suggested that the golfers did not fit into three discrete 
groups. There were no distinct groupings of golfers based 
on shaft strain correlations, rather golfers’ shaft strain pro-
files were somewhat individual. Larger samples would be 
required to fully investigate the scientific merit of categori-
sation in this manner, but the results highlight the individu-
ality of golfers and the need to consider this when working 
with individual golfers.

5  Conclusion

This investigation used a novel method of analysis which 
facilitated the joint consideration of both the lead/lag and 
toe-up/down components of shaft strain during the golf 
swing. The use of complex analysis simplified this analysis 
and allowed differences between two shaft strain profiles to 
be characterised by two values, the scale and the rotation. 
Similarly, the consistency of two shaft strain profiles could 
be characterised by their correlation. Three different stiffness 
shafts were considered, but compared to the effect of chang-
ing golfer, the effect of a change in shaft stiffness was small 
and primarily manifested in a difference in the magnitude 
of shaft strain during the swing, rather than a rotation of the 
shaft strain or a change in the shaft strain profile. This infor-
mation may be useful for the provision of custom-fit clubs 
to golfers. The approach used in this investigation, utilis-
ing complex analysis, may also be applied to other sporting 
examples where the variable of interest is a two-dimensional 
signal varying over time.
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Appendix: method used to construct Fig. 4

Figure 4 plotted the similarity of golfer’s average strain pat-
terns on a map which located highly similar golfers in simi-
lar regions of the plot. The distance between golfers then 
indicated the average similarity of the golfer’s shaft strain 
patterns. The diagram was constructed to provide an intui-
tive understanding of how similar shaft strain patterns were 
and used the following method:

• The correlation, Cj,k = corr(|S(j)|, |S(k)|), was a measure 
of the similarity between two shaft strain signals.

• As the correlation was calculated between all swings, a 
matrix which compares the average similarity between 
each pair of golfers, 

(
C
k,j
�

)

z,z
 , could be constructed. This 

matrix ranged from zero, not similar at all, to one, com-
pletely similar.

• Because of intra-individual variability in strain pattern, (
Ck,k
�

)

z,z
 , the correlation between two swings by the same 

golfer, was not perfect and the diagonal of this matrix 
was not equal to one. However, for the purpose of this 
diagram, the diagonal was set equal to one as a simplifi-
cation.

• By subtracting one and multiplying by minus one this 
matrix was converted so that it ranged from zero, com-
pletely similar, to one, not similar at all. This matrix was 
then considered to describe the ‘distance’ between the 
golfers, with golfers with a similar shaft strain patterns 
being ‘closer’ to each other than golfers with highly dif-
ferent shaft strain patterns.

• Two-dimensional coordinates were resolved from this 
matrix using multidimensional scaling (stress = 0.029) 
[27].

• These coordinates were then mapped onto a two-dimen-
sional space, where golfers with a high average correla-
tion are located near to one another and golfers with a 
low average correlation are far apart (Fig. 4).
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