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Abstract 

A greater number of golfers are devoting time engaging in strength and conditioning due to the 

associated competitive advantages through increased clubhead velocity. Strength and 

conditioning coaches are able to support golfers through physical profiling in order to highlight 

areas of improvement. Based on the results from physical profiling, strength and conditioning 

coaches can implement interventions targeted at increasing clubhead velocity. However, there 

is currently a paucity of research that has sought to assess the relationship between clubhead 

velocity and kinetic mechanisms in commonly used strength and conditioning tests such as 

vertical jumps and isometric mid-thigh pulls. This thesis had two aims which were to 1) 

investigate the relationships between clubhead velocity and kinetic mechanisms in vertically 

oriented tasks and 2) identify optimal training modalities that enhance clubhead velocity along 

with the kinetic mechanisms associated with these changes.  

The findings within Chapter three highlighted that the TrackMan and Bel SwingMate had high 

inter-session reliability when measuring clubhead velocity in an applied range setting. The 

smallest detectable change indicated that practitioners can be 95% confident an increase in 

clubhead velocity of 0.76 m.s-1 (TrackMan) and 1.42 m.s-1 (Bel SwingMate) represents a ‘real’ 

change. The TrackMan had the highest reliability and the smallest detectable change; therefore, 

this launch monitor was utilised to assess clubhead velocity within this thesis.  

It was observed in Chapter four that positive impulse during a countermovement jump, squat 

jump and drop jump, along with peak force during an isometric mid-thigh pull significantly 

related to highly skilled golfers’ (n = 27) clubhead velocity. Furthermore, results highlighted 

that activities less constrained by time held the strongest relationships. These findings were 

further supported by Chapter five when assessing elite golfers. Specifically, European 

Challenge Tour golfers’ (n = 31) countermovement jump positive impulse significantly 

predicted 37.9% of the variance in clubhead velocity. Further analysis highlighted that if a 
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European Challenge Tour golfer were to increase their countermovement jump positive 

impulse by 46.85 N.s, this should elicit an increase in clubhead velocity of 1.69 m.s-1. 

The golf swing is considered to be an asymmetrical action due to the vertical ground reaction 

forces and the nature of the swing. Chapter six therefore assessed the relationships between 

highly skilled golfers’ clubhead velocity and inter-limb asymmetries during bilateral 

countermovement jumps, squat jumps, drop jumps and isometric mid-thigh pulls. Inter-limb 

difference for the entire cohort (n = 50) and golfers with ‘real’ asymmetries had no significant 

relationship with clubhead velocity. There was also limited agreement between limbs for 

different tests. For instance, if an asymmetry favoured the trail leg for a countermovement 

jump, this limb was unlikely to present the same dominance within other tests. Therefore, it is 

the magnitude rather than the inter-limb differences that relate to clubhead velocity in highly 

skilled golfers.  

Chapter seven assessed the effects two different 8-week interventions (back squat vs. vertical 

jump) had on vertical ground reaction force variables and clubhead velocity when compared to 

a control group. Findings indicated that both the back squat group (n = 9) and vertical jump 

group (n = 9) significantly increased clubhead velocity, with no observed change in the control 

group (n = 8). Isometric mid-thigh pull peak force significantly increased in the back squat and 

jump groups and was the mechanism associated with these changes in clubhead velocity. For 

golfers who are seeking to increase their clubhead velocity, resistance training should form an 

integral part of their annual programme.  
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1.1. Introduction 

Success within the sport of golf is measured on the ability to hit the golf ball into a hole in as 

few strokes as possible. The overarching ‘performance measure’ within golf is measured by a 

player’s handicap, with a lower handicap representative of a higher skilled golfer. At the 

amateur level, the handicap system makes the sport unique in that golfers of varying ability can 

compete against one another without skill determining the outcome. There are specific 

groupings for handicaps which divides golfers into categories based on the Council of National 

Golf Unions: category-1 (plus to 5.4 strokes), category-2 (5.5 to 12.4 strokes), category-3 (12.5 

to 20.4 strokes), category-4 (20.5 to 28.4 strokes), category-5 (28.5 to 36.4 strokes) and 

category-6 (36.5 to 54 strokes) (CONGU, 2019). Whilst this provides an overarching 

performance measure within golf, a number of factors combine to determine a player’s 

handicap, such as driving, approach play and putting. Consequently, the strengths and 

weaknesses of a golfer’s game are easily masked when solely focussing on handicap.  

The golf swing, and in particular the drive, is suggested to have come under more scrutiny than 

any other sports technique (Glazier and Lamb, 2017). The characteristics of a good drive are 

to maximise distance whilst maintaining a level of accuracy that doesn’t negatively impact the 

following shot. Golfers who are able to drive a ball over greater distances gain a competitive 

advantage, as this enables a shorter and more controlled approach shot onto the green. This can 

facilitate lower scores during competitive rounds, thus reducing a golfer’s handicap. 

Supporting evidence highlights significant negative correlations between drive distance (DD) 

and playing handicap (males: R2 = -0.338, p<0.001; females: R2 = -0.667, p<0.001, Betzler et 

al., 2012). Further still, Hellström, Nilsson and Isberg (2014) evidenced a significant negative 

correlation between hitting distance and scores obtained on par-4 (r = -0.451, p<0.001) and 

par-5 (r = -0.537, p<0.001) holes. As such, DD is an important characteristic linked to success 

within the sport of golf. 
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A concept referred to as ‘strokes gained’ was developed through the analysis of Professional 

Golfers’ Association (PGA) tour players’ performance during tournament rounds (Broadie, 

2014). This revolutionary approach analysed over 10 million strokes hit by PGA Tour golfers 

between 2004 and 2012. It was therefore possible to investigate strengths and weaknesses of 

individual golfers and where true advantages may lie. Analysis demonstrated that for the top 

40 players on the PGA Tour, driving contributed to 28% of strokes gained, whereas putting 

only contributed 15% (Broadie, 2014). The data also showed that a PGA Tour golfer who can 

drive a ball 20 yards further, is likely to gain 0.75 strokes per round (three strokes over a four-

day tournament). Additionally, the distance a golfer hits the ball was evidenced to be more 

important than accuracy. This information is of great value to coaches and players alike, as it 

helps to better inform the technical and physical preparation of golfers for a tournament season. 

From a financial perspective, the ability to obtain lower scores is of considerable importance 

to PGA Tour golfers. For instance, during the 2018 season Rory McIlroy finished 5th with a 

scoring average of 69.30 strokes, winning $4,410,296. In comparison, Hideki Matsuyama 

finished 23rd, with a scoring average of 70.02 strokes (only 0.72 strokes more than McIlroy), 

winning $2,687,477. Further still, Matsuyama played 21 events whereas McIlroy played in 18, 

meaning that there were three other opportunities where Matsuyama could bridge this financial 

gap. The value of 0.72 strokes is therefore worth $1,722,819 to these players. Although this 

example is from players at the elite end of the performance continuum, there is a clear benefit 

to increasing DD. Indeed, Broadie (2014) emphasised that the lower a golfer’s skill level, the 

advantage of gaining an extra 20 yards exponentially increases. Specifically, three golfers, 

playing off handicaps of 8, 18 and 28 would gain 1.3, 1.6 and 2.3 strokes per round respectively. 

These findings have led to an increased demand to understand the mechanisms associated with 

enhancing DD. However, further research is required to assess which mechanisms contribute 

to these changes in golf performance. 
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Whilst DD is an important outcome measure in golf, a number of extraneous variables such as 

environmental conditions (wind conditions and temperature) and centredness of strike affect 

the reliability of the data (Hume, Keogh and Reid, 2005). As such, clubhead velocity (CHV) 

at the moment of impact is often employed as a dependent variable, as this is exposed to less 

extraneous variables. Clubhead velocity is also the single most important determinant of DD 

(Betzler et al., 2014). Clubhead velocity can be measured using automatic motion analysis 

systems and high-speed video cameras, however, a growing body of research has utilised golf 

launch monitors due to their real time feedback. Evidence has supported the use of launch 

monitors as measures of CHV (Smith, 2013; Leach et al., 2017), however, there is currently 

no data regarding the inter-session reliability attained within an applied coaching setting.  

There are a number of ways to increase CHV, including technical alterations and utilising 

appropriate equipment (Cochran and Stobbs, 1999). More recently, however, golfers are 

devoting more time engaging in Strength and Conditioning (S&C) and biomechanical analysis 

in order to enhance CHV. The downswing is suggested to be initiated from the ground-up, with 

energy transferred through the kinetic chain to the clubhead (Nesbit and Serrano, 2005). 

Therefore, the interface between the ground and the golfer is an important interaction during 

the swing. Although ground reaction forces (GRFs) occur in different vectors during the swing, 

the largest magnitude of force production is in the vertical direction (Lynn and Wu, 2017). As 

such, bilateral tests targeting vertical force generating capacity between the ground and the 

golfer would appear plausible methods of physical assessment. Researchers have observed 

significant relationships between CHV and bilateral field-based procedures such as a 1-

repetition maximum (1-RM) back squat (Hellström, 2008) and vertical jumps (Read et al., 

2013; Lewis et al., 2016). These investigations have provided valuable insights regarding the 

relationships between both physical and golf performance, however, the field-based protocols 

utilised have led to a paucity of evidence assessing the relationships between CHV and kinetic 
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measures. Investigating the relationships between CHV and kinetic measures during bilateral 

tasks will provide valuable insights into the mechanisms associated with DD.  

Although the golf swing is a bilateral task, the application of force to the ground varies during 

phases of the swing. Chu, Sell and Lephart (2010) presented data indicating that at the top of 

the backswing (the point where the club is stationary at the top of the swing), vertical ground 

reaction force (vGRF) variables were greater in the trail foot (64.5 ± 14.3% body weight [BW]) 

than the lead foot (29.0 ± 12.1% BW). During the downswing (at the point where the club is 

horizontal to the floor), these vGRFs were larger in the lead foot (93.9 ± 28.5% BW) than the 

trail foot (46.4 ± 17.3 % BW). The application of force to the ground is greater in the trail foot 

in the backswing, however, these magnitudes are larger in the lead foot during the downswing, 

highlighting the asymmetrical nature of golf. In addition, highly skilled golfers have been 

observed to hit over 300 balls in a practice session (Thériault and Lachance, 1998) and on 

average conduct 3.74 sessions per week during the golf season (Wells and Langdown, 2020). 

Given the vast exposure to the repetitive nature of the golf swing, this could predispose golfers 

to developing GRF asymmetries.  

Both empirical and anecdotal evidence has emphasised the negative association between 

kinetic asymmetries and reduced change of direction performance (Maloney et al., 2016). 

Whilst asymmetries have been observed to have a negative impact on sports performance, 

research has also found that athletes with greater inter-limb differences have faster sprint times 

(Bini and Hume, 2015). Within the sport of golf, researchers have stated that one of the reasons 

asymmetries may be prevalent in elite level golfers is due to them being ‘self-selected’ 

(Dickenson et al., 2016). Asymmetries have also been suggested to be facilitative due to the 

functional adaptations based on the demands of the task (Maloney, 2019). It may be that golfers 

who have greater inter-limb differences are able to generate greater CHV. To date, there is no 

research that has sought to investigate the relationship vGRF asymmetries have with golf 
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performance. The overarching question remains as to whether golfers are asymmetrical and if 

any potential asymmetries positively or negatively impact performance.  

Correlational research has observed strong relationships between CHV and both jump and 

strength tests, however, these investigations are limited in establishing causality and are 

exposed to third variable problems. However, longitudinal research has evidenced significant 

improvements in CHV following the application of S&C (Fletcher and Hartwell, 2004; Doan 

et al., 2006; Oranchuk et al., 2018). These interventions have typically used vertically oriented 

training modalities such as heavy resistance training (such as squat variations and deadlifts) 

and jumping (such as countermovement and squat jumps), thus emphasising vGRF which can 

exceed 800 N during an unloaded countermovement jump (Mundy et al., 2017) and 2000 N in 

a back squat (Kellis, Arambatzi and Papadopoulos, 2005). In comparison, golfers have been 

observed to generate between 500 N (highly skilled golfers) (Han et al., 2019) and 2100 N 

(PGA Tour players) (Lynn and Wu, 2017) of force during the downswing when using a driver. 

Although research has advocated the incorporation of S&C into a golfer’s annual programme, 

there is currently no evidence that has sought to determine the effect different training 

modalities have on CHV and the kinetic mechanisms associated with these changes. 

Establishing training modalities that enhance CHV and kinetic mechanisms contributing to 

changes in performance will better advise S&C practitioners in the physical preparation of 

golfers. 

 

1.2. Aims and Objectives 

Aims 

The aims of this thesis were to 1) investigate the relationships between CHV and kinetic 

mechanisms in vertically oriented tasks and 2) identify optimal training modalities that enhance 

CHV along with the kinetic mechanisms associated with these changes.  
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Objectives 

The following objectives address the first aim: 

1) The objective of chapter three was to assess the inter-session reliability of the TrackMan 

3e and the Bel SwingMate when capturing golfers’ CHV in a golf range setting. 

2) The objective of chapter four was to investigate relationships between highly skilled 

golfers’ CHV and vGRF variables measured during a countermovement jump, squat 

jump, drop jump and isometric mid-thigh pull.  

3) The objective of chapter five was to assess if the variance in European Challenge Tour 

golfers’ CHV could be explained by vGRF variables during a countermovement jump 

and isometric mid-thigh pull.  

4) The objectives of chapter six were a) to provide a force production asymmetry profile 

for highly skilled golfers using a countermovement jump, squat jump, drop jump and 

isometric mid-thigh pull and, b) assess the relationships between vGRF asymmetry and 

CHV.  

 

The following objective addressed the second aim: 

5) The objective of chapter seven was to assess the changes in CHV and vGRF variables 

during a countermovement jump, squat jump, drop jump and isometric mid-thigh pull. 

These were assessed by investigating the effects of two different 8-week interventions 

when compared to a control group. 
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2.1. Clubhead Velocity, Ball Velocity and Distance 

Clubhead velocity at the moment of impact is the single most important variable in determining 

ball velocity (BV) carry distance (CD) and DD (Sweeney et al., 2013; Betzler et al., 2014). 

Stepwise linear regression analysis has indicated that CHV alone accounted for 75% (adjusted 

R2, p<0.001) of the variance in BV (Sweeney et al., 2013). Assessment of the relationships 

between impact parameters and ball flight kinematics within 285 golfers (handicap: males = 

9.1 ± 6.4 strokes, females = 15.3 ± 9.9 strokes) highlighted that the greatest determinant of BV 

was CHV (β = 0.915) (Betzler et al., 2014). An increase in CHV of 0.45 m.s-1 has been 

suggested to yield between 1.67 m (1.83 yards) (Betzler et al., 2014) to 2.56 m (2.80 yards) in 

DD (Dewhurst, 2015). The influence of CHV has also been observed on playing handicaps. 

For instance, Fradkin, Sherman and Finch (2004) assessed the relationship between CHV and 

handicap within 45 male golfers varying in ability (handicap range from 2 to 28 strokes) using 

a linear regression. The authors observed a significant relationship between CHV and handicap 

(r = 0.950, p<0.001) indicating that as CHV increased there was a commensurate decrease in 

handicap. Additionally, Betzler et al. (2012) reported a significant reduction in CHV (p<0.001) 

between category-1 (45.23 ± 4.08 m.s-1), category-2 (41.80 ± 4.74 m.s-1), category-3 (38.03 ± 

4.94 m.s-1) and category-4 (32.88 ± 6.84 m.s-1) golfers. 

Given that CHV at the moment of impact is a major determinant of BV and DD, this is often 

employed as a dependent variable representative of golf performance (Hellström, 2008; Read 

et al., 2013). Additionally, investigations have also employed BV (Myers et al., 2008), CD 

(Wells, Elmi and Thomas, 2009) and DD (Fletcher and Hartwell, 2004) within their research 

designs. Whilst these variables present greater levels of external validity, there are a number of 

extraneous variables leading to error within the data (see Figure 1). For instance, the 

combination of CHV and centredness of strike (COS) accounted for 82% (adjusted R2, 

p<0.001) of the variance in BV. In addition, Betzler et al. (2014), presented a negative 
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relationship between DD and COS (β = -0.266) (the greater the distance away from the centre 

of the face, the lower the DD). This presents issues when researching within golf, as changes 

in BV, CD and DD may be due to changes in impact location as opposed to CHV. A point of 

contention is that these issues are likely exacerbated among higher handicap players, given 

research that has reported that strike location moves further away from the centre of the face 

(0 mm = centred) between category-1 golfers (7.86 ± 5.54 mm), category-2 (8.67 ± 4.58 mm), 

category-3 (10.34 ± 5.35 mm) and category-4 (11.21 ± 7.67 mm) golfers (Betzler et al., 2012).  

Another important consideration is that BV and DD are also affected by environmental 

conditions such as wind, temperature and ground conditions (Hay, 1993). Using a temperature-

controlled environment, Carlsson et al. (2019) investigated the effects of different ball 

temperatures (4˚C, 18˚C, 32˚C, 46˚C) on BV and CD. Findings highlighted that BV and CD 

were significantly greater (p<0.05) for golf balls with a temperature of 18˚C (BV = 66.2 ± 0.7 

m.s-1, CD = 219.5 ± 5.0 m) and 32˚C (BV = 66.1 ± 0.7 m.s-1, CD = 219.3 ± 4.5 m) than the 4˚C 

(BV = 65.5 ± 0.7 m.s-1, CD = 215.6 ± 4.3 m) and 46˚C (BV = 65.5 ± 0.7 m.s-1, CD = 216.4 ± 

4.1 m) balls, with no significant changes in CHV. The temperature of golf balls at a driving 

range may affect BV and distance variables, given that these are ordinarily stored and dispensed 

outdoors. As CHV is not subjected to the issues surrounding COS and environmental 

conditions (see Figure 1 for hierarchical model of DD), it offers a valid and reliable metric to 

assess golfers’ performance. Indeed, when attempting to research within the sport of golf, there 

are a number of important considerations an investigator needs to make. For the purpose of this 

thesis, the boxes highlighted in grey within the hierarchical model (Figure 1) will be the key 

area of focus. This decision was based on what would be considered a primary focus for S&C 

practitioners when coaching golfers. 



11 

 

 

Figure 1: A hierarchical model indicating factors contributing to golfers’ CHV, BV and DD. Information supporting this model is adapted from 

Hay (1993), Hume, Keogh and Reid (2005), Sweeney et al. (2013), Betzler et al. (2014), MacKenzie, Ryan and Rice (2015) and MacKenzie and 

Boucher (2017). RFD = Rate of force development, PF = Peak force, SSC = Stretch-shortening cycle 

     

   = Focus of this thesis 
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2.2. Ground Reaction Forces and CHV 

Newton’s Law of Inertia states that in order to change the motion of an object, an external force 

needs to be applied. One method of changing motion is to apply a contact force to an external 

object. For the golfer, this external object is represented by the ground. External forces act in 

order to alter the motion and therefore the momentum (mass x velocity) of the golfer, which is 

inherently important in generating CHV (Han et al., 2019). As such, the interface between the 

ground and the golfer and the application of force is an important interaction during the swing. 

It is widely accepted that the downswing is initiated from the ground-up (Nesbit and Serrano, 

(2005), with GRFs essential for controlling shot distance (McNitt-Gray et al., 2013). Ground 

reaction forces are composed of three principal directions (medial-lateral, anterior-posterior, 

inferior-superior [vertical]) during the swing. For instance, at the top of the backswing, when 

compared to low skilled golfers, highly skilled golfers generate greater medial-lateral GRF 

directed towards the target in order to change their momentum (Lynn et al., 2012), with these 

forces reaching their peak just after the top of the backswing (Han et al., 2019). Additionally, 

to rotate the body towards the target, the trail foot pushes into the floor generating GRF in an 

anterior direction, whereas the lead foot generates GRF in a posterior direction creating a force 

couple (Barrentine, Fleisig and Johnson, 1994, Hellström, 2009). These forces have been 

evidenced to reach their peak at the point where the lead arm is parallel to the floor in the 

downswing (sometimes referred to as ‘club vertical’) (Han et al., 2019).  

With regards to the combined vertical GRFs (vGRF), there is an unweighting phase which 

begins in the mid-backswing (arms past parallel), reaching its vertex (the lowest point in the 

force-time curve) at the top of the backswing (Han et al., 2019). This unweighting is followed 

by a rapid increase in vGRFs which reach their peak between ‘club vertical’ and the mid-

downswing (where the club is parallel to the floor), highlighting the countermovement action 
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occurring in the swing (Han et al., 2019). Whilst the aforementioned investigations (in Section 

2.2) highlight how GRFs are generated and how they subsequently affect the mechanics of the 

golf swing, the largest magnitude of force is generated in the vertical direction, which can be 

extremely large for golfers who generate high CHV (Lynn and Wu, 2017).  

In an early investigation, Robinson (1994) compared amateurs (n = 20; handicap 0-24) and 

touring professionals (n = 10), assessing if GRFs predicted the variance in CHV (measured 

using synchronised video cameras). Reported findings showed that the combination of the 

vGRF on the trail foot at address and the rate in change in force transferred to the lead foot 

(between top of the backswing and lead arm parallel to the floor) accounted for 37.5% of the 

variance in CHV. Although the authors failed to report the exact values of vGRF (such as the 

% of body mass [BM]) between these groups of golfers, a force-time curve was presented for 

a selected amateur and professional. When assessing these visually, peak vGRFs were larger 

for the tour professional (trail = ~0.75 BM; lead = ~1.25% BM) when compared to the amateur 

(trail = ~0.70 BM; lead = ~0.65% BM). The magnitudes of these forces were also larger in the 

lead leg which is supported by the findings of Han et al. (2019). Although the force-time curves 

presented by Robinson (1994) offer interesting findings, no individual comparison can be made 

regarding the two golfers CHV. There is also limited information on the specification and 

sampling frequency of the capture methods (force platforms and video cameras), therefore 

equipment limitations could affect the validity and reliability of the data. 

In an attempt to establish biomechanical predictors of BV, Chu, Sell and Lephart (2010) 

assessed the vGRFs during discrete swing phases (such as the top of the backswing, 

acceleration, 40 ms prior to impact and impact) in a sample of 308 golfers ranging in ability 

(handicap = 8.4 ± 8.4 strokes). The authors reported that lead foot vGRFs had a significant 

relationship (β = 0.215, p<0.001) with BV. However, it is plausible that results of this 

investigation are confounded and thus limited by the varying ability of the golfers assessed 
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within the sample. As highlighted in Section 2.1, BV is confounded by centredness of strike 

(Sweeney et al., 2013) which is linked to golfers’ handicap. Therefore the findings of Chu, Sell 

and Lephart (2010) may be attributed to strike location rather than changes in CHV.  

When compared to less skilled golfers (handicap 20 - 36), highly skilled golfers (handicap <5) 

have been evidenced to generate significantly greater vGRFs within the trail foot in the 

backswing and in the lead foot during the downswing (Okuda, Gribble and Armstrong, 2010). 

Recognising that the results of Chu, Sell and Lephart (2010) may be driven by a heterogenous 

sample, Han et al. (2019) investigated the relationships between GRFs and CHV within highly 

skilled golfers (handicap ≤3). The authors reported that bilateral peak vGRF during the swing 

had significant correlations with CHV for a driver (r = 0.327, p<0.05), 5-iron (r = 0.325, 

p<0.05) and pitching wedge (r = 0.353, p<0.05), with the golfers producing their greatest 

magnitude of vGRFs with their driver. As such, the aforementioned investigations highlight 

the importance of generating vGRF and the relationships this has with golf performance. 

2.3. Methods of Capturing Golf Shots 

The two gold standard measures for capturing high-velocity collisions are three dimensional 

(3D) automatic motion analysis systems (Sweeney et al., 2013; Betzler et al., 2014) and high-

speed video (Ronkainen and Harland, 2010). Although 3D automatic motion analysis systems 

and high-speed video provide valid procedures for measuring the moment of impact, there are 

a number of drawbacks which render them impractical for the coach-athlete interface. This is 

primarily due to the time-consuming set-up, data reduction and data processing which are not 

suitable when coaching golfers at a range or tournament venue. Given the issues with 3D and 

high-speed video, PGA Professional golf coaches and researchers have sought to utilise more 

practical approaches. 
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2.3.1. Golf Launch Monitors 

Due to the ease in set-up and instantaneous data acquisition, PGA Professional golf coaches 

are increasingly utilising golf launch monitors within their teaching remit. Golf launch 

monitors are also often utilised by Tour Professional golfers in their preparation during 

tournament environments. Launch monitors have the capacity to provide instantaneous 

biomechanical data on impact parameters and ball flight, thus providing PGA Professional golf 

coaches and S&C coaches with opportunities to guide their technical and physical interventions 

with golfers. One of the most common capture methods is Doppler radar, with devices such as 

TrackMan (Interactive Sports Games, Denmark) and the Bel SwingMate (G460, Beltronics, 

Ohio) commonly utilised by both researchers and practitioners. These launch monitors are 

positioned behind the golfer and use Doppler radar to capture the motion of the club and ball. 

There have been several publications presented within the scientific community that have 

utilised launch monitors to measure golf performance (MacKenzie, Ryan and Rice, 2015; 

Olivier et al., 2016), thus highlighting their prevalence with research and at the coach-athlete 

interface.  

2.3.2. TrackMan  

TrackMan have released in-house data suggesting CHV concurrent validity of ±0.67 m.s-1 at 

95% confidence intervals (TrackMan, 2013). From personal communication with Tuxen 

(2016), additional internal testing of the TrackMan 3e has indicated narrower 95% confidence 

intervals (±0.49 m.s-1) when compared to earlier units. The major concern with this data is that 

there may be an element of bias, since TrackMan are unlikely to suggest their device is 

inaccurate. It is important to recognise that TrackMan measures CHV from the geometric 

centre of the clubhead immediately prior to impact (TrackMan, 2013), as opposed to the centre 

of gravity of the clubhead. Considering the centre of gravity would represent the true velocity 
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of the clubhead, it is plausible to suggest that TrackMan’s calculations of CHV could be 

different to those of the true values.  

Over recent years, research has provided insight into the validity and intra-session reliability 

of golf launch monitors (see Table 1). Hurrion and Twogood (2012), reported that TrackMan 

(model not specified) significantly (p<0.005) under predicted CHV (48.19 ± 0.18 m.s-1) when 

compared to a two-dimensional high-speed video (49.19 ± 0.22 m.s-1) sampling at 10,000 Hz. 

Although the mean difference between these launch monitors was 1 m.s-1, the standard error 

between the differences was 0.16 m.s-1 highlighting that the offset was consistent between 

capture methods for the 40 shots analysed. Betzler et al. (2012) indicated that the TrackMan 

(model not specified) launch monitor underpredicted CHV (0.12 m.s-1; CI = 0.08-0.16), but had 

high agreement to 3D automatic motion analysis (r = 99.8%; no significance value reported). 

Both Hurrion and Twogood (2012) and Betzler et al. (2012) calculated CHV at the moment of 

impact whereas TrackMan measures CHV at the instantaneous moment prior to ball contact 

(TrackMan, 2013). As the club and the ball collide there will be a subsequent deceleration in 

the clubhead. Dewhurst (2015) stated that for a driver travelling at 44.70 m.s-1 prior to impact, 

the 0.5 ms duration that the club has with the ball decelerates the driver to 29.95 m.s-1. Therefore 

the deceleration from the collision between the club and the ball could mean that the offset is 

greater between TrackMan and the findings reported by both Hurrion and Twogood (2012) and 

Betzler et al. (2012). 

Smith (2013) compared CHV between a 3D motion analysis system and a TrackMan (model 

not specified) for a 5-iron and a driver. Pearson’s correlation indicated strong agreement for 

the driver (r = 0.93, p<0.01) and the 5-iron (r = 0.99, p<0.01). The author reported a mean 

offset between the measurement devices, however, unlike Betzler et al. (2012), the TrackMan 

recorded higher values for both the driver (2.1 ± 1.2 m.s-1) and 5-iron (1.6 ± 0.7 m.s-1). Smith 

(2013) postulated that this was likely due to CHV being measured from the hosel, therefore 
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reducing the radius of rotation. Furthermore, data were captured at a frequency of 250 Hz, 

resulting in data points being taken at 0.18 m, thus causing difficulties in determining the 

instantaneous moment prior to impact.  

A recent investigation compared club and ball kinematics between the TrackMan and an optical 

3D dynamic displacement measurement system (GOM Inspect) for a driver, 7-iron and utility 

wedge (Leach et al., 2017). Results indicated that the TrackMan significantly under predicted 

CHV (median offset = -0.49 m.s-1), but within 1.12 m.s-1 87% of the time. On a specific club 

basis, although the driver still significantly under predicted CHV (median offset = -0.18 m.s-1), 

personal communication with Leach (2017) suggested that this was a smaller offset, and had a 

greater chance (93%) of being within 1.12 m.s-1 than other clubs. Further still, the TrackMan 

had narrower interquartile ranges for driver CHV (-0.54 to 0.13 m.s-1) when compared to the 

7-iron (-1.07 to -0.31 m.s-1) and utility wedge (-0.89 to 0.27 m.s-1). Cognisant to these 

differences and interquartile ranges, the use of a driver would appear preferential when 

measuring CHV with a TrackMan. Despite both Betzler et al. (2012) and Smith (2013) 

reporting mean offsets between TrackMan and 3D, the strong relationships advocate the 

validity of the launch monitor. This is based on the findings of previous research that has 

utilised correlational analysis to confirm validity of field-based procedures when compared to 

gold standard measures (Balsalobre-Fernández, Glaister and Lockey, 2015). Researchers have 

also stated that correlations greater than r = 0.7 can be utilised as thresholds to confirm validity 

between separate measures (Carlson and Herdman, 2012). Taken collectively, the TrackMan 

can be considered as a valid measure of golfers’ CHV. There is, however, no research that has 

assessed the inter-session reliability of the TrackMan within an applied coaching setting. 

Whilst commercially available, there is also a substantial cost to purchasing the TrackMan 

(~£12,000), which may result in PGA Professional golf coaches looking for cheaper 

alternatives to use in applied settings. 
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Table 1: Research utilising the TrackMan and Bel SwingMate to measure clubhead velocity along with their respective validity and reliability 

statistics. 

 Reference Comparison method Validity & reliability statistics  

T
ra

ck
M

an
 

Betzler et al. (2012) Automatic 3D (Qualisys) (1000 Hz)  r = 99.80 %, mean offset = 0.12 m.s-1 (CI = 0.08-0.16 m.s-1) 

Hurrion and Twogood (2012) HSV (10,000 Hz) TrackMan (48.19 ± 0.18 m.s-1) sig. different (p<0.005) from 

HSV (49.19 ± 0.22 m.s-1)  

Leach et al. (2017) GOM Inspect (5400 Hz) -0.49 m.s-1 offset. Within 1.12 m.s-1 87% of the time. 

Smith (2013) Automatic 3D (Vicon) (250 Hz) Driver (r = 0.93, p<0.01; Offset 2.1 ± 1.2 m.s-1) and 5-iron (r 

= 0.99, p<0.01; Offset 1.6 ± 0.7 m.s-1) 

B
el

 S
w

in
g
M

at
e 

Gordon et al. (2009) None Intra-session reliability ICC = 0.95, CV = 2.0% 

Leary et al. (2012) None Intra-session reliability ICC = 0.93, 90% CI = 0.80-0.97; CV 

= 2.3%, 90% CI = 1.8-3.9% 

Thompson, Myers-Cobb and 

Blackwell (2007) 

Computerised golf launch monitor - 

Golf Achiever 

±0.22 m.s-1 measurement error. Intra-session reliability ICC 

= 0.971 

ICC = Intraclass Correlation Coefficient, CV = Coefficient of variation, CI = Confidence intervals, HSV = High-speed video
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2.3.3. Bel SwingMate  

The Bel SwingMate provides a cheaper alternative (~£100) to other commercially available 

launch monitors making it a plausible solution for PGA Professionals to use in applied 

coaching sessions. The accuracy of the Bel SwingMate is unclear since the manufacturers have 

provided no data from in-house trials. There are also no definitions regarding the point at which 

CHV is calculated. Cognisant to these issues, there are clear difficulties in interpreting the value 

of such data. There are however, a number of investigations that have utilised the Bel 

SwingMate within their research design (Westcott, Dolan and Cavicchi, 1996; Hetu, Christie 

and Faigenbaum, 1998; Hellström, 2008; Gergley, 2009). 

Leary et al. (2012) demonstrated that the Bel SwingMate was highly reliable during an intra-

session design (CV% = 2.3%, 90% CI = 1.8-3.9%). Gordon et al. (2009) also reported high 

intra-session reliability statistics for the Bel SwingMate (ICC = 0.95, CV = 2.0%). It is 

important to recognise that neither of these investigations assessed the inter-session reliability 

of the Bel SwingMate, which is vital when assessing CHV across a number of sessions. This 

is of particular importance for longitudinal based research, but also for practitioners within an 

applied setting. Thompson, Myers-Cobb and Blackwell (2007) compared the CHV captured 

using a Bel SwingMate to that of a computerised launch monitor (Golf Achiever; Focaltron 

Corporation, Sunnyvale, CA) which reported a measurement error of ±0.22 m.s-1. Although 

this shows some effort to confirm the validity of the Bel SwingMate, it is plausible to suggest 

that both capture methods could be invalid, since the Golf Achiever is not considered a gold 

standard measure of CHV. To the authors knowledge there appears to be no research that has 

assessed the validity of the Bel SwingMate to a gold standard measure such as high-speed 

video. There is also no research assessing the inter-session reliability of the Bel SwingMate, 

thus providing very little clarity regarding the thresholds that practitioners can accept when 

seeking to establish a ‘real’ change in CHV. 
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2.4. Strength and Conditioning for Golf 

A number of sports (such as Rugby, Football and Cricket) have advocated the use of S&C 

interventions due to the positive impact they have on performance enhancement and injury 

prevention. Golfers have previously avoided S&C due to the outdated misconception that it 

negatively affects performance through reduced range of movement (Álvarez et al., 2012). 

More recently, however, golfers are increasingly engaging with S&C interventions due to 

dissemination of scientific literature stating that these training modalities can significantly 

increase CHV, BV and DD (Fletcher and Hartwell, 2004; Driggers and Sato, 2017). Successful 

interventions have been suggested to improve swing mechanics and consistency (Smith, 

Callister and Lubans, 2011), with Hellström (2009) stating that a golfer who possesses greater 

levels of strength may have a ‘better swing’. As golfers’ engagement with S&C interventions 

continue to rise, there is an inherent need to recognise and enhance pertinent kinetic 

mechanisms relating to performance. 

2.4.1. Speculative Kinetic Mechanisms Attributed to CHV 

A number of possible mechanisms have been suggested to result in the enhancement of golfers’ 

CHV. These speculative mechanisms include stretch-shortening cycle (SSC) function (Smith, 

Callister and Lubans, 2011), impulse (Myers et al., 2008; Loock, Grace and Semple, 2013; 

Read et al., 2013; Peterson, Wilcox and McNitt-Gray, 2016), peak force (PF) (Leary et al., 

2012; Sheehan, Watsford and Pickering Rodriguez, 2019), rate of force development (RFD) 

(Read and Lloyd, 2014; Hellström, 2017), and peak power (PP) (Hellström, 2008; Read et al., 

2013). However, there is currently limited empirical evidence that has sought to determine the 

relationship these mechanisms have with golfers’ CHV. 
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2.4.2. Stretch-shortening Cycles (SSC) 

Stretch-shortening cycles are characterised by a pre-stretch of tissue followed by a short 

amortisation phase and a subsequent rapid shorting, in which the uptake of muscle slack and 

the storage and release of elastic energy are key to maximising human performance (Van 

Hooren and Zolotarjova, 2017). While there seems to be a general agreement surrounding the 

benefits of utilising a SSC, there appears to be some debate surrounding the possible 

mechanisms resulting in performance enhancement. Although it falls beyond the scope of this 

thesis to discuss the variety of SSC mechanisms, broadly these fall within two areas; elastic 

and contractile.  

Hill’s model suggests that the components of tissue are a culmination of the series elastic 

component (SEC), contractile element (CE) and a parallel elastic component (PEC) which 

combine to encompass the musculotendinous unit (MTU) (Wilson and Flanagan, 2008). 

Hooke’s Law, expressed as F = kx suggests that force (F) is a product of tissue stiffness (k) 

and the distance of deformation (x) (Blazevich, 2011). A greater pre-stretch (x) or increased 

MTU stiffness (k) would therefore elicit force augmentation. A recent investigation within golf 

observed strong significant correlations between unilateral countermovement jump (CMJ) 

vertical stiffness in the lead leg (r = 0.50, p<0.05) and trail leg (r = 0.78, p<0.05) with CHV 

(Sheehan, Watsford and Pickering Rodriguez, 2019).  

The ‘modern day’ golf swing is characterised as a SSC, since the thoracic spine undergoes 

greater axial rotation relative to the pelvis during the backswing, thus creating a stretch in 

related MTUs (Hume, Keogh and Reid, 2005). At the start of the downswing, GRFs initiate 

rotation of the lower body towards the target (Han et al., 2019). In some instances, golfers will 

rotate their hips towards the target whilst their shoulders continue to rotate in the opposite 

direction (Burden, Grimshaw and Wallace, 1998). This  creates a further stretch in the relevant 
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MTUs, which is often termed the ‘X-factor stretch’ within golf literature (Hume, Keogh and 

Reid, 2005). This further stretch increases the resultant elastic energy, enabling greater CHV 

during the downswing (Myers et al., 2008). It has been suggested that the associated increases 

in DD due to the X-factor stretch may be a result of increased force production (Read et al., 

2013). This has been attributed to the eccentric activation due to the separation between the 

pelvis and the thoracic region of the spine at the start of the downswing. As such, the 

application of force to the ground is inherently important for enhancing other mechanistic 

correlates of CHV such as the X-factor stretch, which is why this is of interest to researchers 

within golf. 

Stretch-shortening cycles have been categorised as either fast (<250 ms) or slow (>250 ms) 

depending on the ground contact times under which they act (Schmidtbleicher, 1992). The 

duration of the downswing in golf is suggested to last between 230 – 284 ms (Cochran and 

Stobbs, 1999; Tinmark et al., 2010), which essentially falls within the categories of a fast and 

slow SSC. These differences in the duration of the downswing are ultimately dependent on 

individual differences in swing technique and physical limitations. The efficiency of the SSC 

within the lower body can be assessed through vertical jumps (Suchomel, Sole and Stone, 

2016), such as the CMJ (slow SSC), drop jump (DJ) (fast SSC) and squat jump (SJ) (concentric 

only action), with the interaction between the CE and the SEC inherently varied within these 

tasks. For instance, during the concentric phase of a CMJ, the length of the CE reduces whilst 

the SEC lengthens prior to rapidly shortening towards take-off (Fukashiro, Hay and Nagano, 

2006).  

During dorsiflexion within a DJ, the MTU is stretched through lengthening of the SEC, with 

the CE remaining at a relatively constant length (Fukashiro, Hay and Nagano, 2006). This is 

subsequently followed by a rapid shortening in the MTU which is primarily through the recoil 

of the SEC. As such, it is generally accepted that in faster SSC actions, such as a DJ, there is a 
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greater reliance on the SEC, whereas slow SSCs such as a CMJ take advantage of the 

interaction between the CE and SEC (Wilson and Flanagan, 2008). For activities such as the 

SJ, from 350 – 100 ms prior to take-off, the CE shortens with a commensurate lengthening oft 

the SEC (Kurokawa, Fukunaga and Fukashiro, 2001). From 100 ms up to the point of take-off, 

the CE works quasi-isometrically whereas the SEC works at a high shortening velocity which 

is similar to the SSC observed in the CMJ (Kurokawa, Fukunaga and Fukashiro, 2001). The 

quasi-isometric action of the CE, enables the attainment of high force-due to the force-velocity 

relationship. Given that the aforementioned vertical jumps elicit varied interaction between the 

SEC and the CE, these protocols are commonly employed by S&C coaches to monitor 

performance. Since the downswing is initiated from the ground-up, the use of vertical jumps 

offers a useful testing battery to establish the possible links between kinetic measures and golf 

performance. 

2.4.3. Impulse 

For a majority of sports, achieving a high release velocity in jumping and striking actions is a 

critical component of successful performance (Newton, Cormie and Cardinale, 2011), which 

for golf is expressed as CHV. From Newton’s Second Law of motion (F = ma), it can be stated 

that net impulse (force x time) is directly proportional to the change in momentum (mass x 

velocity), which can be expressed as follows: 

 

F.t = m.v 

 

Where F = force, t = time, m = mass and v = velocity.  

Since a golfer’s mass remains constant from shot-to-shot, theoretically, an increase in force or 

the time in which that force acts, will directly increase the system momentum and therefore 
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velocity. For instance, MacKenzie, McCourt and Champoux (2020) evidenced that increasing 

the length of the backswing by 0.12 m was suggested to increase CHV by 1.21 m.s-1. Keogh et 

al. (2009) speculated that greater segmental contributions of impulse through increased 

muscular force transferred from the ground to the club were critical to increasing CHV. This 

would appear plausible, as principal GRFs, if transferred effectively, may transition into higher 

levels of velocity at the most distal segment of the swing (e.g. the clubhead). When compared 

to low skilled golfers, highly skilled golfers are able to produce greater GRFs earlier in the 

swing (Barrentine, Fleisig and Johnson, 1994) and maintain higher levels of force for a longer 

duration (Lynn et al., 2012), which would theoretically increase impulse. Additionally, 

Peterson, Wilcox and McNitt-Gray (2016) reported that highly skilled golfers were able to 

regulate their GRFs between different clubs. The authors noted significantly greater angular 

impulse generated during shots with a driver, when compared to that of a 6-iron. Unfortunately, 

the authors omitted golf performance measures (e.g. CHV) from their research design, thus 

limiting the conclusions that can be drawn. To truly understand the application of impulse, it 

is important to compare this with golf performance measures such as CHV, which is an area 

that is currently under researched.  

2.4.4. Peak Power 

Power (force x velocity) is the rate of performing mechanical work (force x displacement). By 

dividing work by time, or numerically integrating force and velocity, this expresses the given 

power. Nesbit and Serrano (2005) indicated that both PP during the swing and CHV increased 

between golfers with handicaps of 18 (PP = 1720 Nm.s-1, CHV = 42.1 m.s-1), 13 (2310 Nm.s-1, 

CHV = 46.3 m.s-1), 5 (3005 Nm.s-1, CHV = 49.7 m.s-1) and scratch (3875 Nm.s-1, CHV = 52.0 

m.s-1). A number of field-based investigations have reported significant relationships between 

CHV and CMJ PP (r = 0.61, Hellström, 2008; r = 0.54, Read et al., 2013) and SJ PP (r = 0.61, 

Hellström, 2008; r = 0.53, Read et al., 2013). Whist ecologically valid, these investigations 
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utilised the flight time method to calculate jump height. The concern with this method is the 

assumption that take-off and landing positions are identical (legs fully extended), which isn’t 

the case for the landing position, thus leading to over estimations of jump height (Linthorne, 

2001). Given that PP is calculated from jump height and therefore the flight time method, this 

is susceptible to more error.  

An alternative approach is to calculate PP utilising the work-energy method; however, this is 

reliant on the access to force platforms, which aren’t readily accessible to practitioners. 

Additionally, the integration process to calculate acceleration followed by the velocity of the 

centre of mass (COM) exponentially increases any error in the data. There are also important 

methodological considerations when capturing data to analyse vertical jump PP. For example, 

a slight error (movement from the athlete) in the ‘quiet phase’ of the jump can cause ‘drift’ in 

the data, thus leading to erroneous analysis of PP. A further point of contention is that PP is 

measured as an instantaneous moment (where force and velocity yield the greatest power). 

Whilst the aforementioned investigations have highlighted the relationship between PP and 

performance, it is important to recognise that if data is sampled at 1000 Hz, this would represent 

the power produced during 1 ms of dynamic movement. Since impulse is a re-expression of 

Newton’s Second Law of Motion, researchers have questioned the need to analyse power given 

that impulse directly (r = 1.000) relates to the change in momentum (Knudson, 2009). Given 

the aforementioned methodological issues when calculating power, the analysis of impulse 

does seem preferential.  

2.4.5. Peak Force 

Newton’s Second Law of Motion (F = ma) states that to increase the acceleration of a given 

mass, there needs to be an increase in the application of force. Producing PF requires the 

activation of all the motor units for that specific muscle group (Rainoldi and Gazzoni, 2011) 
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and is strongly related to the cross-sectional area of muscle (r = 0.62, p<0.001) (McMahon et 

al., 2015). According to Henneman’s size principle, motor units are recruited in size order 

(smallest to largest) based on the demands of the task. As such, obtaining higher threshold 

motor units only occurs during maximal contractions. Peak force is traditionally measured 

during maximal isometric contractions between 3-5 seconds in order to establish the largest 

force an athlete can produce.  

An investigation within collegiate throwers observed strong correlations between isometric 

mid-thigh pull (IMTP) PF and throwing distance in a shot put (r = 0.75) and weighted throw 

(r = 0.79) (Stone et al., 2003). Additionally, Loturco et al. (2016) reported a significant positive 

correlation between isometric PF when compared to boxers’ hitting force (r = 0.68, p<0.01). 

Of note, the authors suggested that when a punch is thrown, the movement is initiated by 

applying force to the ground which is subsequently followed by rotation of the hips and trunk 

in order to accelerate the arm, which is similar to the downswing sequence of highly skilled 

golfers (Nesbit and Serrano, 2005). The importance of generating PF has also been observed 

within sprinting (Cunha et al., 2007). Specifically, there was a significant negative correlation 

(r = -0.716, p<0.01) between leg press PF and 60 m sprint times. Although the golf swing is a 

finer motor skill than boxing, throwing and sprinting, these sports aim to maximise velocity 

towards the most distal segment in the kinetic chain. As such the findings from the above 

investigations support the idea of assessing the relationships between PF and golfers’ CHV. 

Utilising an IMTP, Leary et al. (2012) assessed the relationship between CHV and PF with the 

authors reporting no significant relationship between these variables. In a more recent 

investigation, Sheehan, Watsford and Pickering Rodriguez (2019) observed no significant 

relationship between isometric squat PF and golf handicap (r = 0.18) or CHV (r = -0.03). Both 

of these investigations utilised a sample varying in ability, which has been cited as an issue 

when researching with golfers (Han et al., 2019). For instance, category-4 golfers have been 
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evidenced to present greater variability in CHV at impact (CV = 2.65 ± 2.02%) when compared 

to category-1 golfers (CV = 0.82 ± 0.51%) (Betzler et al., 2012). Given the greater variability 

in higher handicap golfers, it could be skill (such as golf swing technique) rather than physical 

capacity that affects their CHV, thus limiting the findings within previous literature. Taken 

collectively these methodological considerations impact the rigour of these investigations, 

meaning that the results should be interpreted with caution when considering highly skilled 

golfers.  

2.4.6. Rate of Force Development 

It is important to recognise that sporting performance isn’t solely dependent on the ability to 

produce maximum force (Siff, 2003), since the time taken to achieve this can vary between 

~150 (i.e. a DJ) and ~900 ms (i.e. an IMTP) (Blazevich, 2011). A number of authors have 

speculated that RFD, calculated as ∆force/∆time, could be an important parameter relating to 

a golfer’s CHV (Doan et al., 2006; Read and Lloyd, 2014; Hellström, 2017). Given the limited 

time available in the downswing, the attainment of maximum force is unlikely, with RFD 

plausibly a more important factor. It has been argued that RFD, particularly during the early 

rise in the force-time curve is functionally relevant in the development of impulse (Maffiuletti 

et al., 2016). This would appear conceivable, given that impulse is measured as the area under 

the force-time curve, therefore, greater RFD at the early onset of muscle contraction would 

elicit greater impulse. In time constrained tasks, such as the downswing, obtaining greater force 

during the early onset of contraction would appear preferential. 

Rate of force development is determined by both neural (such as motor unit recruitment and 

rate coding) and muscular (such as muscle fibre composition and architecture) factors 

(Maffiuletti et al., 2016). Research has suggested that the onset of early RFD (<100 ms) is 

primarily governed by neural factors whereas muscle actions of a longer duration (>100 ms) 
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are more influenced by maximum voluntary contraction and the speed properties of the muscles 

(Maffiuletti et al., 2016). As such, measuring RFD within discrete time thresholds would shed 

greater light with regards to the pertinent neuromuscular determinants of performance. 

Challenges arise when measuring RFD due to the reliability of the data, particularly during the 

earlier phases of contraction (Folland, Buckthorpe and Hannah, 2014). These reliability issues 

could be manifested in the methods utilised to calculated RFD within the literature. These 

include calculating the peak RFD between rolling windows varying in duration from 2 to 50 

ms, the average rate of force development (time taken to achieve PF), or by using set time 

intervals (0-50 ms and 0-100 ms) from the onset of contraction. Haff et al. (2015) showed high 

reliability (all ICC >0.77) for RFD using set time intervals (0-50 ms, 0-100 ms, 0-150 ms and 

0-200 ms). However, the average RFD and RFD using rolling time windows were unreliable 

measures. These findings are supported by those of (Beckham et al., 2013) who reported high 

reliability for RFD calculated between time intervals of 0-100 ms (ICC = 0.89), 0-150 ms (ICC 

= 0.92) and 0-200 ms (ICC = 0.95).  

Leary et al. (2012) compared golfers’ CHV to measures of RFD during an IMTP. Findings 

indicated that RFD from 0-150 ms was moderately correlated (r = 0.38, p = 0.11) with CHV, 

however, this relationship failed to achieve the accepted level of statistical significance. Since 

the p value is dependent on sample size, the quantity of participants assessed (n = 12) likely 

affected the data and therefore interpretation of the results. Additionally, using G*power to 

analyse their results, the effect size (r = 0.38), alpha value (p = 0.05) and sample size (n = 12) 

results in a statistical power of 0.37. This is lower than the recommended threshold of 0.80 

which can lead to a false null hypothesis being accepted (type II error) (Field, 2014). A greater 

number of participants are therefore required to investigate if there is a statistical and 

meaningful relationship between CHV and RFD. Using a larger sample of golfers (n = 22), 

(Sheehan, Watsford and Pickering Rodriguez, 2019) found no significant relationship between 
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peak RFD and CHV. However, peak RFD was calculated using a rolling window which has 

been questioned as an unreliable technique (Haff et al., 2015). 

Within other sports, significant correlations have been observed between shot put performance 

of elite throwers and isometric RFD from 0-50 ms (r = 0.660, p<0.05), 0-100 ms (r = 0.884, 

p<0.01), 0-150 ms (r = 0.917, p<0.01) and 0-200 ms (r = 0.846, p<0.01) (Zaras et al., 2016). 

Given the speculative suggestions from authors, the findings from previous sports and the 

duration of the downswing for a driver, there is an inherent requirement to establish if a 

relationship exists between RFD and golfers’ CHV. To date, no research has sought to assess 

this within a homogenous sample of highly skilled golfers. 

2.5. Correlations Between CHV and Physical Capability 

Of the existing cross-sectional research, investigations have compared golf performance 

variables to repetition maximum (RM) strength tests such as back squats (Hellström, 2008; 

Parchmann and McBride, 2011), isometric strength testing (Sell et al., 2007; Callaway et al., 

2012; Leary et al., 2012), jump height and PP (Hellström, 2008; Wells, Elmi and Thomas, 

2009; Leary et al., 2012; Read et al., 2013; Sheehan, Watsford and Pickering Rodriguez, 2019). 

These test protocols are typically vertically orientated given that the largest magnitude of GRF 

in the golf swing are within this vector (Lynn and Wu, 2017). Whilst the use of RM testing, 

jump mats and mobile phone apps offer sound ecological validity and accessibility, these 

protocols are limited in the extractable kinetic data such as PF, RFD and impulse. Further still, 

whilst cross-sectional research provides a valuable insight into the strength and direction of 

relationships, it is unable to determine causality and is also confounded by third variable 

problems. Interpreting such findings and their applications should therefore be considered with 

caution. These research designs, however, offer a platform and rationale for examining the 
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relationship between kinetic measures (such as PF, RFD and impulse) within future cross-

sectional investigations. 

2.5.1. Strength Testing - Repetition Maximum 

Repetition maximum assessment requires an external load to be lifted in order to establish a 1-

RM, or calculate the maximum load an athlete is able to lift from a number of repetitions. When 

undertaking 1-RMs, these are inherently performed at a low velocity due to the large external 

load lifted. Thus, given the force-velocity relationship, there is a high expression of force. From 

a qualitative aspect, whilst a low velocity RM test may not be seen as ‘visually specific’ to the 

golf swing, the biomechanical links would support the use of these assessments. Administering 

training purely based on visual resemblance, with complete disregard for the biomechanical 

crossover is considered an error within S&C (Cleather, 2018). For instance, Nesbit and Serrano 

(2005) evidenced that highly skilled golfers initiate the downswing from the ground-up and 

work at slower rate (low velocity) than less skilled golfers. As such, the expression of force at 

low velocity is a plausible biomechanical link between the downswing and RM testing.  

One repetition maximum back squat strength relative to body mass has previously exhibited 

strong positive correlations (r = 0.805, p<0.05) with division-1 collegiate golfers’ CHV 

(handicap not specified) (Parchmann and McBride, 2011). Given that the authors failed to 

specify handicap, it is difficult to fully appreciate the standard of the golfers and therefore the 

variability within their swing. Since CHV is dependent on both technical and physical 

characteristics, variation in CHV could be due to differences exhibited between participants 

swing mechanics. Hellström (2008) indicated that the external load lifted in a 1-RM squat 

significantly related (r = 0.54, p<0.01) to elite golfers’ (handicap range = +5 to 0 strokes) CHV. 

However, CHV was measured using a Bel SwingMate, which has not been validated as a 

capture method.  
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It is widely accepted that successful performance in 1-RM lifts are inherently related to and 

thus confounded by lifting experience (Cleather, 2018). Due to the limiting factor of lifting 

technique, the findings of Parchmann and McBride (2011) and Hellström (2008) are subject to 

error if maximum force production capabilities are of interest. The depth of the squat also 

affects the external load lifted, since a deeper squat will require a greater amount of work to 

complete each lift (Haff, 2010). Both Parchmann and McBride (2011) and Hellström (2008) 

set squat depth to the ‘thigh parallel position’, however, in practice, there are difficulties in 

ensuring that each lifter adheres to and repeats this depth across lifts.  

Keogh et al. (2009) provided evidence indicating significant correlations between golfers’ 

(handicap range 0-25) CHV in relation to 1-RM hack squat strength (r = 0.533, p<0.05) 

(estimated from 3-6 RM strength). Between group analysis (low vs. high handicap) suggested 

no significant difference in hack squat strength. Since handicap encompasses short game 

variables such as chipping and putting, this affects the statistical analysis and interpretation of 

these data. Further research has found that CHV significantly related to 10-RM strength 

measured during a leg press (p<0.01) (Thompson, 2002). The primary concern with this 

method of assessment is that 10-RM is more of a measure of strength-endurance as opposed to 

measuring maximal strength. Although RM lifts provide an ecological assessment of muscular 

strength, without specialist equipment such as force platforms it is difficult to extract kinetic 

data such as PF and RFD.  

2.5.2. Isometric Testing 

Isometric assessment has been a subject of great debate over a number of years, with 

researchers suggesting it holds little relevance to sports performance due to the static nature of 

the muscle action (Murphy and Wilson, 1996). It has also been suggested that isometric testing 

is of no use to golf as it holds little resemblance to the swing (Torres-Ronda, Sánchez-Medina 
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and González-Badillo, 2011). However, isometric assessments are a very safe method of 

assessing PF (Stone et al., 2019), which is certainly advantageous for golfers who may have 

limited resistance training experience and will consequently struggle with dynamic tasks such 

as a 1-RM. Additionally, a systematic review reported strong evidence supporting the 

reliability and construct validity of isometric testing (IMTP and isometric squat). (Drake, 

Kennedy and Wallace, 2017). Given the validity, reliability and safety of using multi-joint 

isometric testing, this would appear an appropriate test for assessing golfers maximum force 

generating capacity. 

Isometric assessments within golf have highlighted that low handicap golfers (handicap <5) 

have significantly greater left and right gluteus maximus strength and left and right gluteus 

medius strength than high handicap golfers (handicap >18) (all p’s <0.001) (Callaway et al., 

2012). There was also a significant relationship (all p’s <0.01) between pelvis rotational 

velocities when compared with left (r = 0.430) and right (r = 0.419) gluteus maximus strength 

and left (r = 0.466) and right gluteus medius (r = 0.490) strength. Whilst it is plausible to 

speculate that greater pelvis rotational velocity would likely lead to an increase in CHV, 

without directly measuring this variable, this research is unable to support these claims. Sell et 

al. (2007) noted that low handicap golfers (handicap <0) possessed significantly greater 

bilateral hip abduction and right hip adduction isometric strength than golfers with a handicap 

of 0-9 strokes and 10-20 strokes (all p’s <0.05). Strength was measured relative to body mass, 

however, the authors failed to report the units of measurement (N or kg). Additionally, isolating 

actions such as hip adduction may not be representative of the sport, given that research has 

suggested a number of muscles are highly active during the swing (McHardy and Pollard, 

2005). Although Sell et al. (2007) reported that higher skilled golfers presented greater levels 

of strength, these findings may be due a number of variables (such as short game and green 

reading skills) as opposed to variables more related to physical qualities such as CHV and DD. 



 
 

33 

 

Additionally, the participants investigated within this research had a considerably wide age 

range (45.5 ± 12.8 years). In a recent publication Lewis et al. (2016) reported professional 

golfers aged <30 years presented significantly greater (p<0.01) CHV (47.99 m.s-1) than 

professionals aged >30 years (45.40 m.s-1). Consequently, heterogeneous samples present 

considerable problems with regards to the fact that age likely affects CHV. Although the 

aforementioned investigations assessed the isometric expression of strength, each of these 

failed to assess RFD and PF.  

2.5.2.1. The Isometric Mid-thigh Pull 

Research has traditionally employed isometric testing such as leg extensions (Cunha et al., 

2007), knee extension (Folland, Buckthorpe and Hannah, 2014), and squats (Sheehan, 

Watsford and Pickering Rodriguez, 2019) for assessing athletic performance. Perhaps the most 

commonly utilised procedure is the IMTP, which has been employed within a number of 

research designs (Beckham et al., 2013; Haff et al., 2015; Thomas et al., 2015; Dos’Santos, 

Thomas, Jones, McMahon, et al., 2017).  

Research has suggested that the IMTP is a valid procedure for monitoring and tracking 

performance given that it has a strong positive correlation with 1-RM back squats (r = 0.97, 

p<0.05) (McGuigan et al., 2010). These observations are supported by those of Wang et al., 

(2016) who reported a strong positive relationship between a 1-RM back squat and IMTP PF 

(r = 0.866, p<0.05). Additionally, a recent investigation reported that IMTP PF had a significant 

relationship with the load lifted in a 1-RM deadlift (r = 0.880, p<0.01) (De Witt et al., 2018). 

Isometric mid-thigh pull PF has also been found to significantly relate to other dynamic metrics 

such as CMJ PP (r = 0.79, p<0.05) and CMJ height (r = 0.59, p<0.05) along with SJ PP (r = 

0.78, p<0.05) and SJ height (r = 0.51, p<0.05) (Stone et al., 2004). Research has also stated 

that the IMTP can be used to reliably assess PF (ICC = 0.99, 90% CI = 0.95-1.00) (Haff et al., 
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2015). As such, the aforementioned investigations suggest that IMTP PF is a valid and reliable 

measure that can be used to profile athletes. 

Whilst PF has been observed to relate to athletic performance, the results for IMTP RFD are 

more equivocal. Isometric mid-thigh pull RFD has been observed to have significant 

relationships with loaded (20 kg) CMJs (r = 0.62, p<0.05) and SJs (r = 0.66, p<0.05) along 

with unloaded CMJs (r = 0.43, p<0.05) and SJs (r = 0.48, p<0.05) (Kraska et al., 2009). 

Additionally, De Witt et al. (2018) observed a moderate relationship with the 1-RM deadlift 

and RFD between 0-200 ms (r = 0.48). Whilst this represents a moderate effect size, the 

relationship wasn’t statistically significant which is likely a by-product of the low sample size 

(n = 9). Wang et al. (2016) reported significant negative relationships between the first 5 m of 

a 40 m sprint and RFD from 0-30 ms (r = -0.570, p<0.05), 0-50 ms (r = -0.527, p<0.05) and 

peak RFD (r = -0.539, p<0.05) (using a rolling time window of 20 ms). The interpretation of 

these results should be done with caution given that the authors omitted reporting reliability 

statistics within their results. This is of great importance, especially given that early phase RFD 

(<100 ms) has previously been reported as an unreliable metric (Folland, Buckthorpe and 

Hannah, 2014). Research has also reported no significant relationships between IMTP average 

RFD (calculated from the time taken to achieve PF) and CMJ height (Nuzzo et al., 2008) This 

may be due to the time epochs in which RFD was measured given that average RFD is 

considered to present low levels of reliability (see page 28). When calculating RFD, researchers 

should utilise set time intervals and ensure that reliability statistics are reported. 

There are a number of noteworthy practical advantages of utilising an IMTP when assessing 

golfers. Although 1-RM testing is considered a safe testing protocol, an IMTP is considered to 

be a safer alternative, with some authors reporting only two injuries in over 25 years of testing 

(Stone et al., 2019). Another advantage with an IMTP is that the expression of maximum force 

is less likely to be missed. For instance, a 1-RM is limited by finite loads, therefore it is difficult 
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to fully establish the exact load an athlete can lift. Whilst an additional load can be applied to 

a bar, a failed lift will mean that the true 1-RM will fall between the successful and unsuccessful 

attempts. The aforementioned benefits of an IMTP are exponentially increased for athletes that 

have limited resistance training experience given that RM lifts are determined by both skill and 

capacity (Cleather, 2018). An IMTP is also considered to take substantially less time (Stone et 

al., 2019) and incur less fatigue than RM testing (Comfort et al., 2019). For S&C coaches who 

have limited time with their golfers and work with them during tournament seasons, the IMTP 

offers significant advantages. A final advantage relates to the perceptions of highly skilled 

golfers. A survey by Wells and Langdown (2020) reported that the outdated misconception 

exists regarding the association between resistance training and increased risk of injury. Given 

these concerns, golfers may have greater confidence in taking part in an IMTP over a RM 

protocol, thus enabling a large sample of golfers to be assessed.  

To date only one investigation has sought to assess the relationships between IMTP PF and 

golf performance (Leary et al., 2012). There were, however, a number of methodological and 

statistical issues (see page 28) affecting the interpretation of the data. As such, assessing IMTP 

PF and RFD utilising a large enough sample of highly skilled golfers to invoke statistical 

power, is a noteworthy area of investigation. 

2.5.3. Vertical Jumps  

Vertical jumps are commonly employed by S&C coaches to profile and track athletes within a 

number of sports. Hellström (2008) indicated a significant correlation between golfers’ CHV 

when related to SJ height (r = 0.45, p<0.01) and CMJ height (r = 0.47, p<0.01). In agreement, 

Read et al. (2013) indicated significant relationships between SJ height (r = 0.50, p<0.01), CMJ 

height (r = 0.44, p<0.05) and golfers’ CHV. These investigations utilised jump mats which are 

unable to directly measure kinetic variables such as vertical impulse. A further issue apparent 
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within the Read et al. (2013) paper was that the golfers used the same club when measuring 

CHV. Whilst this does control for variations in equipment, the same club may impact swing 

technique between golfers. Therefore, the conditions in which CHV was measured may not be 

preferential for the participants being tested. Lewis et al. (2016) evidenced a significant 

correlation (r = 0.817, p<0.01) between SJ height and PGA Professionals’ CHV. The authors 

also indicated that SJ height was able to significantly predict 69% of the variance in CHV. 

Each of the aforementioned investigations calculated jump height utilising the flight time 

method, which is calculated as follows:  

vto = g.tflight / 2 

Where vto  = the take-off velocity of the COM, g  = gravity and tflight = the time of flight from 

the instance of take-off. Once the take-off velocity of the COM is calculated, this can then be 

input into the following equation to calculate jump height: 

 Jump height = v2
to / 2 g 

To increase the jump height, there is a clear requirement to increase the take-off velocity of the 

COM. Although these field-based procedures offer advantages from an external validity 

standpoint, without the use of force platforms there are limitations in the extractable data. Using 

force platforms allows researchers to calculate take-off velocity by numerically dividing 

impulse by mass. More impulse is required to increase the take-off velocity of a heavier object, 

thus confounding the use of jump height as a metric. Utilising a jump and reach test, Wells, 

Elmi and Thomas (2009) compared jump height of male and female elite golfers to their golf 

statistics. Evidence suggested that driver BV was significantly related to bilateral vertical jump 

height (r = 0.59, p<0.001), dominant leg vertical jump height (r = 0.73, p<0.0001) and non-

dominant leg vertical jump height (r = 0.77, p<0.0001). Since jump and reach tests incorporate 

arms swings, the technique of these jumps could impact the jump height achieved whilst failing 
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to isolate jump height to performance of the lower body. Furthermore, BV is dependent on 

strike location on the clubface (Sweeney et al., 2013; Betzler et al., 2014), which wasn’t 

controlled for in this investigation. In review of these investigations, the simplicity of their 

research designs fails to accurately assess any detailed kinetic performance of the lower body 

in relation to golfers’ CHV. 

Given the issues with jump height, researchers have sought to establish the relationship 

between metrics such as vertical jump PP and golfers’ performance. Hellström (2008) reported 

significant relationships between SJ PP (r = 0.61, p<0.01) and CMJ PP (r = 0.61, p<0.01) when 

compared to golfers’ CHV. Read et al. (2013) also found significant relationships between SJ 

PP (r = 0.53, p<0.01) and CMJ PP (r = 0.54, p<0.01) when statistically modelled with golfers’ 

CHV. Notwithstanding the benefits of calculating PP, there are inherent issues with this 

procedure such as the use of the flight time method (as mentioned above), along with the 

instantaneous nature of this metric (see page 25). Utilising force platform technology, Leary et 

al. (2012), assessed the relationships that vertical jump peak and average power had with 

golfers’ CHV. The authors observed no significant relationship between these variables, which 

is possibly due to the low sample size and standard of the participants (see page 28). To garner 

a better understanding regarding the mechanistic relationship between GRF and golfers’ CHV, 

the use of force platforms is an avenue that needs to be utilised within future research. 

2.6. General Factors in Asymmetry Research 

The concept of asymmetry and its impact on sports performance is a topic of great debate, with 

inter-limb differences becoming a key area of interest (Bishop, Turner and Read, 2018; 

Maloney, 2019). Inter-limb asymmetries have been defined as the force of contraction of two 

limbs being unequal (Keeley, Plummer and Oliver, 2011). Researchers have proposed 

‘thresholds’ indicating that lower limb asymmetries >15% are associated with increased risk 
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of anterior-cruciate ligament injury (Barber et al., 1990). Additionally, kinetic asymmetries 

>10% have been shown to result in reduced jump height (Bell et al., 2014). Whilst thresholds 

offer practitioners clear points of reference, it is important to recognise that these figures are 

arbitrary values. A further point of consideration is that whilst individuals may present inter-

limb differences in force generating capacity, asymmetries are only considered to be ‘real’ if 

they are greater than the variability in the task, which is traditionally assessed by the coefficient 

of variation statistic (Exell et al., 2012). For example, an athlete may present an asymmetry 

>15% within a vertical jump, which on face value would be a concern through increased injury 

risk. If, however, their coefficient of variation when performing these jumps was greater than 

their asymmetry score, it is plausible that the asymmetry is a by-product of their individual 

movement variability rather than kinetic limb asymmetry. When measuring asymmetries, a 

number of investigations (Lockie et al., 2014; Bailey et al., 2015) have failed to specify the 

coefficient of variation, thus failing to determine the true presence of differences between inter-

limb force generating capacity.  

Numerous inter-limb classifications for quantifying asymmetries have been proposed such as 

left vs. right leg (Zifchock et al., 2008), stronger vs. weaker leg (Impellizzeri et al., 2007), 

dominant vs. non-dominant leg (Liu and Jensen, 2012) and injured vs. non-injured leg 

(Lonergan et al., 2018). To add further confusion to an already complicated area, a number of 

different equations have been employed to measure inter-limb asymmetries. To highlight these 

issues, a hypothetical example of an IMTP will be presented, with an athlete producing 1100 

N on their right / dominant limb and 900 N on their left / non-dominant limb. The ‘bilateral 

strength asymmetry’ (Impellizzeri et al., 2007) has been employed by researchers to establish 

inter-limb differences in the stronger vs. weaker limbs using the following equation: 

(stronger limb – weaker limb) / stronger limb * 100 
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(1100 – 900) / 1100 * 100 = 18.18% asymmetry 

In the above example, the assessment of the stronger vs. weaker limb will always provide a 

positive value, which would therefore mis-inform practitioners as to which limb (right or left) 

is stronger. As such, the failure to specify the direction of the asymmetry presents issues when 

tracking these differences over time given that the stronger and weaker limb could vary 

following an intervention. An alternative method to quantify asymmetries is the use of the 

‘bilateral asymmetry index 2’ which calculates differences in the dominant vs. non-dominant 

limb, which is typically established from the kicking leg  (Liu and Jensen, 2012): 

[2 * (dominant limb – non dominant limb) / (dominant limb + non-dominant limb)] * 100 

[2 * (1100 – 900) / (1100 + 900)] * 100 

[2 * (200) / (2000)] * 100 = 20% asymmetry 

From the above two equations, the reader should be cognizant to the differences in the 

asymmetry percentages. Whilst this may not be an issue when utilising the same equation 

within the same cohort of athletes or part of a longitudinal testing battery, this would present 

an issue if these values affect the design of fitness interventions based on pre-established 

thresholds of concerns (e.g. 10% = reduced performance, 15% = increased injury risk). 

Additionally, whilst participants can identify which limb they perceive as their dominant, this 

may not be the case when measuring force-time data. For example, Lake, Lauder and Smith 

(2010) indicated that their entire sample (n = 15) reported perceived right-side dominance, with 

only seven demonstrating this across tasks. In a recent review, Bishop, Read, Lake, et al. (2018) 

stated any differences in force between limbs are always relative to the sum force value, 

resulting in the above equations (the bilateral strength asymmetry & bilateral asymmetry index 

2) over inflating asymmetry values. As such, when utilising bilateral jumps or a bilateral IMTP, 
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the authors recommended using either the ‘bilateral asymmetry index 1’ or the ‘symmetry 

index’. The ‘symmetry index’ can be calculated as follows: 

(high – low) / total * 100 

(1100 – 900) / 2000 * 100 = 10% asymmetry 

As can be seen, the hypothetical athlete has a lower level of asymmetry, which is inherently 

important in designing exercise programmes based on differences in force generating capacity. 

Whilst this equation is still exposed to the issues when referencing stronger vs. weaker (or high 

vs. low) limbs, it is easy to modify this equation as ‘right vs. left’. Therefore, this allows for an 

assessment of asymmetries in bilateral tasks along with the identification of the limb that the 

asymmetry favours. 

Numerous investigations have sought to measure kinetic asymmetries in order to present a 

general physical profile of inter-limb differences in specific populations (Jones and 

Bampouras, 2010). Additionally, research has assessed the relationship kinetic asymmetries in 

bilateral tasks have with kinetic asymmetries in unilateral tasks (Benjanuvatra et al., 2013). 

Whilst interesting, their prevalence alone does little to enhance our understanding of the 

relationship asymmetries have with physical (e.g. maximum strength) or sports performance 

(e.g. golfers’ CHV). Establishing these relationships would be more meaningful to S&C 

practitioners and athletes alike. 

2.6.1. Asymmetries and Sports Performance 

Asymmetries have been assessed within a number of sports and within a variety of tasks. An 

investigation assessing kinetic asymmetries in competitive cyclists (n = 10) indicated that there 

were large asymmetries (36-54%) between dominant and non-dominant legs in effective force 

over split times during a 4 km ride (Bini and Hume, 2015). Of particular interest was the strong 

significant correlation (r = 0.72, p<0.05) between kinetic asymmetry scores and times to 
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complete the trial, indicating that asymmetrical cyclists achieved the fastest times. Conversely, 

research has indicated that bilateral kinematic asymmetries between dominant and non-

dominant legs have been associated with reduced cycling performance (ability to match 

velocity to a pre-determined cadence) at 40 rpm (r = 0.53, p<0.001), 60 rpm (r = 0.56, p<0.001), 

80 rpm (r = 0.56, p<0.001), 100 rpm (r = 0.40, p<0.05) and 120 rpm (r = 0.72, p<0.001) for 

cyclists of varying ages (5-30 years) (Liu and Jensen, 2012). The authors also noted that 

younger children (5-7 years) and older children (8-10 years), had significantly larger 

asymmetries than adults (24-30 years). These differences were suggested to be due to 

differences in maturational development. From the aforementioned investigations, the 

relationships asymmetries have with performance are inherently mixed. 

Dos Santos et al. (2013) assessed the links between force production asymmetries and 

performance in competitive swimmers (n = 18). Participants were divided into fast and slow 

groups along with unilateral (left side only or right side only breathing) or bilateral (both sides 

breathing), with impulse, RFD and PF measured from a strain gauge. Peak force asymmetry 

was significantly (p=0.017) lower in faster swimmers (13.32 ± 1.79%) than slower swimmers 

(18.28 ± 1.91%). These results highlighted the possible negative impact that asymmetries have 

with performance. Conversely, more recent research has indicated that despite significant 

differences in PF between the dominant and non-dominant arms of swimmers (n = 18, age = 

15.6 ± 2.1 years), asymmetries were suggested to be beneficial for performance (Morouço et 

al., 2015). The authors suggested that the dominant arm’s role was primarily propulsive. As 

such, the larger the force during the duration of the stroke, the greater the application of 

impulse. Given the difference in findings and that swimming is a relatively symmetrical sport 

in terms of its actions, it would be prudent to assess the relationships asymmetries have with 

sports that are more asymmetrical in nature such as golf. 
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Barbieri et al. (2015) investigated the kinematic asymmetries of the dominant and non-

dominant leg of futsal players kicking a ball in stationary and rolling conditions. Foot velocity 

and accuracy were both significantly greater in the dominant limb for both the stationary and 

rolling conditions. The authors speculated that these inter-limb differences were likely due to 

the participants’ preferences for utilising their dominant limb during sport, thus highlighting 

that asymmetries may develop due to the demands of the task. Given the asymmetrical nature 

of the golf swing, it is plausible that golfers may develop asymmetries through the repetitive 

nature of the sport. 

A pertinent consideration when selecting protocols to measure inter-limb asymmetries is a 

needs analysis of the sport and the specificity these protocols have with performance. For 

instance, in unilateral sports such as fencing and squash, it may be preferential to quantify 

asymmetry utilising unilateral tasks, whereas for bilateral sports such as weightlifting and golf, 

it would perhaps be more appropriate to measure asymmetries utilising bilateral tasks. Given 

that maximal strength tests and jumping hold strong relationships with golf performance (see 

pages 30-37), these physical profiling tools would appear to offer an appropriate avenue for 

assessing asymmetries within golf.  

2.6.2. Asymmetries in Strength and Jumping 

The IMTP has been deemed a highly reliable testing battery for assessing inter-limb differences 

(IMTP PF; CV = 5.5%, 95% CI: = 4.8-6.6%)  (Dos’Santos, Thomas, Jones and Comfort, 2017). 

Asymmetries in IMTP PF have been evidenced to have significant negative relationships with 

unloaded (0 kg) and loaded (20 kg) CMJ PP (r = -0.28 to -0.34) and jump height (r = -0.47 to 

-0.49) along with SJ PP (r = -0.34 to -0.43) and jump height (r = -0.39 to -0.52) (Bailey, Sato, 

et al., 2013). In a separate investigation, Bailey, Suchomel, et al. (2013) utilised a bilateral 

IMTP to compare asymmetries with PF, RFD from 0-250 ms, force at 250 ms and impulse at 
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250 ms within baseball and softball players. Findings for softball players (n = 19) indicated 

significant negative correlations between asymmetry scores and PF (r = -0.71, p<0.01), force 

at 250 ms (r = -0.46, p<0.05) and RFD from 0-250 ms (r = -0.63, p<0.01). When groups were 

combined (both softball and baseball players), there was a significant relationship between 

IMTP PF and asymmetry scores (r = -0.29, p<0.05). The baseball players had greater IMTP 

PF than the softball players and lower levels of asymmetry, thus highlighting the importance 

of absolute strength in mitigating asymmetries. These findings indicate that reductions in force 

generating capacity are associated with increases in asymmetry. Whilst interesting, these 

results lack clarity with regards to the effect or relationship these asymmetries have on key 

performance indicators such as bat and throwing velocity.  

Further research has highlighted the impact asymmetries in PF have with performance in 

Australian Rules football players (Hart et al., 2014). ‘Inaccurate’ players in a kicking task had 

significantly (p<0.01) greater imbalances in isometric squat PF (8% asymmetry) when 

compared to ‘accurate’ kickers (1% asymmetry). Additionally, in a group of elite cyclists, 

asymmetries in peak torque of the knee extensors presented a significant negative relationship 

(r = -0.50, p<0.05) with power output during a 5-second cycling task (Rannama et al., 2015). 

The aforementioned investigations indicate that elevated asymmetries in PF are associated with 

reduced performance in a variety of tasks. 

Vertical jumps are evidenced to be highly reliable when assessing inter-limb asymmetries 

(CMJ impulse ICC = 0.99, 95% CI = 0.96-0.99) (Benjanuvatra et al., 2013). Whilst there 

appears to be a general trend suggesting that asymmetries in maximum force generating 

capacity are linked to reduced performance within sports, the results for jumping are rather 

equivocal. Using a median split technique, Maloney et al. (2016), divided participants into a 

fast and slow group when performing a cutting task. Jump height asymmetry within a drop 

jump was significantly greater (p<0.01) in the slower group (7.2 ± 3.8%) compared to the fast 
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group (2.4 ± 3.9%). Drop jump height asymmetry was also reported to explain 63% (R2 = 0.63, 

p<0.01) of the variance in running speed. Conversely, Lockie et al. (2014) compared 

relationships between unilateral vertical jump, broad jump and lateral jump asymmetry to sprint 

(0-5, 0-10 and 0-20 m intervals) and change of direction (T-test and 505 test) performance. The 

authors reported that there were no significant relationships between the magnitude of 

asymmetry with both change of direction and sprint performance. The participants in this 

investigation were recruited from different sports backgrounds (basketball, soccer, baseball), 

thus failing to assess if asymmetries are ‘sport specific’. Additionally, the field-based nature of 

these procedures were unable to ascertain kinetic mechanisms utilised within each of these 

jumps.  

An investigation of American Football players assessed asymmetries within unilateral CMJ PP 

and the relationship this had with change of direction (L-run) performance (Hoffman et al., 

2007). Findings indicated that there was no significant relationship (r = 0.11) between 

unilateral CMJ PP asymmetries and times to complete the L-run, thus indicating that 

asymmetries had no meaningful impact on performance. Hoffman et al's. (2007) selection of a 

CMJ appears plausible (e.g. a slow SSC) given that an L-run involves a 90˚ and 180˚ turn which 

represent ground contact times of 252 ms (Havens and Sigward, 2015) and 440 ms (Sasaki et 

al., 2011), respectively. However, elements of the L-run would represent a fast SSC (towards 

the end of the run). Therefore, it would also be important to measure asymmetries within fast 

SSC actions such as a drop jump in order to establish if these asymmetries related to 

performance. This is an important concept, given that asymmetries are very much task 

dependent (Bishop, Lake, et al., 2018).  

The kinetic and kinematic asymmetry profiles of sprint athletes have been compared to 

asymmetries in SJ PF, PP and net joint work (Exell et al., 2017). Findings indicated strong 

significant relationships between asymmetries in net ankle joint work during sprinting when 
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compared with asymmetries in SJ PF (r = 0.895) and PP (r = 0.761), with no other significant 

relationships observed. The authors also noted that athletes tended to have varying asymmetry 

profiles, thus indicating how individualised asymmetries can be. A later investigation assessed 

the relationship inter-limb asymmetries had with a 5, 10 and 20 m sprint time in elite female 

youth soccer players (n = 19, age = 10 ± 1.1 years) (Bishop, Read, McCubbine, et al., 2018). 

There were significant relationships between single leg CMJ height asymmetries and 5 m (r = 

0.49, p<0.05), 10 m (r = 0.52, p<0.05) and 20 m (r = 0.59, p<0.01) sprint times, indicating that 

slower athletes tended to have greater side to side differences. Of further note, athletes with 

greater single leg CMJ height asymmetries had reduced jump height in both their right (r = -

0.47, p<0.05) and left legs (r = -0.53, p<0.05). The results of Bishop, Read, McCubbine, et al. 

(2018) highlight the negative relationship asymmetries have with key aspects of sports 

performance (such as sprinting and jumping). Bailey et al. (2015) noted significant differences 

in asymmetry scores in IMTP PF and RFD when comparing weaker (PF = 9.41%, RFD = 

12.85%) and stronger athletes (PF = 4.72%, RFD = 5.52%) from various sporting backgrounds. 

This is of great importance as lower levels of force production may lead to reduced 

performance through elevated asymmetry levels. 

It is important to recognise that asymmetries are suggested to be individual for different athletes 

(Bishop, Lake, et al., 2018) and to be a functional by-product based on the demands of the task  

(Vagenas and Hoshizaki, 1991). In order to assess the relationship asymmetries have with 

performance, it would be prudent to utilise a sample that is made up from athletes engaging 

within the same sport. Sports that are asymmetrical in nature, such as golf, may expose players 

to a greater prevalence to side to side differences. It is entirely plausible that asymmetries may 

be advantageous due to the to the demands of the sport. To date, however, there is currently 

little evidence that has sought to assess asymmetries within golf. 
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2.6.3. Golf as an Asymmetrical Sport 

Golf is inherently repetitive and asymmetrical due to the demands of the sport. An investigation 

containing 55 Challenge Tour golfers indicated that they had been playing the sport for 21 ± 

6.1 years accruing an average of 39 ± 11.9 hours of practice per week (Dickenson et al., 2016). 

Golfers have been suggested to hit 300 balls in a practice session (Thériault and Lachance, 

1998), and hit up to 200 balls as part of a their warm-up for a tournament (Bridge, Perry and 

Li, 2002). Golfers place great emphasis on refining and developing technique, therefore, it is 

plausible that these individuals are susceptible to developing asymmetries. 

The overarching question is whether asymmetries are facilitative or debilitative to golf 

performance. Dickenson et al. (2016) questioned whether skeletal asymmetries were developed 

during adolescence due to the repetitive nature of the swing, or whether there were prior 

asymmetries which allowed for ‘self-selection’ due to advantageous swing characteristics. 

Whilst these suggestions appear plausible, there is currently little research that has assessed the 

relationship asymmetries have on golf performance. Of this existing literature, significant 

differences in side bridge endurance times were observed in golfers with and without lower 

back pain (Evans et al., 2005). Specifically, golfers with lower back pain had greater 

asymmetries in strength endurance than asymptomatic golfers. Dickenson et al. (2016) noted 

that cam morphology was significantly greater (p<0.05) in the trail hip than the lead hip in 

Challenge Tour golfers. Greater cam morphology is linked to femoral acetabulum 

impingements (Dickenson et al. 2016), which may have reduced the trail hip internal rotation 

during the backswing within the Challenge Tour golfers. Reduced hip rotation in the backswing 

may result in greater separation between the pelvis and thoracic spine at the top of the 

backswing (referred to as the ‘X-Factor’), which has been observed in golfers’ with greater BV 

(Myers et al., 2008). However, the links between limitations in hip rotation and preferential 
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swing characteristics should be noted with caution as these are currently speculative 

suggestions.  

Asymmetries have also been observed in isokinetic trunk rotation, with professional golfers 

displaying significantly greater peak torque in their lead side when compared to their trail side 

at 30˚.s-1 (lead = 140.58 ± 30.92 N.m; trail = 131.83 ± 27.87 N.m, p<0.0001), 60˚.s-1  (lead = 

127.36 ± 26.37 N.m; trail = 117.67 ± 25.20 N.m, p<0.0001) and 120˚.s-1  (lead = 117.03 ± 24.99 

N.m; trail = 111.04 ± 23.85 N.m, p<0.0001), with no observed difference within the control 

group (Bae et al., 2012). Additionally, the magnitude of asymmetries was significantly 

different between the professional players and the control group, whereby the professionals 

favoured the lead side whereas the control favoured the trail side at each rotational velocity. 

However, the specificity of these procedures can be brought into question as torso rotational 

velocity within golfers typically exceeds 700˚.s-1 when using a driver (Tinmark et al., 2010; 

Bull and Bridge, 2012). Although the observations of  Bae et al. (2012) supports the notion 

regarding the prevalence of asymmetries in golfers, there is still a lack of understanding 

regarding the links asymmetries have with golf performance metrics.  

2.6.4. Ground Reaction Force Asymmetry in Golf 

The magnitude of GRF is inherently important for golf performance, however, the expression 

of force varies between limbs, which can only be analysed through the use of separate force 

platforms. Han et al. (2019) observed a significant correlation between bilateral peak vGRF 

during the downswing of highly skilled golfers. On closer inspection, the inter-limb differences 

indicated that lead leg PF significantly correlated to CHV (r = 0.327, p<0.05), whereas the trail 

leg did not (r = 0.026). Okuda, Gribble and Armstrong (2010) evidenced that when compared 

to low skilled golfers (handicap between 20-36), highly skilled golfers (handicap <5) generated 

significantly greater peak vGRF (reported as % of BM) during the downswing. The authors 
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observed that vGRF were significantly greater in the trail foot of skilled golfers (0.98% BM) 

than less skilled golfers (0.89% BM), with no significant differences observed between the lead 

foot (skilled = 1.09% BM vs. less skilled = 1.13% BM). Whilst the overall values were greater 

in the skilled golfers, the timing of these forces are also of importance. Indeed, within the 

phases of the swing, Okuda, Gribble and Armstrong (2010) highlighted that highly skilled 

golfers had a significantly greater (p<0.01) percentage of their body mass on their lead foot 

during the downswing (0.59% BM) than the less skilled golfers (0.33% BM). Both the findings 

from Han et al. (2019) and Okuda, Gribble and Armstrong (2010) offer meaningful insights 

with regards to the inter-limb differences in force application to the ground within the swing. 

However, it would also be of interest to assess the inter-limb differences in bilateral protocols 

such as vertical jumps given that research has found these tasks to significantly relate to CHV.  

Utilising principal component analysis, Lynn et al. (2012) compared, vertical, medial-lateral 

and anterior-posterior force-time curve data in the lead and trail legs between collegiate and 

novice golfers. Findings suggested that collegiate golfers had greater vGRFs on their lead foot 

throughout the duration of the swing with PF occurring earlier than beginners. The authors 

hypothesised that these forces should peak earlier in the swing in order to enable the kinematic 

sequence to transfer momentum to the clubhead and ball. However, the authors failed to collect 

key outcome measures such as CHV. This timing of GRF is of great importance as the lead 

limb is exposed to larger magnitudes of force over a longer duration, which would plausibly 

accentuate the risk of developing asymmetries within highly skilled golfers. Chu, Sell and 

Lephart (2010) reported that vGRFs were greater in the trail foot (64.5 ± 14.3% BW) than the 

lead foot (29.0 ± 12.1% BW) at the top of the backswing. This emphasis changed during the 

downswing, whereby the vGRF was greater in the lead foot (93.9 ± 28.5% BW) than the trail 

foot (46.4 ± 17.3 % BW) during the acceleration phase (club parallel to the floor). Additionally, 

vGRFs were also greater in the lead foot (95.1 ± 30.5% BW) compared to the trail foot (41.0 
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± 21.2% BW) 40 ms prior to impact (Chu, Sell and Lephart, 2010). The authors also noted that 

during the acceleration phase and 40 ms prior to impact, the vGRF (% of BW) in the lead foot 

accounted for 0.194% (p<0.001) and 0.215% (p<0.001) of the variance in BV. However, this 

investigation was comprised of a heterogenous sample of golfers. 

The aforementioned investigations support the notion surrounding the important interaction 

between the ground and the golfer. Not only is the magnitude of force production important for 

increasing CHV, inter-limb differences, with particular emphasis of force production in the 

lead limb are also of great importance to golfers. Intuitively, increasing force generating 

capacity of the lower limbs, particularly in the vertical direction, would appear preferential. 

Given the demands of the task, it is quite conceivable that golfers, whether consciously or 

subconsciously, expose the lead limb to increased vGRF. However, there is also a pertinent 

issue with regards to the facilitative or debilitative impact of force production asymmetries and 

the relationships these have with golf performance. To date, there is currently no research that 

has sought to investigate the relationships asymmetries have with golf performance variables 

such as CHV. Conducting research within this field will help to profile asymmetries within 

golfers and support the design of future training interventions. 

2.7. Physical Interventions within Golf 

Despite a number of high-profile players openly advocating the positive impact S&C has had 

on their game, there are still concerns among golfers that resistance training can increase the 

risk of injury (Wells and Langdown, 2020) and can lead to reduced range of movement 

(Álvarez et al., 2012). These beliefs ultimately affect the ability to conduct investigations 

assessing the impact of S&C on golfers’ performance, given the difficulties in recruitment for 

intervention-based research. Although the sport of golf is still affected by common 

misconceptions regarding the application of S&C, empirical evidence has highlighted that 

resistance training interventions can significantly increase CHV, BV, CD and DD (Fletcher 
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and Hartwell, 2004; Driggers and Sato, 2017). Despite this growing body of research within 

golf, a number of methodological issues limit the interpretation and application of the findings. 

This section will discuss the findings of current research along with the specific methodological 

limitations. 

Westcott, Dolan and Cavicchi (1996) were amongst the earliest investigators to assess the 

effects of an 8-week S&C intervention (control = 5, intervention = 17) on both physical 

capacity and golf performance. Utilising a combination of strength and flexibility exercises, 

the authors observed a significant increase in CHV (2.24 m.s-1, p<0.01) and ‘muscle strength’ 

(14.47 kg, p<0.01) as measured through a 10-RM leg extension task. However, a 10-RM would 

be more representative of strength endurance as opposed to maximum force generating 

capacity. Thompson, Myers-Cobb and Blackwell, (2007) conducted an 8-week intervention 

assessing the effects of ‘functional training’ on CHV within elderly males (control = 7, 

intervention = 11, age = 70.7 ± 7.1 years, handicap not specified). Findings indicated that the 

intervention group significantly increased their CHV (1.75 m.s-1, p<0.05), with a non-

significant decrease observed in the control (-0.33 m.s-1). There were also improvements in 

physical performance assessed by the functional tests such as a 30-second sit to stand (+1.9 

reps, p<0.05), a step-up test (+24 reps, p<0.05) and a quicker ‘timed up and go’ (-0.5 s, p<0.05). 

However, failure to specify the handicap leads to difficulties in assessing the skill level of the 

population tested. This is of great importance given that lower skilled golfers have an increased 

variability in CHV at impact (Betzler et al., 2012) (see pages 26-27). It is therefore difficult to 

fully appreciate if changes in CHV are due to an S&C intervention or the inherent movement 

variability in the golfers. It is also important to recognise that both Westcott, Dolan and 

Cavicchi (1996) and Thompson, Myers- Cobb and Blackwell (2007) utilised a Bel SwingMate, 

which to date has no inter-session reliability data available. 
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An 8-week combined plyometric and resistance training intervention reported significant 

increases in golfers’ CHV (0.78 m.s-1, p<0.05) and DD (10.10 m, p<0.05) (Fletcher and 

Hartwell, 2004). The golfers within this investigation could be classified as skilled due to their 

low handicaps (5.5 ± 3.7 strokes). However, there were limited participants in both the 

intervention (n = 6) and control group (n = 5). Utilising an 8-week plyometric program 

(unilateral jumps, bilateral jumps and medicine ball throws), Bull and Bridge (2012) observed 

a significant increase in lead arm (868 ± 108˚.s-1 to 930  ±  79˚.s-1, p<0.05) and hand (1483 ± 

101˚.s-1 to 1562 ± 109 ̊ .s-1, p<0.05) peak velocity in a sample of category-1 golfers (intervention 

= 8, control = 8). Although it’s likely that these changes in angular velocity of the lead arm and 

hand would elicit an increase in linear CHV, this variable was omitted from the analysis. 

Additionally, given that these are peak measures, it is plausible that these may have occurred 

earlier in the downswing (e.g. not at impact), therefore these conditions may not optimise 

impact with the ball. While the aforementioned investigations advocate the benefits of S&C, 

there was no assessment of the changes in physical performance measures within these golfers. 

Previous investigations have sought to assess the effects of S&C on both physical and golf 

performance. For instance, Hetu, Christie and Faigenbaum (1998) utilised strength, plyometric 

and flexibility exercises, with the authors noting a significant increase in CHV (1.36 m.s-1, 

p<0.001), 1-RM leg extension (12.4 kg, p<0.0001), trunk rotation (13.0 cm, p<0.001) and the 

sit and reach test (9.7 cm, p<0.0001) in older golfers (n = 17, age = 52.4 ± 6.7 years). Doan et 

al. (2006) observed a significant increase (p<0.05) in CHV of 0.76 m.s-1 following an 11-week 

training programme in a group of male (n = 10, ~ scratch handicap) and female (n = 6, ~ 5-10 

handicap) golfers. Doan et al. (2006) also reported significant increases in physical 

performance measures such as 1-RM bench press (6.05 kg, p<0.001), 1-RM squat (10.85 kg, 

p<0.001) and medicine ball throw velocity (1.15 m.s-1, p<0.01). Both Hetu, Christie and 

Faigenbaum (1998) and Doan et al. (2006) provide valuable insight regarding the impact S&C 
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intervention have on physical and golf performance. However, neither investigation included 

a control group, thus the effects of time could be impacting the results. 

A further investigation assessed the impact of an 8-week golf specific exercise programme 

(strengthening with resistance bands and flexibility) on golf performance metrics (X-factor 

velocity, CHV, BV, CD and DD), and physical performance (balance, range of motion and 

torque) (Lephart, et al, 2007). The sample was comprised of fifteen golfers varying in age (47.2 

± 11.4) and ability (handicap = 12.1 ± 6.4 strokes). Findings indicated significant 

improvements in X-factor velocity (33.1˚.s-1, p<0.05), CHV (2.3 m.s-1, p<0.01), BV (3.3 m.s-1, 

p<0.01), CD (16.1 m, p<0.01), DD (15.1 m, p<0.01). These changes in golf performance were 

also accompanied by significant improvement in torso rotation strength and hip abduction 

strength. Utilising a randomised controlled trial, Hegedus et al. (2016) assessed the impact of 

traditional resistance exercises (n = 15) when compared to a golf specific (n = 14) fitness 

intervention. Both the traditional resistance and the golf specific interventions resulted in a 

significant increase in CHV of 1.4 m.s-1 and 1.3 m.s-1, respectively. However, there appeared 

to be some cross over within the interventions in that exercises such as the deadlift and shrugs 

were employed in both groups, which may be why the changes in CHV were so similar. 

Both Lephart et al. (2007) and Hegedus et al. (2016) failed to include a control group within 

their research design. Additionally, questions should be raised regarding the ‘golf specific’ 

exercise programmes. Specificity is often misinterpreted within the sport of golf. Wells and 

Langdown (2020) indicated that highly skilled golfers perceive that S&C interventions should 

replicate the movement of the swing. Selecting exercises solely based on their resemblance of 

the sport has been cited as erroneous (Cleather, 2018). Instead, exercises should be selected 

based on the needs analysis and biomechanical nuances of the sport. 
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Thompson and Osness (2004) assessed the effects of an 8-week intervention on CHV, strength 

and flexibility in older golfers (age = 65.8 ± 6.1, control = 12, intervention = 19). Specifically, 

the intervention group performed resistance training (1 set of 12 reps) on weight machines 

(such as a chest press, leg press, leg extension, leg curl) and flexibility targeting shoulder, 

thoracic and hip range of movement. The intervention group significantly increased their CHV 

(0.94 m.s-1, p<0.05) along with the load lifted in a chest press (10.0 kg, p<0.001), leg press 

(25.4 kg, p<0.001), leg extension (11.9 kg, p<0.001) and leg curl (10.4 kg, p<0.001). These 

findings are supportive of the aforementioned investigations by Westcott, Dolan and Cavicchi 

(1996) and Hetu, Christie and Faigenbaum (1998) who observed significant improvements in 

both CHV and physical performance in older golfers. To measure CHV, Thompson and Osness 

(2004) instructed all the participants to use the same driver. This is interesting, given that this 

club may not have been an ideal specification (length, loft, clubhead mass and shaft stiffness) 

for the sample. When testing golfers, there would be greater external validity attained if 

participants used their own clubs. This is perhaps of greater importance when testing highly-

skilled or elite golfers who are likely to have had their club’s custom-fitted to their swing. 

A majority of the interventions within golf have typically assessed pre and post changes over 

an 8-week period (Hetu, Christie and Faigenbaum, 1998; Fletcher and Hartwell, 2004). 

However, a longer intervention lasting 18-weeks assessed the effects of strength and plyometric 

training within a sample of category-1 golfers (intervention: n = 5, control: n =5, handicap <5 

(Álvarez et al., 2012). It should be stated that whilst there was the inclusion of a ‘control’, this 

group undertook ‘core stability’, ‘flexibility’ and ‘resistance training’ (using resistance bands). 

Results highlighted significant increases in the intervention groups BV (10.5 m.s-1, p<0.01), 

club mean acceleration (17.24 m.s-2, p<0.01), 1-RM squat (45.82 kg, p<0.05), bench press (6.16 

kg p<0.01) and military press (8.74 kg, p<0.01). Of note, Álvarez et al. (2012) utilised strength 

training prescribed at loading zones equating to 85% (3 sets of 5 repetitions) of the participants 
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1-RM. These results highlight the positive transfer to both golf and physical performance when 

utilising heavy resistance training. To date, only Bull and Bridge (2012) and Álvarez et al. 

(2012) have assessed the effects of S&C employing a sample purely comprised of category-1 

golfers. Within any sport, as skill level rises there is a commensurate reduction in the number 

of participants at that skill level, which may be why there is a paucity of research assessing 

category-1 golfers. 

Whilst Álvarez et al. (2012) observed significant increases in club mean acceleration, it is 

unclear at what time point this was captured at. For example, if the club is still accelerating at 

impact, then the golfer is yet to achieve their maximum velocity. The authors did observe a 

significant increase in BV, which would be suggestive of enhanced CHV, however this is 

exposed to a number of extraneous variables (see pages 9-11). The significant increase in 1-

RM scores would indicate that the participants increased their ability to exert greater force. 

However, these improvements could also be due to the participants increasing their technical 

proficiency given that 1-RM testing is considered to be both a skill and a capacity (Cleather, 

2018). Without biomechanical equipment such as force platforms, it is difficult to accurately 

determine changes in force generating capacity.  

An 8-week strength and power intervention sought to assess the effects on physical 

performance and CHV in male and female NCAA division II collegiate golfers (age = 20.3 ± 

1.5; control n = 6, intervention n = 6) (Oranchuk et al., 2018). The intervention was divided 

into two distinct phases, which initially focussed on strength (5/3 sets x 6/4 reps at 75-90% 1-

RM) followed by power development (4/6 sets x 3/1 reps at 92.5-100% 1-RM). Due to the low 

sample size, the authors utilised Hedges’ g effects size (ES) to measure the magnitude of the 

effect. Oranchuk et al. (2018), reported that the intervention groups ‘change scores’ were 

significantly greater than the control for CHV (p<0.001, ES = 2.02), 1-RM back squat (p<0.05, 

ES = 1.11), 1-RM power clean (p<0.05, ES = 1.34), and CMJ height (p<0.05, ES = 1.42). The 
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significance and large effect size observed in CHV differences are most likely due to a 

combined significant increase in the interventions CHV (1.47 m.s-1, p<0.05, ES = 0.38) along 

with the control group achieving a significant decrease in this metric (-1.69 m.s-1, p<0.05, ES 

= 0.20). The significant increase in jump height reported by Oranchuk et al. (2018) could be 

affected by the golfers’ mass (which was not reported by the authors). If the same net impulse 

was applied to a lower mass, Newtonian mechanics would dictate that there would be a greater 

take-off velocity and therefore jump height. As such, jump height is not a sensitive enough 

measurement to monitor changes in performance. By using force platforms, researchers would 

gain a greater insight into how manipulating kinetic mechanism are associated with changes in 

CHV. 

A recent investigation assessed the impact vertically oriented heavy resistance training (65-

90% of ‘set best repetition’) including lower body (e.g. mid-thigh pull, cleans, overhead squats, 

back squats) and upper body (e.g. reverse fly, bench press, rows) exercises had on golfers’ 

performance (n = 10) (Driggers and Sato, 2017). The authors also assessed the pre and post 

changes in IMTP PF and RFD along with PP during a CMJ. Findings indicated a significant 

increase in BV (1.30 m.s-1, p<0.01), CD (5.2 yards, p<0.01), DD (3.9 yards, p<0.05) and CMJ 

PP (407.9 W, p<0.05). Whilst there were observed increases in key outcome measures such as 

DD, this could be due to an improved centredness of strike on the clubface, which has been 

shown to account for the variance in BV (Betzler et al., 2014). To date, the work by Driggers 

and Sato (2017) is the only investigation to assess changes in physcial performance utilising 

force platforms. However, the authors omitted a control group from their research design, 

which has been an issue with previous golf fitness interventions (Hegedus et al., 2016; Doan 

et al., 2006). Although the investigation by Driggers and Sato (2017) highlighted 

improvements in BV, CD and DD, the inclusion of both upper body and lower body exercises 

creates difficulties in establishing the effect individual exercises have on golf performance. 
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Strength and conditioning interventions have also been found to benefit performance within 

junior golfers. Lennon (1998) noted a significant (p<0.05) increase in 5-iron DD and physical 

performance (e.g. leg strength) in golfers aged 16 ± 0.4 years. It is difficult to assess the 

protocols utilised to measure leg strength, since the authors omitted this detail from their 

methodology. Bliss, McCulloch and Maxwell (2015) assessed the effects of an 8-week 

plyometric programme (including vertical jumps, single leg bounds and hops) on CHV and CD 

along with physical performance measures such as vertical jumps and medicine ball throws in 

junior golfers (age =  17.3 ± 1.5 years, intervention = 8, control = 8, handicap = ~5). Findings 

highlighted that the intervention group significantly increased CHV (1.11 m.s-1, p<0.05) and 

CD (4.9 m, p<0.05), with no significant change observed in the control group. Although the 

intervention group attained significantly greater CMJ height (0.05 m, p<0.05), standing broad 

jump (0.2 m, p<0.05), kneeling chest throw (0.4 m, p<0.05) and kneeling rotational throw (1.0 

m, p<0.05), the control group also significantly increased these post performance measures. 

Bliss, McCulloch and Maxwell (2015) suggested that the observed changes in the control group 

could be due to a learned effect, which could be due to the omission of a familiarisation session 

prior to testing.  

Following a 12-week resistance band intervention Smith, Lubans and Callister (2014), 

observed improvements in scores for a single leg squat (d = 0.64), side bridge endurance (d = 

0.94), modified push up (d = 0.71) and handicap (d = 0.42) in junior golfers (control = 10, 

intervention = 20, age = 12-18, handicap = ~ 13.7). These results (apart from the side bridge) 

were not significantly different. The presentation of the effect size (e.g. Cohen’s d) by Smith, 

Lubans and Callister (2014) is of great importance as these display meaningful values regarding 

the size of the difference between the groups. The improvement in handicap following the 

intervention is of interest as this would be a key objective for a vast majority of golfers. These 

changes in handicap could also be due to improvements in other areas such as short game and 
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course management skills, therefore it is difficult to fully elucidate the benefits of the fitness 

intervention. 

A more recent investigation compared the effects of a 12-week resistance training programme 

on CHV and BV along with CMJ height, CMJ PP and a modified pull-up in male county level 

golfers (n = 39, age = 13.4 ± 1.1, handicap = 10.3 ± 4.7) (Coughlan et al., 2019). Employing 

magnitude-based inferences as a statistical analysis, the authors noted increases in CHV (likely 

positive), BV (possibly positive), CMJ height (likely positive), CMJ PP (likely positive) and 

very little change in modified pull up (possibly trivial). The ‘likely positive’ changes in CHV 

could be due, in part, to the control group recording lower scores post intervention (reduction 

of 0.89 m.s-1). This was recognised by the authors, as the golfers engaged in the intervention 

during the off-season, therefore, the intervention was suggested to have a positive effect at 

negating reduced golf practice. The use of magnitude-based inferences has also been 

questioned as a statistical approach given it can increase the chance of committing a type I 

error (Sainani, 2018). When utilising magnitude-based inferences, researchers set thresholds 

of what is deemed to be clinically relevant, which can be arbitrary and open to interpretation. 

This has led to some Journals (e.g. Journal of Sports Sciences) refusing publications until this 

approach has been officially endorsed by statistics journals (Nevill et al., 2018).  

All of the investigations discussed in Section 2.7 have supported the positive effects S&C can 

have on golf performance. It is important to recognise, however, that research has also observed 

no significant changes in performance. Indeed, Lamberth et al. (2013) conducted a 6-week 

strength and functional training programme to assess the changes in CHV and physical 

performance in male golfers (n = 10, control = 5, intervention = 5, age = 21.4 ± 2.3, handicap 

≤8). Whilst the intervention group significantly increased their 1-RM bench press (7.26 kg, 

p<0.05) and leg press (9.05 kg, p<0.05), there was an observed decrease in CHV for both the 

intervention (-1.96 m.s-1) and control (-0.9 m.s-1). The authors stated that the low sample size 
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may have been too small and not reflective of the population mean. Additionally, 6-weeks may 

not be long enough to stimulate changes in golf performance.  

Olivier et al. (2016), measured the effects a once weekly intervention had on golf and 

musculoskeletal performance over a 7-week period. Findings indicated significant 

improvements in thoracic rotation (right side: p<0.001), single leg squat (right: p<0.05, left: 

p<0.01) and single leg glute bridge (left leg: p<0.05) score, however there were no observed 

changes in CHV, BV, CD and DD. Langdown (2015) investigated the effects of an 8-week 

intervention (resistance bands and foam roller) on an overhead squat, golf swing kinematics 

and CHV. The author observed significant improvements in overhead squat depth (p<0.001), 

gluteal strength (p<0.001) and thoracic rotation (p<0.001), however there were no changes in 

both swing kinematics and CHV. Olivier et al. (2016) suggested that the frequency and 

modality of their intervention was the likely cause for the non-significant results. It is plausible 

that one session is not enough to meet a minimal dose response. However, the adherence to the 

programme was also only 55% (3.8 out of 7 sessions completed) which is likely to affect the 

results. Furthermore, the modality of the exercises by both Olivier et al. (2016) and Langdown 

(2015) utilised body weight and resistance bands rather than prescribing an external load at a 

percentage of RM. The nature of these exercises may not have provided the required overload 

to elicit adaptations in performance.  

Taken collectively, the aforementioned investigations indicate that S&C interventions lasting 

8-weeks or longer typically elicit significant improvements in both golf and physical 

performance. Whilst these investigations have indicated improvements in golf performance, 

they have been limited by the lack of a control group (Hetu, Christie and Faigenbaum, 1998; 

Doan et al., 2006; Hegedus et al., 2016), a heterogeneous sample (Lephart, et al, 2007) and 

resistance training without prescribed RM zones (Lephart et al., 2007; Lamberth et al., 2013; 

Olivier et al., 2016). Only two investigation have assessed the effects of a S&C intervention 
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comprising a sample of purely category-1 golfers (Álvarez et al., 2012; Bull and Bridge, 2012). 

There is also no research that has investigated the effects three different groups (e.g. back squat 

vs. vertical jump vs. control) have on both golf and physical performance. Additionally, only 

one investigation has utilised force platforms to establish the pertinent kinetic mechanisms 

associated with changes in golf performance (Driggers and Sato, 2017). Undertaking research 

within highly skilled golfers (category-1) and assessing the effects different interventions have 

on CHV and kinetic measures such as impulse, RFD and PF will help to guide future training 

interventions. 

2.8. The Impact S&C Interventions have on PF, RFD and Impulse 

Despite the paucity of research in golf assessing the changes in kinetic measures following 

S&C interventions, research from other sports is less sparse. Utilising leg extensor contractions, 

Tillin and Folland (2014) compared RFD and PF (maximal voluntary contraction) pre and post 

explosive (~1 second) and sustained (~3 second) contractions over a 4-week period. The 

emphasis on the explosive contractions was to produce 75-90% of maximal force whereas the 

sustained group were instructed to maintain contractions of 75% of maximal force (without an 

emphasis of achieving this rapidly). Findings highlighted that both groups significantly 

increased their maximal force production. The explosive group significantly increased their 

force at 50 ms (p<0.05), but not at 100 and 150 ms; however, the reverse was observed for the 

sustained group whereby a significant increase was seen in force at both 100 ms (p<0.01) and 

150 ms (p<0.05), but not at 50 ms. Andersen et al. (2010) assessed the effects of a 14-week 

lower body resistance training intervention (progressively increasing intensity) on RFD and 

maximum voluntary contraction. Findings indicated a significant increase in RFD from 0-250 

ms (11%, p<0.05) and maximum voluntary contraction (18%, p<0.001) with no significant 

changes in any of the earlier RFD variables. The authors suggested that these results were likely 

due to the instructions to lift the load in a controlled manner (slow velocity) and not with the 
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intention of exerting high RFD. Taken collectively, the results from Tillin and Folland (2014) 

and Andersen et al. (2010) indicate that in order to enhance early and late phase RFD, 

practitioners should utilise rapid and slow velocity exercises respectively. 

Over an 8-week period Stone et al. (2003) reported significant increases (p=0.006) in shot put 

throwing distance between pre (11.99 m) 4 weeks (12.25 m) and post (12.63 m) a resistance 

training intervention. Of interest, the relationship between IMTP PF and throw distance all 

presented strong significant relationships (pre: r = 0.67; 4 weeks: r = 0.74; post: r = 0.75). 

Increases in throw distance were also in line with gains in PF at each of these time points (pre 

= 2881 N, 4 weeks = 2894 N and post = 3002 N). It is plausible that the increase in force 

resulted in the attainment of greater impulse, therefore increasing the release velocity of the 

shot put which may be why there were significant increases in throwing distance. Vanderka et 

al. (2016) assesed the changes in isometric squat PF following an 8-week CMJ intervention 

(30% 1-RM). Findings indicated a significant (p<0.01) increase in PF between three distinct 

time points (pre, mid and post intervention). These increases in PF were also accompanied by 

significant reductions in 50 m sprint times, thus showing a positive transfer to performance. A 

recent investigation assessed the affects that two 4-week mesocycles (moderate load at 60-

82.5% of 1-RM and heavy load 80-90% of 1-RM) had on IMTP PF (Comfort et al., 2020). The 

authors reported a large significant increase in PF following the initial 4-week training block 

(d = 2.02, p<0.01; 35.70 ± 1.17 N.kg-1 vs. 38.05 ± 1.16 N.kg-1) with a moderate significant 

increase following the high loads (d = 1.16, p<0.01; 38.0 ± 1.16 N.kg-1 vs. 39.50 ± 1.34 N.kg-

1). These changes in PF were suggest to be due to increased rate coding and the recruitment of 

higher threshold motor units. The combination of these investigations indicates that increasing 

the capacity to generate greater force is an important component of an S&C intervention due 

to the positive transfer to performance.  
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There is limited evidence that has sought to establish the impact of S&C on impulse, with 

research typically measuring PP as a performance metric (Stone et al., 2003). Given the 

aforementioned issues with PP (see pages 24-25), it would be preferential to measure impulse 

given that this directly links (r = 1.0) kinetics to kinematics (Knudson, 2009). Of the existing 

literature Cormie, McGuigan and Newton (2010) employed a 10-week strength vs. ballistic 

training programme which sought to establish the adaptations to athletic performance. Pre and 

post intervention mechanisms of PF and RFD (both relative to body mass) were measured 

through an isometric squat protocol with net impulse measured during a CMJ. Results indicated 

a significant increase in net impulse from baseline in both groups at mid-test (strength = 32.2 

N.s, p<0.05; ballistic = 48.8 N.s, p<0.05) and post-test (strength = 57.1 N.s, p<0.05; ballistic = 

57.4 N.s, p<0.05). In addition, the strength group significantly (all p’s <0.05) increased their 

PF measured from baseline (34.0 N.kg-1) to both mid-test (40.1 N.kg-1) and post-test (41.3 N.kg-

1) time points, with no significant change in the ballistic group. Contrastingly, the ballistic 

group achieved a significant increase (p<0.05) in isometric RFD when comparing baseline 

(33.5 N.kg-1.s-1) measures to post-test (49.7 N.kg-1.s-1), with no observed change in the strength 

group.  

Aagaard et al. (2002), investigated the impact of a 14-week lower body (such as a hack squat, 

leg press, knee extensions, hamstring curls and calf raises) heavy resistance strength and 

hypertrophy intervention on isometric leg extension measures of peak torque, rate of torque 

development and angular impulse. The authors observed a significant increase in peak torque 

and rate of torque development from 0-30, 0-50, 0-100 and 0-200 ms, Additionally, there were 

significant increases in impulse from 0-30 ms, 0-50 ms, 0-100 ms and 0-200 ms. Whilst 

interesting, there was no inclusion of a control group and no assessment of ‘sports 

performance’. Vanderka et al. (2016) also reported significant improvement in RFD from 0-

100 ms following an 8-week CMJ intervention. Although there are differences in force and 
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torque, the observed changes in torque following Aagaard et al's. (2002) intervention is likely 

due to the increases in force. This is based on the premise that the moment arm (leg length) 

would have been unlikely to change over a 14-week period, given that the sample was 

comprised of adults (age = 23.3 ± 3.7 years).  

There is, however, conflicting evidence regarding the impact of resistance training on PF, RFD 

and impulse (Baker, Wilson and Carlyon, 1994). Following a 12-week strength intervention 

utilising squats and clean pulls, there was no significant increase in isometric RFD (time to 

achieve 400 N) and isometric impulse. The authors observed a significant increase in PF (559.7 

to 598.5 N), however this increase was not significantly correlated (r = 0.16) to the observed 

increases in the 1-RM. However, the specificity of the assessments can be brought into question 

as the resistance training programme was performed bilaterally, whereas the isometric testing 

was performed unilaterally, which was recognised by the authors. Although the application of 

force production varies between legs within the golf swing, it is bilateral in nature (Okuda, 

Gribble and Armstrong, 2010).When assessing golfers it would appear preferential for profiling 

and interventions to be performed bilaterally. 

Research has established the positive impact that resistance training and ballistic movements 

have on vGRF measures. There is however, very little research that has sought to establish the 

effects these training modalities have within golfers and the concurrent impact this has on 

CHV. 

2.9. Chapter Summary 

Clubhead velocity at impact is the single most important variable in determining BV, CD and 

DD (Sweeney et al., 2013; Betzler et al., 2014). Additionally, golfers with greater CHV have 

also been evidenced to be more skilled, which is represented by a lower handicap (Fradkin, 

Sherman and Finch, 2004). As such, CHV is often utilised as a dependent variable within 
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research designs due to the impact it has on golf performance. One of the key technical links 

to generating CHV and DD is the interaction between the ground and the golfer, with greater 

GRFs observed when utilising longer clubs (McNitt-Gray et al., 2013). Whilst GRFs work in 

different vectors, the greatest magnitude is generated in a vertical direction. This is of great 

importance given that research has observed significant correlations between peak vGRF 

variables and CHV within highly skilled golfers (Han et al., 2019). 

In order to capture the collision between the golf club and ball, researchers have previously 

utilised automatic motion analyses systems and high-speed video (Ellis, Roberts and Sanghera, 

2010; Sweeney et al., 2013). However, these are prohibitively expensive and can take a long 

time to analyse the data, thus rendering them impractical for the coach-athlete interface. As 

such, researchers and golf coaches are ever increasingly utilising golf launch monitors 

integrated with Doppler radar technology in order to measure CHV. Within the S&C literature, 

two commonly used launch monitors are the TrackMan (Olivier et al., 2016) and Bel 

SwingMate (Leary et al., 2012). However, no research has sought to investigate the inter-

session reliability of these launch monitors within an applied coaching setting. Therefore, this 

creates issues when determining if changes in CHV should be considered as ‘real’. 

A number of speculative mechanisms have been suggested to relate to golfers’ CHV. These 

include PF (Sheehan, Watsford and Pickering Rodriguez, 2019), RFD (Read and Lloyd, 2014), 

PP (Read et al., 2013), impulse (Keogh et al., 2009) and SSC function (Smith, Callister and 

Lubans, 2011). A growing body of research has sought to establish the relationships between 

CHV and performance in a number of physical assessments. For instance, research has 

highlighted significant relationships between CHV and bilateral tasks such as a 1-RM back 

squat (Parchmann and McBride, 2011) along with vertical jump height and PP (Hellström, 

2008). These procedures are easily accessible to researchers and practitioners, however, there 

are a number of limitations that may affect the data collected during these tests. For instance, 
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a 1-RM is representative of both skill and capacity, therefore the external load lifted is thus 

confounded by technique. Additionally, jump height and PP are typically calculated from the 

flight-time method, which is confounded by differences in take-off and landing positions. 

Moreover, both 1-RM tests and vertical jumps utilising a jump mat are limited in the extractable 

biomechanical data. The use of isometric testing has also been employed within previous 

research (Leary et al., 2012; Sheehan, Watsford and Pickering Rodriguez 2019), however, 

these investigations were comprised of golfers varying in ability. To date, no research has 

sought to investigate the relationships between CHV and vGRFs utilising vertical jumps and 

an IMTP within a sample of highly skilled golfers. 

Whilst evidence suggests relationships between CHV and bilateral tasks such as 1-RM and 

vertical jumps, the golf swing is inherently asymmetrical in nature. For instance, during the 

backswing, there is greater force applied through the trail foot (Chu, Sell and Lephart, 2010). 

This is reversed during the downswing and follow through, where the application of force is 

greatest in the lead foot. Han et al. (2019) indicated that peak vGRF in the lead foot 

significantly related to CHV, whereas the vGRF in the trail foot did not. Golfers have reported 

engaging in an average of 39 hours of golf practice per week (Dickenson et al., 2016) and have 

been evidenced to hit up to 300 balls in a session (Thériault and Lachance, 1998). This exposure 

to repetitive movements could lead to asymmetries within the golfer. However, it may be that 

asymmetries offer a competitive advantage through ‘self-selection’. As such, investigating the 

relationships between CHV and asymmetry in bilateral tasks is a noteworthy area of research. 

Such research will help to advise on the design of training interventions when working with 

golfers. 

There has been a growing body of research seeking to establish the effects different training 

modalities have on CHV. Research has observed significant increases in CHV following 

interventions including ‘strength’ and plyometric activities (Fletcher and Hartwell, 2004; Doan 
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et al., 2006). However, these investigations only assessed the effects on golf performance as 

opposed to the kinetic mechanisms underlying these changes. More recent research has 

observed significant increases in CHV in line with increases in CMJ height (Bliss, McCulloch 

and Maxwell, 2015), CMJ PP (Driggers and Sato, 2017; Coughlan et al., 2019) and 1-RM  

strength (Oranchuk et al., 2018). These investigations provide valuable insight into the links 

between physical performance and CHV, however, there is limited evidence that has sought to 

understand the kinetic mechanisms (such as impulse, PF and RFD) associated with these 

changes. There are also only two investigations that have assessed an intervention with a 

sample purely comprised of category-1 golfers (Álvarez et al., 2012; Bull and Bridge, 2012). 

Additionally, there is no research that has sought to assess the changes in golf and physical 

performance between three different groups (e.g. back squat vs. vertical jump vs. control). 

Investigating this area will help to develop an understanding regarding the pertinent kinetic 

mechanisms associated with changes in CHV and in doing so support S&C practitioners when 

working with golfers.  
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Chapter Three: Inter-session Reliability of the TrackMan 3e and Bel SwingMate when 

Measuring Clubhead Velocity. 
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3.1. Introduction 

It is widely recognised that there are numerous impact parameters that determine the resultant 

ball flight characteristics. Clubhead velocity at the moment of impact is considered to have the 

greatest variance in determining BV and DD (Sweeney et al., 2013; Betzler et al., 2014) (see 

Chapter two page 9). Given the collision between the clubhead and the ball is transient in nature 

(0.5 ms, Penner, 2001), it is difficult to determine CHV at impact. Over recent years, advances 

in coaching technology has enabled practitioners and researchers to assess CHV through the 

use of golf launch monitors, with a wide range of devices available. Two launch monitors that 

have previously been utilised within research are the TrackMan (MacKenzie, Ryan and Rice, 

2015; Carlsson et al., 2019) and the Bel SwingMate (Gordon et al., 2009; Leary et al., 2012).  

Betzler et al. (2012) compared a TrackMan’s measures of CHV to a 3D automatic motion 

analysis system sampling at 1000 Hz. Findings indicated that TrackMan’s values of CHV were 

lower (0.12 m.s-1; CI = 0.08-0.16) than the 3D system (significance not reported). However, 

99.8% of the variance in TrackMan’s CHV was predicted by that of the 3D system. Smith, 

(2013) compared CHV between 3D motion analysis and a TrackMan for a 5-iron and a driver. 

Pearson’s correlation indicated a strong significant relationship for the driver (r = 0.93, p<0.01) 

and the 5-iron (r = 0.99, p<0.01). The findings of both Betzler et al. (2012) and Smith, (2013) 

support the use of TrackMan when measuring CHV, since relationships greater than r = 0.7 are 

suggested as acceptable thresholds for validity (Carlson and Herdman, 2012).  

A more recent investigation compared CHV measurements of the TrackMan 3e to a GOM 

inspect (GOM mbH, Germany) for a utility wedge, 7-iron and driver (Leach et al., 2017). The 

TrackMan significantly (p<0.05) under-predicted CHV for the driver (median offset = -0.18 

m.s-1), however, personal communication with Leach (2017) highlighted that this was a smaller 

offset, and had a greater chance (93%) of being within 1.12 m.s-1 than the other clubs tested 
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when compared to the GOM inspect. Although Leach et al. (2017) investigated TrackMan’s 

validity, this was not a test-retest design, therefore failing to show the inter-session reliability. 

Whilst the TrackMan has been employed in experimental research (Olivier et al., 2016) it is 

prohibitively expensive (~£12,000) for many practitioners. Cheaper alternatives such as the 

Bel SwingMate have been utilised by practitioners and researchers (Hellström, 2008; Leary et 

al., 2012), however these may compromise on reliability. To the authors knowledge, there is 

no research that has sought to investigate the inter-session reliability of the TrackMan and Bel 

SwingMate as a measure of CHV. In order to guide research design and methods for future 

investigations within this thesis, it is important to assess and inter-session reliability of these 

launch monitors. Additionally, understanding the inter-session reliability of these launch 

monitors will help PGA Professionals and S&C coaches understand when a change in CHV 

can be considered as ‘real’. Therefore, the objective of this Chapter was to compare the inter-

session reliability of the TrackMan 3e and the Bel SwingMate when capturing golfers’ CHV 

in a golf range setting. 

3.2. Methods 

Participants: Participants consisted of 10 male category-1 (handicap ≤5.4) golfers (age = 21.5 

± 4.17 years, height = 1.81 ± 0.05 m, mass = 73.46 ± 10.10 kg, handicap = 1.9 ± 2.1 strokes). 

All participants were recruited through convenience sampling and volunteered to take part in 

the investigation. Each participant completed a Physical Activity Readiness Questionnaire 

(PAR-Q) and provided written consent to take part. The participants were advised that they 

could withdraw from this investigation at any point. All participants were asked to complete 

two separate testing days consisting of the same procedures, which were exactly a week apart. 

Ethical approval was granted by the University’s Research Ethics committee. 
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Procedures: Prior to hitting shots, participants completed a dynamic warm-up consisting of 

clock lunges, overhead squats with a dowel, gluteal bridges, scapula wall slides, internal and 

external hip rotation, thoracic rotations and horizontal and vertical arm swings, which follows 

a similar procedure utilised by (Langdown et al., 2019) (see Appendix A). The warm-up was 

supervised by the author who is an accredited S&C coach with the United Kingdom Strength 

and Conditioning Association (UKSCA). Following the warm-up, the participants were asked 

to hit a self-selected number of shots with their own custom fitted 6-iron and driver after 

completing their bespoke pre-shot routine. Participants were encouraged to gradually increase 

their CHV and to ensure that they were striking the golf ball with maximal effort during their 

final two swings. All participants were given the same instructions which were to hit six balls 

towards a specified target line with maximum effort, whilst maintaining normal swing 

mechanics and ensuring a centred strike. Strike location was determined by the feel, sound and 

the resultant ball flight. Shots that were deemed non-centred, sub-maximal or were hit with 

varying swing mechanics were discarded from the data set and the trial was subsequently re-

performed.  

A TrackMan 3e (Interactive Sports Games, Denmark) (referred to as TrackMan hereafter) was 

situated 2.7 m behind the tee and directed down the target line. The investigator selected and 

specified the intended target line for the shots to be struck. The target line ran directly through 

the golf ball and aimed at the intended target. These procedures were based on the guidelines 

provided by the manufacturer. The Bel SwingMate (G460, Beltronics, Ohio) was positioned 

1.2 m behind the golf tee directed down the target line following the manufacturer’s guidelines. 

Club specification was set to ‘1 wood’ as this is representative of the driver. Whilst the Bel 

SwingMate was situated closer to the hitting area, the size of this launch monitor did not 

obscure the view for the TrackMan. The CHV for each drive was recorded concurrently by 

both the TrackMan and the Bel SwingMate launch monitors. However, if one device failed to 
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calculate CHV, the data were discarded and the trial was performed again. All testing was 

conducted in a private fitting room at The Belfry golf centre hitting onto a range. Participants 

were asked to wear their own golf shoes and ensure that exactly the same clubs were used at 

each testing sessions. The aforementioned procedures were repeated for the re-test session. 

3.2.1. Statistical Analysis 

Mean and standard deviations for each capture method were calculated for each session. Inter-

session reliability of the TrackMan and the Bel SwingMate were calculated using the 

coefficient of variation (CV%) for all twelve shots (six from session one and six from session 

two): 

CV% = (standard deviation / mean) * 100. 

Additionally, the smallest detectable change (SDC) was calculated at 95% confidence intervals 

(CI) in order to establish a threshold of where a ‘real’ change would be observed: 

SDC = (t-score * √ 2 * standard error of measurement) 

A t-score conversion of 2.262 was used rather than a z-score of 1.96 given that the sample size 

was lower than 30. 

3.3: Results 

Table 2: Mean and standard deviations of the capture methods clubhead velocity for all the 

participants (n = 10) in sessions one and two.  

  TrackMan Bel SwingMate 

 Session 1 Session 2 Session 1 Session 2 

CHV (m.s-1) 48.87 ± 2.83 48.78 ± 2.73 50.90 ± 3.59 50.83 ± 3.14 

CHV = Clubhead velocity 
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Table 3: Inter-session reliability for clubhead velocity when measured by the TrackMan and 

Bel SwingMate, their respective coefficient of variation and 95% confidence intervals for the 

shots hit by the participants (n = 10). 

  TrackMan Bel SwingMate 

  
        95% CI 

 
95% CI 

 
CV% Lower Upper CV% Lower Upper 

CHV 0.81 0.71 0.90 2.46 1.86 3.06 

CHV = Clubhead velocity. 

The descriptive statistics collected at the driving range are presented in Table 2. The inter-

session reliability was greater for the TrackMan when compared to the Bel SwingMate (Table 

3). Smallest detectable change for maximal drives was 0.76 m.s-1 for the TrackMan and 1.42 

m.s-1 for the Bel SwingMate.  

3.4. Discussion 

The objective of this Chapter was to compare the inter-session reliability of the TrackMan 3e 

and the Bel SwingMate when capturing golfers’ CHV in a golf range setting. Inter-session 

reliability for both launch monitors indicated that the most reliable capture method was 

TrackMan’s measure of CHV (CV = 0.81%; 95% CI 0.71 to 0.90). The Bel SwingMate also 

presented high inter-session reliability for CHV (CV = 2.46%; 95% CI 1.86-3.06), which is 

also similar to the intra-session reliability (CV = 2.3%: 90% CI = 1.8-3.9%) reported by Leary 

et al. (2012). It is plausible that these results could be due to a combination of the random error 

in the launch monitor and also the variability within the participants. However, the results for 

the TrackMan are similar to those of  Betzler et al. (2012) who reported that category-1 golfers 

had a CV for CHV of 0.82 ± 0.51% when using a 3D automatic motion analysis system. 

It is important to recognise that when testing CHV for a driver travelling at 44.7 m.s-1, a CV of 

0.81% (TrackMan) and 2.46% (Bel SwingMate) represents a difference in CHV of 0.36 m.s-1 

and 1.10 m.s-1, respectively. Therefore, the TrackMan would appear to be preferential when 



 
 

72 

 

measuring CHV over different sessions. This is further supported by the SDC, which was lower 

for the TrackMan (0.76 m.s-1) when compared to the Bel SwingMate (1.42 m.s-1). When 

measuring CHV with the TrackMan, researchers who obtain values greater than 0.76 m.s-1 can 

be 95% confident that this represents a ‘real’ change. These findings are of great importance, 

given the extensive use of the TrackMan (MacKenzie, Ryan and Rice, 2015; Olivier et al., 

2016) and Bel SwingMate (Hellström, 2008; Gordon et al., 2009; Leary et al., 2012) as a 

measure of CHV in previous research. 

3.5. Conclusion 

The objective of this Chapter was to compare the inter-session reliability of the TrackMan 3e 

and the Bel SwingMate when capturing golfers’ CHV in a golf range setting. The TrackMan 

shows greater levels of inter-session reliably and a lower value for the SDC statistic. Based on 

the results of this Chapter, previous research that has utilised a TrackMan can be interpreted 

with greater confidence when compared to investigations utilising a Bel SwingMate. These 

findings are of great importance to researchers and practitioners when selecting a golf launch 

monitor for data collection. If PGA Professionals’ and S&C coaches observe a 0.76 m.s-1 

change in CHV when using a TrackMan, they can be 95% confident that this change is ‘real’. 

For practitioners who decide to use a Bel SwingMate as a replacement capture method, they 

should only be confident in the results if CHV changes by 1.42 m.s-1. Based on the findings 

from this Chapter, the TrackMan will be the launch monitor utilised for the following Chapters 

within this thesis. 
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Chapter Four: Relationships between Highly Skilled Golfers’ Clubhead Velocity and 

Force Producing Capabilities during Vertical Jumps and an Isometric Mid-thigh Pull. 

 

 

THE WORK FROM THIS CHAPTER FORMED THE BASIS OF THE FOLLOWING 

PEER-REVIEWED JOURNAL ARTICLE: 

 

 

Wells, J.E.T., Mitchell, A.C.S., Charalambous, L.H. and Fletcher, I.M. (2018) ‘Relationships 

Between Highly Skilled Golfers’ Clubhead Velocity and Force Producing Capabilities During 

Vertical Jumps and an Isometric Mid-thigh Pull’, Journal of Sports Sciences, 36(16), 1847-

1851. 
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4.1. Introduction 

The ability to drive a golf ball over greater distances is considered to be an important factor 

linked to success within the game of golf (Broadie, 2014). However, extraneous variables such 

as centredness of strike, environmental conditions and friction of the landing area can cause 

error when measuring golfers’ DD. Clubhead velocity is a commonly utilised dependent 

variable in research designs given that it has a strong relationship with BV (β = 0.915) and DD 

(β = 0.756) (Betzler et al., 2014). Since CHV is not subjected to the extraneous variables 

associated with DD, it is a more reliable measure of golfers’ performance. There are a number 

of ways to increase CHV including technical alterations or advances in equipment (Cochran 

and Stobbs, 1999). Over recent years, golfers have devoted an increasing amount of time 

engaging in S&C interventions due to research highlighting significant improvements in CHV 

following resistance training (Fletcher and Hartwell, 2004; Doan et al., 2006) and the 

widespread use of resistance training in professional golfers aiming to attain greater DD.  

Research has evidenced that the downswing is initiated from the ground-up, with energy 

transferred through the body’s kinetic chain to the clubhead (Nesbit and Serrano, 2005). 

Therefore, the interface between the ground and the golfer is an important determinant of CHV. 

While a number of investigations have assessed the kinematic parameters of the golf swing 

(Tinmark et al., 2010; Bull and Bridge, 2012), there is a paucity of research that has assessed 

the relationship between golfers’ CHV and vGRF. Despite a number of kinetic mechanisms 

suggested to relate to CHV; including PF (Leary et al., 2012), RFD (Read and Lloyd, 2014; 

Hellström, 2017), impulse (Myers et al., 2008) and SSC function (Smith, Callister and Lubans, 

2011), there has been little research exploring relationships between these parameters and 

CHV.  

Previous research has explored the relationships between vertical jump performance and CHV 

(Read et al., 2013; Lewis et al., 2016). While these procedures provide useful field-based 
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assessments, they are unable to measure variables such as PF, RFD and impulse, which are 

obtainable through the use of force platforms. A recent investigation utilising force platforms 

indicated that CMJ height and PP along with SJ height and PP were significantly greater 

(p<0.05) in a high CHV group than a low CHV group (Sheehan, Watsford and Pickering 

Rodriguez, 2019). However, the sample was varied in ability (handicap: 9.89 ± 8.36), therefore 

differences in CHV could have been due to both physical performance and technical 

proficiency. 

Maximum strength testing utilising 1-RM back squats have also been observed to significantly 

correlate with golfers’ CHV (Hellström, 2008; Parchmann and McBride, 2011), however, there 

is a great degree of technical proficiency required when performing these lifts, which may mask 

the true correlation between CHV and force producing capabilities. One method that has 

previously been used in research to measure PF and RFD is an IMTP (Haff et al., 2015). There 

is only one investigation that has utilised an IMTP to examine the relationship between PF, 

RFD and CHV, with the authors reporting no significant relationship between these variables 

(Leary et al., 2012). However, this investigation employed a small sample size (n = 12) and 

comprised a high degree of variability in skill level (handicap: 14.5 ± 7.3). Therefore, any 

relationship between kinetic variables and CHV within highly skilled golfers is still unknown. 

A SSC is observed when the MTU is stretched before shortening rapidly with ideally a small 

isometric delay between these two actions (Blazevich, 2011). The SSC has been suggested to 

be a fast or slow action depending on ground contact times (<250 ms and >250 ms; 

Schmidtbleicher, 1992). It is generally accepted that fast SSCs, such as DJs, take advantage of 

SEC function within the MTU. The SEC stores elastic energy in the eccentric phase of 

contraction, for rapid release enhancing the concentric action and velocity. Slower SSCs, such 

as CMJs, draw upon both the CE and SEC (Wilson and Flanagan, 2008). Squat jumps are often 

employed to measure the ability of the MTU to perform concentric only actions (Kurokawa, 
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Fukunaga and Fukashiro, 2001). Consequently, jump variations can be employed to establish 

if a relationship exists between CHV and different lower extremity MTU actions.  

One mechanism speculated to relate to golfers’ performance is their ability to generate impulse 

(force x time) (Myers et al., 2008). Keogh et al. (2009) suggested that the ability of a golfer to 

generate impulse using the lower extremities is a factor likely associated with golfers’ CHV. 

Given the impulse-momentum relationship, greater force generated over the duration of the 

downswing will increase the overall momentum (mass x velocity). Since the mass of a golfer 

remains constant, an increase in impulse will lead to an increase in velocity, as long as this is 

successfully transferred to the clubhead. Given impulse can be measured during different jump 

variations, these procedures can be used to assess the relationship between CHV and impulse 

generated during different SSC actions. There is no research, however, that examines the 

relationship between these variables.  

Recent research has found that slow velocity field-based measurements such as 1-RM back 

squat strength has a significant positive relationship with CHV (Hellström, 2008; Parchmann 

and McBride, 2011). This is interesting since research has identified that the downswing lasts 

from 230 – 284 ms (Cochran and Stobbs. 1999; Tinmark et al., 2010). Generating PF is 

typically achieved between 200 and 250 ms (Haff et al., 1997; Kawamori et al., 2006), 

however, it can take up to 900 ms depending on the task (Blazevich, 2011). As such, there may 

not be the prerequisite time window during the downswing to achieve maximum force. 

Consequently, it may be more important for golfers to generate force quickly (e.g. RFD). By 

utilising an IMTP, this can directly measure PF and RFD which will help to determine whether 

it is the magnitude or rate that has the greatest relationship with golfers’ CHV. 

The objective of this Chapter was to investigate relationships between IMTP, CMJ, SJ and DJ 

vGRF variables and CHV in highly skilled golfers. From the previous literature, it was 
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hypothesised that CHV would have a significant positive relationship with each of the vGRF 

variables. 

4.2. Methods 

4.2.1. Participants  

A cross-sectional research design was employed for this Chapter. Twenty-seven right-handed 

male category-1 (handicap ≤5.4 strokes) golfers (age: 19 ± 1.45 years, height: 1.81 ± 0.06 m, 

mass: 74.85 ± 11.28 kg, handicap: 2.7 ± 1.9) were recruited to participate in this investigation 

using convenience sampling. All participants were experienced golfers, engaged in an average 

of 9 hours golf practice per week and had limited experience of resistance training. Participants 

were injury free, attended a familiarisation session and refrained from exercise 48 hours prior 

to all testing. Ethical approval was granted by the University’s Research Ethics Committee. 

4.2.2. Experimental Trials 

Laboratory Assessment: Data were collected in the Sport and Exercise Science Laboratory at 

the University of Bedfordshire (Bedfordshire, UK). Anthropometric data for height (Holtain, 

Model: Harpenden, Supplier: Holtain Ltd) and mass (Tanita, Model: BWB-800, Supplier: 

Cranlea Ltd) were recorded following the completion of a PAR-Q and informed consent form. 

As a warm-up, participants performed pulse raisers on a cycle ergometer (Monark Ergomedic 

874E, Cranlea Human Performance Ltd, UK) for 5 minutes at a cadence of 50 rpm with a 

resistance that yielded an intensity of 90-100 W. Following this a series of dynamic stretches 

were performed (see Appendix A). Each participant received five minutes rest before 

completing testing of the SJs, followed by CMJs, DJs and lastly the IMTPs. All performance 

tests were performed on dual Kistler force platforms (Kistler 9281, Kistler Instruments, 

Winterthur, Switzerland) sampling at 2000 Hz. 
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Vertical Jumps: For all three vertical jumps, the participants were taken through a standardised 

verbal explanation and demonstration by the researcher who is a UKSCA accredited S&C 

coach. Following this, participants performed three practice trials of each jump type prior to 

completing the test procedures. Each vertical jump was performed three times with the feet hip 

width apart, hands placed on the hips, and with the instruction to jump as high and as fast as 

possible, on the command “3, 2, 1, jump” following a 1 second ‘quiet phase’ to establish a clear 

baseline measure. Each trial was interspersed with a two-minute recovery period with the 

participants sitting on a chair. 

Squat Jumps: During practice trials participants set their preferential start position with knee 

(95 ± 12°) and hip angles (84 ± 18°) measured using a universal goniometer. An adjustable 

bench was individually set to each participant’s preferred squat depth to provide a standardised 

start position. Force platforms were zeroed with the participants set motionless in their lowered 

position of the squat with their ischial tuberosities lightly touching the edge of the bench. The 

participants held their self-selected squat depth for five seconds then performed a concentric 

only jump. Force-time data were initially analysed on a computer screen, with a negative vGRF 

>50 N deemed as a prior countermovement (Thomas et al., 2015). If a countermovement was 

performed the data were discarded and the trial was performed again following the allocated 

rest intervals. A maximum of six attempts were performed to capture three successful trials. 

Countermovement Jumps: Force platforms were zeroed with the participants standing 

motionless in their start position. Countermovement jumps started with the participants 

standing upright before lowering themselves into a self-selected squat depth and immediately 

jumping as high and as fast as possible. Self-selected squat depth was preferred to a set depth 

as this could have interfered with the jump strategy employed. 
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Drop Jumps: A 0.2 m high box was set back from the force platforms. Participants ‘dropped’ 

from the box into a hip width stance and attempted to jump as high as possible whilst 

minimising their ground contact time. The researcher discarded jumps adopting poor technique 

such as ‘stepping down’ or ‘jumping up’ when leaving the box. Jumps with ground contact 

time >250 ms were also discarded, with a maximum of six attempts performed to capture three 

successful trials. After completing all the vertical jumps, the participants rested for five minutes 

prior to taking part in the IMTP (Leary et al., 2012). 

Isometric Mid-thigh Pull: All isometric testing was performed using a Smith machine (Pro-R, 

Pullum Sports, Luton, UK), which was set over the dual Kistler force platform system. 

Participants were positioned into what would represent the start of their second-pull within the 

clean lift, since this phase has been shown to generate the highest force output (Garhammer, 

1993). From this position knee (144 ± 4°) and hip (150 ± 5°) angles were measured with a 

universal goniometer. Participants’ hands were attached to the bar with lifting straps to enable 

maximal effort, with the bar fixed in position with jubilee clips. Once the participants were in 

a set position ready to perform a maximal pull, they remained motionless whilst the force 

platforms were zeroed. Prior to data collection, participants performed three sub-maximal 

isometric pulls, progressively increasing their lifting intensity. Each pull was initiated after a 

countdown of ‘3, 2, 1, pull’ with maximal isometric effort applied for five seconds as 

recommended by Haff et al. (2015). Participants were informed to pull the bar as ‘hard and as 

fast’ as possible (Haff et al., 2015) without changing their joint angles or performing a 

countermovement. If joint angles changed or a countermovement was observable, the test was 

performed again following the allocated rest interval. Following each maximal pull, 

participants sat on a chair, but remained strapped to the bar to maintain a constant hand position 

between trials. A total of three pulls were performed with three minutes recovery time between 

each trial. A maximum of six attempts were performed to capture three successful trials. 
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Clubhead Velocity Assessment: Clubhead velocity was measured in a private swing studio at 

the Belfry Golf Centre (Warwickshire, UK), hitting onto a range. The CHV testing session was 

conducted on a separate day to laboratory testing with no more than 10 days separating these 

sessions. Clubhead velocity was measured using a TrackMan 3e launch monitor (Interactive 

Sports Games, Denmark), as used in Chapter three and in other investigations (Olivier et al., 

2016). The TrackMan 3e launch monitor measures the CHV from the geometric centre of the 

clubhead at the instantaneous moment prior to impact (TrackMan, 2018). When using a driver, 

TrackMan has been evidenced to have a median offset of -0.18 m.s-1 and be within 1.12 m.s-1 

93% of the time when compared to a gold standard measure (Leach, 2017). Results from 

Chapter three also indicated that TrackMan has high inter-session reliability (CV = 0.81%). 

The TrackMan was set-up based on the manufacturer’s guidelines with the investigator 

specifying the intended target line. The dynamic warm-up followed the same procedures used 

as the laboratory testing. Participants also hit a self-selected number of shots (5 ± 1 shots) with 

a 6-iron whilst gradually increasing their CHV. This was then followed with a self-selected 

number of shots (6 ± 1 shots) struck with a driver. Participants used their own custom fitted 6-

iron and driver. Prior to data collection the researcher instructed each participant to ensure they 

struck the ball with maximum effort, whilst maintaining their normal swing mechanics and a 

centred strike on the clubface. Maximum CHV was tested to ensure that effort was standardised 

within and between participants. The final two warm-up shots were struck with maximum 

effort to ensure participants were suitably prepared. Participants’ then self-selected and struck 

10 new range balls, aiming at the target and hit off an artificial turf mat and a self-selected tee 

height. Centredness of strike was determined by sound, feel and the ball flight, with the 

investigator checking verbally with the participant after each shot. Shots that were deemed non-

centred, sub-maximal or were hit with varying swing mechanics were discarded from the data 

and the trial was subsequently re-performed up to a maximum of 15 shots. 
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4.2.3. Data Analysis 

Smoothing and Residual Analysis: All data were smoothed with a low pass 4th order 

Butterworth filter as described by Winter (2009). Residual analysis was used to determine 

optimal cut-off frequency (Winter, 2009) which was set at 30 Hz for the IMTP and 100 Hz for 

all three jump variations (Kawamori, Nosaka and Newton, 2013). Both residual analysis and 

smoothing were conducted in Microsoft Excel™ using the biomechanics tool bar. The instant 

of movement initiation was determined based on a 10 N vGRF threshold shift from baseline 

measurements as utilised by Tirosh and Sparrow (2003). All of the data were analysed using 

Microsoft Excel™. 

Kinetic Analysis: Peak force during the IMTP was established from the maximal vGRF on the 

force-time curve subtracted by the lowest starting force (Figure 2). Rate of force development 

was calculated as the change in force divided by the change in time generated over pre-

determined time intervals of 0-50 ms, 0-100 ms, 0-150 ms and 0-200 ms (Figure 2).  

 

Figure 2: Force-time curve for a bilateral isometric mid-thigh pull. The arrow above the force-

time curve represents the peak force. The gradient of the curve (from the initiation of force to 

the pre-determined time intervals) was used to calculate the rate of force development 

variables.  
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Positive impulse for the CMJ was calculated from the area underneath the force-time curve 

where force returned to zero (using a 10 N threshold), which is the time point when peak 

negative (downward) velocity of the COM is reached (McMahon et al., 2018), up until the 

point that force returns back to zero and peak positive (upward) velocity of the COM is reached 

(Figure 3).  

 

Figure 3: Force-time curve for a bilateral countermovement jump. The shaded grey area 

indicates the part of the curve used to calculate positive impulse. 

 

Positive impulse for the SJ was calculated from the initiation of the propulsion phase (using a 

10 N threshold) up until the time where force returns to zero, which is the point where peak 

positive (upward) velocity of the COM is reached (Figure 4). 
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Figure 4: Force-time curve for a bilateral squat jump. The shaded grey area indicates the part 

of the curve used to calculate positive impulse. 

 

Drop jump positive impulse was calculated from the vertical force trace including impulse 

pertaining body mass and force generated through muscular actions. This was calculated from 

the point that the force-time curve first rose above 10 N, which represented the first point of 

landing, up to when force returned to zero (Figure 5). The maximum data for each of these 

kinetic variables (positive impulse, RFD and PF) were taken forward for analysis, even if they 

occurred in separate trials (e.g. RFD and PF during the IMTP). 
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Figure 5: Force-time curve for a bilateral drop jump. The shaded grey area indicates the part of 

the curve used to calculate positive impulse. 

 

Clubhead Velocity: The TrackMan launch monitor provided real-time biomechanical data on 

each participant’s CHV for the ten trials. From the ten trials, the drive that generated the 

greatest CHV was taken forward for analysis.  

4.2.4. Statistical Analysis 

Intra-session reliability was determined using the coefficient of variation (CV%) statistic and 

respective 95% confidence intervals. For each variable, acceptable reliability was determined 

as a CV <15% (Haff et al., 2015). The CV% was calculated for individual participants in order 

to provide an overall reliability score. This was calculated using the following equation: 

CV% = (standard deviation / mean) * 100 

The assumptions of normal distribution were assessed using the following equations: 

Zskewness = S – 0 / SEskewness  

Zkurtosis = K – 0 / SEkurtosis 
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Outliers were assessed using boxplots. All statistical assumptions were met within this data. A 

one-tailed Pearson’s correlation coefficient was employed using IBM SPSS for Microsoft 

Windows (version 22.0; Chicago, USA), with an alpha level of p≤0.05 used to represent 

statistical significance. Effect size was deemed weak (r = <0.29), moderate (r = 0.3-0.49) or 

strong (r = >0.5) based on the suggestion of Cohen (1988).  

4.3. Results 

Table 4: Intra-session coefficient of variation and their respective 95% confidence intervals for 

clubhead velocity and the kinetic variables.  

    95% CI 

Parameter  CV% Lower Upper 

CHV 0.79 0.68 0.89 

Peak Force 4.09 3.19 4.98 

RFD 0-50 ms 34.69 24.37 45.01 

RFD 0-100 ms 28.59 19.79 37.38 

RFD 0-150 ms 19.44 12.95 25.92 

RFD 0-200 ms 14.54 9.91 19.16 

CMJ positive impulse 1.62 1.19 2.06 

SJ positive impulse 1.92 1.25 2.59 

DJ positive impulse 1.94 1.25 2.62 

CHV = Clubhead velocity, RFD = Rate of force development, CMJ = Countermovement jump, 

SJ = Squat jump, DJ = Drop jump. 

Reliability data (Table 4) indicates high levels of reliability for CHV (CV = 0.79%). PF (CV = 

4.09%), CMJ positive impulse (CV = 1.62%), SJ positive impulse (CV = 1.92%) and DJ 

positive impulse (CV = 1.94%). Rate of force development from 0-200 ms achieved acceptable 

reliability (CV = 14.54%), whereas the other RFD time intervals were deemed unreliable since 

all CVs were greater than 15%. 
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Table 5: Descriptive statistics, correlation coefficient (r), the coefficient of determination (R2) 

between clubhead velocity and the kinetic variables and statistical power (1-β).  

  Mean SD R R2 1-β 

CHV (m.s-1) 49.41 2.46 - - - 

Peak Force (N) 1604.57 391.47 0.482** 0.232 0.87 

RFD 0-50 (N/s) 3604.29 1986.75 0.185 0.034 0.24 

RFD 0-100 (N/s) 4864.13 2331.42 0.286 0.082 0.45 

RFD 0-150 (N/s) 5018.06 1787.84 0.343* 0.118 0.58 

RFD 0-200 (N/s) 4863.60 1459.12 0.398* 0.158 0.71 

CMJ positive impulse (N.s) 286.22 42.19 0.788*** 0.621 0.99 

SJ positive impulse (N.s) 185.05 29.04 0.692*** 0.479 0.99 

DJ positive impulse (N.s) 423.43 58.30 0.561** 0.315 0.96 

Significance values are represented as follows *p<0.05, **p<0.01, ***p<0.001. CHV = 

Clubhead velocity, RFD = Rate of force development, CMJ = Countermovement jump, SJ = 

Squat jump, DJ = Drop jump. 

 

Post hoc power analysis (1-β) was calculated using the independent variables effect size (r), 

the significance level (p≤0.05) and the sample size (n = 27), with the values reported in Table 

5. Descriptive statistics and correlations between CHV and the kinetic parameters are presented 

in Table 5. The results from this Chapter indicate that there are a number of significant 

relationships between golfers’ CHV and force producing capabilities. Significant correlations 

were observed between CHV and CMJ positive impulse (r = 0.788, p<0.001), SJ positive 

impulse (r = 0.692, p<0.001), DJ positive impulse (r = 0.561, p<0.01), PF (r = 0.482, p<0.01), 

RFD from 0-150 ms (r = 0.343, p<0.05) and RFD from 0-200 ms (r = 0.398, p<0.05). No 

significant correlations between CHV and RFD from 0-50 ms and RFD from 0-100 ms were 

observed. Countermovement jump positive impulse, SJ positive impulse, DJ positive impulse 
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and IMTP PF all had high statistical power as each of the values were greater than the accepted 

threshold of 0.8 (Field, 2014). 

4.4. Discussion 

The objective of this Chapter was to investigate the relationships between CHV and vGRF 

variables during IMTPs, CMJs, SJs and DJs. The CV% for CHV (CV = 0.79) in the current 

investigation were similar to the inter-session reliability observed in Chapter three (CV = 

0.81%) (see pages 71). Findings from this investigation suggest that activities less constrained 

by time, such as CMJ positive impulse, SJ positive impulse, IMTP PF, RFD from 0-150 ms 

and RFD from 0-200 ms, hold significant relationships with CHV. The downswing of highly 

skilled golfers lasts from 230 – 284 ms (Cochran and Stobbs, 1999; Tinmark et al., 2010), 

which is greater than the time interval for most of the kinetic variables within this investigation. 

However, there may be some fundamental issues with how the downswing has been measured 

and calculated. Previous research has often measured the downswing from the point that the 

clubhead is stationary at the top of the backswing to the moment the club hits the ball (Cochran 

and Stobbs, 1999) or when the hands return to a similar position as address (Tinmark et al., 

2010). This may be misleading given that highly skilled golfers apply GRFs to initiate the 

downswing whilst their upper body continues to rotate away from the target (Han et al., 2019), 

creating a relatively longer timeframe to apply force than the 230-284 ms often quoted. 

Consequently, there is actually a greater time frame in which golfers can generate force during 

the downswing. 

Nesbit and Serrano (2005) evidenced that highly skilled golfers worked at slower rates during 

the start of the downswing when compared to lower skilled golfers. Given the kinetic chain 

principle, to attain a greater velocity at the most distal segment (the clubhead), higher levels of 

force are required to be generated within the more proximal segments (such as  the lower body; 

Hume, Keogh and Reid, 2005). It may be that golfers who work at slower rates during the start 
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of the downswing may have more time to generate greater force due to the force-velocity 

relationship. If transferred effectively to the more distal segments (such as the club), this may 

generate greater CHV towards impact. Consequently, the force generating capacities of the 

lower body appear to be an important physical characteristic for developing CHV.  

Previous authors have suggested that golfers should utilise training modalities aimed at 

developing RFD rather than maximal force (Read and Lloyd, 2014; Hellström, 2017). This is 

due to the time it can take (up to 900 ms) to reach PF (Blazevich, 2011). This has led authors 

to suggest that the duration of the downswing is too short to be influenced by PF. The findings 

from the current investigation indicate that activities less constrained by time have the greatest 

relationships with CHV. Since the downswing is likely to be longer than the 230 – 284 ms 

suggested by Cochran and Stobbs (1999) and Tinmark et al. (2010), this affords golfers greater 

time to recruit higher threshold motor units, thus allowing greater levels of force to be attained 

during the downswing. Whilst there would theoretically be an advantage in obtaining greater 

RFD, the findings from this Chapter indicated that RFD calculated during epochs of 0-50, 0-

100 and 0-150 ms were unreliable. Rate of force development from 0-200 ms achieved 

acceptable reliability, however practitioners may need to show caution when interpreting this 

value given that the upper bound confidence interval was 19.16%. Lower levels of reliability 

(CV = 34.69%) were observed during earlier onset of contractions (0-50 ms) which is supported 

by the findings of Folland, Buckthorpe and Hannah (2014) who report high variability (CV = 

48%) from 0-50 ms. These low levels of reliability may be due to the electromechanical delay 

which is a reflection of the time taken between muscle activity and mechanical output (Chavda 

et al., 2020). Therefore, the golf swing may not reflect a fast SSC, which draws on the SECs 

ability to store and release elastic energy (Wilson and Flanagan, 2008), but instead a slower 

SSC with the CE important in developing force during muscular actions.  
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The findings from this Chapter indicate that CMJ positive impulse has the strongest 

relationship with golfers’ CHV. Greater force over a specified period of time will lead to an 

increase in impulse (force x time). Newton’s Second Law of motion suggests that the net 

impulse is proportional to a change in momentum (mass x velocity). Since a golfer’s mass will 

stay constant between shots, any increase in impulse and therefore momentum, should 

theoretically increase CHV. It is important to recognise that differences exist between positive 

impulse and the net impulse applied to the ground. Specifically, positive impulse accounts for 

any force above a baseline. Therefore, this reflects the eccentric muscle actions within a CMJ 

from the point of peak negative velocity of the COM (when the force-time curve first crosses 

zero) until the point that zero velocity of the COM is achieved (Linthorne, 2001). The net 

impulse represents the propulsive force which will determine the take-off velocity of the centre 

of mass. With respect to specificity, the positive impulse during a CMJ may have a crossover 

with the golf swing, given that eccentric muscle actions are required to decelerate the mass of 

the golfer during the backswing. This is highlighted by the work of Han et al. (2019), who 

observed a countermovement (reduction in vertical force), followed by rapid force production 

during the golf swing. 

A golfer’s ability to generate positive impulse during a CMJ is clearly highly related to CHV, 

as such, this suggests that training modalities aimed at increasing impulse during slow SSCs 

may be suitable when designing S&C interventions. Additionally, given the significant positive 

relationship between CHV and PF, the ability of a golfer to generate vertical force with the 

lower body appears to be a key factor for generating greater CHV. Training modalities 

incorporating resistance training or loaded jumps should be considered when designing a S&C 

training programme for golfers, since these exercises have been found to significantly increase 

PF and impulse (Cormie, McGuigan and Newton, 2010). 
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4.5. Conclusion 

The objective of this Chapter was to assess the relationships between highly skilled golfers’ 

CHV and vGRF forces measured during a CMJ, SJ, DJ and IMTP. The findings from this 

Chapter indicate that performance measures less constrained by time (CMJ impulse, SJ 

impulse, PF, RFD from 0-150 ms and RFD from 0-200 ms) have a significant positive 

relationship with golfers’ CHV. To the author’s knowledge, this is the first investigation that 

has attempted to analyse these vGRF variables within highly skilled golfers. Countermovement 

jump positive impulse and SJ positive impulse had the strongest positive correlations with 

golfers’ CHV. Peak force was also shown to have a significant positive relationship with CHV 

which supports the idea that maximal strength has an important relationship with golfers’ DD. 

Although RFD from 0-150 ms had a significant relationship with CHV, this was deemed 

unreliable. Additionally, the upper bound confidence interval for RFD from 0-200 ms was 

greater than 15%, therefore, this metric should be viewed with some caution. The findings 

within Chapter four have formed the development and design of the following Chapter. 

Specifically, Chapter five will seek to understand if there are similar results when assessing 

elite golfers (Challenge Tour players) within a field-based setting. The findings of Chapter four 

indicate that S&C interventions should aim to utilise training modalities aimed at increasing 

force over slower velocities as opposed to fast SSC actions. As such, the effects different S&C 

interventions have on CHV and vGRF will be assessed within Chapter seven.  
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Chapter Five: Relationships between Challenge Tour Golfers' Clubhead Velocity and 

Force Producing Capabilities during a Countermovement Jump and Isometric Mid-thigh 

Pull. 
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Challenge Tour Golfers' Clubhead Velocity and Force Producing Capabilities During a 

Countermovement Jump and Isometric Mid-thigh Pull’, Journal of Sports Sciences, 37(12), 
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5.1. Introduction 

The ability of professional golfers to drive a ball over greater distances is a key performance 

parameter associated with statistically significant lower scores on Par-4 and Par-5 holes 

(Hellström, Nilsson and Isberg, 2014). As highlighted in Chapter two (see pages 9-11), DD is 

most influenced by CHV at the moment of impact (Betzler et al., 2014). There are a number 

of ways to increase CHV, however an ever-increasing number of golfers, including European 

Challenge Tour players, are engaging in S&C. This is due to a growing body of evidence 

indicating improvements in CHV, BV and DD following resistance and plyometric training 

(Fletcher and Hartwell, 2004; Doan et al., 2006; Driggers and Sato, 2017) (see Chapter two, 

pages 49-59). In addition to these findings, a number of high-profile players such as Rory 

McIlroy have openly advocated the positive impact resistance training has had on their game. 

A number of field-based investigations have shown significant relationships between CHV and 

both vertical jump (peak power and jump height) performance (r = 0.61: Hellström, 2008; r = 

0.54: Read et al., 2013; r = 0.82 Lewis et al., 2016) and 1-RM back squats (r = 0.54: Hellström, 

2008; r = 0.81: Parchmann and McBride, 2011). These protocols provide an opportunity to 

physically profile and monitor golfers during a tournament season. Whilst these field-based 

procedures offer a great deal of accessibility, without laboratory equipment such as force 

platforms, there is ultimately limited extractable biomechanical data to analyse to guide future 

training interventions. In addition, performing a repetition maximum test to failure may deter 

golfers from engaging in this assessment protocol during a tournament season due to the 

possibility of fatigue or ‘perceived’ risk of injury associated with such assessments. It should 

be acknowledged that a 1-RM is reliant on and confounded by lifting technique and is therefore 

not an accurate representation of maximum force production. Over recent years, the use of an 

IMTP has been validated as an alternative to repetition maximum testing (McGuigan et al., 
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2010). Not only does this procedure offer a safer alternative (De Witt et al., 2018), it also allows 

the assessment of a number of vGRF variables such as PF and RFD.  

The interface between the ground and the golfer has been cited as an important interaction 

during the swing (Hume, Keogh and Reid, 2005; Lynn and Wu, 2017). Indeed, research has 

evidenced that the downswing is initiated from the ground-up (Nesbit and Serrano, 2005), with 

energy transferred through the body’s kinetic chain and ideally reaching the clubhead at the 

moment of impact. This has led to a number of speculative suggestions that vGRF variables 

such as PF (Leary et al., 2012), RFD (Read and Lloyd, 2014; Hellström, 2017) and impulse 

(Myers et al., 2008) may hold important relationships with CHV. 

Due to the significant relationship between CHV and 1-RM back squat strength (Hellström, 

2008; Parchmann and McBride, 2011), it appears plausible that PF may also have a significant 

relationship with CHV. However, the duration of the downswing has been referenced to last 

230-284 ms (Cochran and Stobbs, 1999; Tinmark et al., 2010). Since it can take up to 900 ms 

to achieve PF (Blazevich, 2011), this has led authors to suggest that there is not enough time 

available to achieve maximum force and that increasing RFD is a more important mechanism 

for generating CHV (Read and Lloyd, 2014; Hellström, 2017). Impulse (force x time) is directly 

proportional to change in system momentum (mass x velocity). Since a golfer’s mass will 

remain constant between shots, increasing the force or the duration that force acts over should 

increase CHV. McTeigue, Lamb, Mottram and Pirozzolo (1994) evidenced that as highly 

skilled golfers transition at the top of the backswing, the lower body ‘pauses’ whilst the upper 

body continues to rotate away from the target. In addition, Nesbit and Serrano, (2005) 

evidenced that highly skilled golfers work at a slower rate. Given the force-velocity 

relationship, the attainment of force is greatest at a lower velocity. It is reasonable to suggest 

that elite golfers may be able to increase impulse (assuming no reduction in mean force) by 

utilising a sequence working from the ground-up, or by lengthening their backswing, 
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subsequently increasing the duration of the downswing. While there would appear to be a 

‘theoretically ideal’ proximal to distal kinematic sequencing pattern (e.g. order of peak angular 

velocity = pelvis, torso, arms, clubhead) during the downswing, research has shown that only 

25% of PGA Tour players tested adopted this sequence (Cheetham and Broker, 2016). 

Although highly skilled golfers may adopt a different kinematic sequence to deliver the club 

to the ball in an effective manner, it is widely accepted that the transition from the backswing 

to the downswing is initiated from the interaction between the ground and the golfer (Nesbit 

and Serrano, 2005). These GRFs acting on each foot in opposite directions create a force couple 

which facilitate rotation during the downswing (Hellström, 2009). Research has indicated that 

highly skilled golfers are able to produce greater GRFs earlier in the downswing (Barrentine, 

Fleisig and Johnson, 1994) and with a greater magnitude when compared to lower skilled 

golfers (Lynn et al., 2012), theoretically increasing the impulse they produce. 

There is very little research that has attempted to quantify the use of vGRF variables to predict 

CHV. The findings from Chapter four (see page 86) indicated significant relationships between 

CHV and CMJ positive impulse (r = 0.788, p<0.001) and IMTP PF (r = 0.482, p<0.01) in 

highly skilled golfers (handicap: ≤5.4 strokes) (Wells et al., 2018). However, the laboratory-

based nature of the design limits the accessibility of such equipment during a tournament 

season. Further still, laboratory testing is not representative of a tournament practice setting 

encountered by an elite level golfer. Over recent years, advances in technology have led to the 

development of cost effective and portable force platforms making such analysis more 

accessible to S&C coaches and golfers. Understanding the kinetic mechanisms that relate to 

CHV will help to guide training modalities aimed at increasing golfers’ performance and will 

inform Chapter seven of this thesis. Consequently, the objective of this Chapter is to build on 

the findings of Chapter four and assess these within an elite population of golfers in a field-

based setting. This investigation will assess if the variance in CHV could be explained by CMJ 
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positive impulse, IMTP PF, RFD from 0-50 ms, 0-100 ms, 0-150 ms and 0-200 ms in European 

Challenge Tour golfers. It was hypothesised that CMJ positive impulse, IMTP PF, and RFD 

from 0-50 ms, 0-100 ms, 0-150 ms and 0-200 ms would significantly predict the variance in 

CHV. 

5.2. Methods 

5.2.1. Participants  

A cross-sectional design was employed for this Chapter. Thirty-one right-handed male 

European Challenge Tour golfers (age: 26.9 ± 5.4 years; height: 1.80 ± 0.06 m; mass: 81.8 ± 

12.2 kg) were recruited to participate in this investigation using convenience sampling. Players 

from the 2017 European Challenge Tour (an elite professional golf circuit with tournaments in 

Europe, Asia and Africa), representing 13 different countries, volunteered to take part in this 

investigation. All participants were experienced golfers who self-reported engaging in an 

average of 36.5 ± 8.9 hours of golf per week. Participants were injury free, completed a PAR-

Q and provided informed consent to take part in the investigation. Ethical approval was granted 

by the University’s Research Ethics Committee. 

5.2.2. Experimental Trials 

Assessment Procedures: Data collection was conducted at Luton Hoo Hotel (Bedfordshire, 

UK), which was the host venue for the European Challenge Tour event. All of the testing 

procedures (CHV, IMTP and CMJ) were performed on the same day using a counterbalanced 

design, with a 15-minute recovery separating the force platform and CHV testing. As a 

standardised warm-up, participants performed a series of dynamic stretches including clock 

lunges, overhead squats, gluteal bridges, scapula wall slides, thoracic rotations, internal and 

external hip rotations and vertical and horizontal arm swings (See Appendix A) prior to 

performing the IMTP and CMJ. Both the IMTP and CMJ tests were performed on dual PASCO 
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Scientific force platforms (PASCO Scientific 2141, California, USA) sampling at 1000 Hz. 

Force platforms were assessed for concurrent validity against laboratory based Kistler force 

platforms (Kistler 9281, Kistler Instruments, Winterthur, Switzerland) prior to testing (CMJ 

positive impulse: Kistler = 317.5 ± 7.4 N.s; PASCO Scientific = 316.5 ± 7.4 N.s, r = 0.985, 

p<0.01). Given that the hands were pulling a fixed resistance at a maximal effort during the 

IMTP, this protocol was performed prior to the CMJ in order to offer more time for recovery 

prior to CHV testing. 

Isometric Mid-thigh Pull: All isometric testing was performed on a custom-built portable rack. 

Prior to data collection, a standardised verbal explanation and demonstration was provided, 

followed by one sub-maximal trial performed by each participant. Participants were positioned 

into their individual second-pull position of the clean, since this phase has been shown to 

generate the highest force output (Garhammer, 1993). From this position knee (145 ± 7°) and 

hip (136 ± 11°) angles were measured using a universal goniometer. Participants’ hands were 

attached to the bar with lifting straps to enable maximal effort, without any limiting factors 

caused by the grip. Once the lifting position had been set, the participants remained motionless 

prior to performing a maximal pull. Participants were informed to pull the bar as hard and as 

fast as possible after a countdown of ‘3, 2, 1, pull’, with maximal isometric effort applied for 

five seconds as recommended by Haff et al. (2015). Participants were instructed to maintain 

joint angles and avoid a countermovement. Verbal encouragement was given throughout the 

effort. Following each maximal lift, participants sat on a chair, but remained strapped to the 

bar to maintain a constant hand position between trials. A total of two pulls were performed 

interspersed with three minutes recovery (Chapter four; Wells et al., 2018). During this rest 

period, an experienced biomechanist visually inspected the force-time curve to assess if the 

participant had performed a countermovement prior to the maximal contraction. If a 

countermovement was observable or if the participant changed their joint angles, the test was 
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performed again following the allocated rest interval. A maximum of five attempts were 

performed to capture two successful trials. 

Countermovement Jumps: All participants were taken through a standardised verbal 

explanation and demonstration by the investigator. Following this, participants performed two 

practice trials prior to completing the test procedures. Countermovement jumps started with 

the participants standing upright before lowering themselves into a self-selected squat depth 

and immediately jumping as high and as fast as possible on the command ‘3, 2, 1, jump’ 

following a 1 second ‘quiet phase’ to establish a clear baseline measure. A total of two trials 

were performed on the dual force platforms, with the feet hip width apart and hands placed on 

the hips. Each trial was interspersed with a two-minute recovery period. 

Clubhead Velocity Assessment: Clubhead velocity was measured using a TrackMan 3e launch 

monitor (Interactive Sports Games, Denmark), as used by Olivier et al. (2016). The TrackMan 

3e measures CHV at the instantaneous moment prior to impact (TrackMan, 2018). When using 

a driver, TrackMan has been evidenced to have a median offset of -0.18 m.s-1 and be within 

1.12 m.s-1 93% of the time when compared to a gold standard measure (Leach, 2017). Results 

from Chapter three also indicated that TrackMan has high inter-session reliability (CV = 

0.81%). Clubhead velocity was measured at a driving range at the tournament venue. The 

TrackMan 3e was set-up based on manufacturer’s guidelines with the investigator specifying 

the intended target line. Participants performed their own golf specific warm-up followed by a 

self-selected number of warm-up shots (3 ± 2 shots) hit with a driver. Participants used their 

own custom fitted driver for data analysis. To ensure the methods remained representative of a 

tournament setting, participants were instructed to aim along the target line and to strike the 

ball with maximum effort, whilst maintaining their normal swing mechanics and a centred 

strike on the clubface. Maximum CHV was tested to ensure that effort was standardised within 

and between participants. Participants self-selected and struck five new premium quality range 
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balls, aiming down the target line and hit off a standardised wooden tee used during the 

tournament. Centredness of strike was determined by sound, feel and the ball flight, with the 

investigator confirming verbally with the participant after each shot. Shots that were deemed 

non-centred, sub-maximal or were hit with varying swing mechanics were discarded from the 

data set and the trial was subsequently re-performed up to a maximum of 10 shots. 

5.2.3. Data Analysis 

Smoothing and Residual Analysis: All data were smoothed with a low pass 4th order 

Butterworth filter as described by Winter (2009). Residual analysis was used to determine 

optimal cut-off frequency (Winter, 2009), which was 30 Hz for the IMTP and 100 Hz for the 

CMJ. Both residual analysis and smoothing were conducted using the biomechanics tool bar 

in Microsoft Excel™. The instance of movement initiation was determined based on a 10 N 

vGRF threshold shift from baseline measurements, as utilised by Tirosh and Sparrow (2003). 

All data were analysed using Microsoft Excel™. 

Kinetic Analysis: Countermovement jump positive impulse was calculated from the area 

underneath the force-time curve. This was calculated from the point where force returns to 

bodyweight (using a 10 N threshold), up until the point that force returns back to zero. Peak 

force during the IMTP was established from the maximal vGRF on the force-time curve 

subtracted by the lowest starting force. Rate of force development was calculated as the change 

in force divided by the change in time generated over pre-determined time intervals of 0-50 

ms, 0-100 ms, 0-150 ms and 0-200 ms. For each of the tests, the peak data were taken forward 

for analysis. For a more detailed description of kinetic analysis, see Chapter four (pages 81-

84). 
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Clubhead Velocity: The TrackMan 3e launch monitor provided real-time data on each 

participant’s CHV for the five trials. From the five trials, the greatest CHV was taken forward 

for analysis.  

5.2.4. Statistical Analysis 

Intra-session reliability was determined using the coefficient of variation (CV%) statistic and 

respective 95% confidence intervals. For each variable, acceptable reliability was determined 

as a CV <15% (Haff et al., 2015). The CV% was calculated for individual participants in order 

to provide an overall reliability score. This was calculated using the following equation: 

CV% = (standard deviation / mean) * 100 

Data were analysed through multiple regression using hierarchical entry, based on the previous 

findings of Chapter four (Wells et al., 2018), with CHV considered the criterion variable. Four 

models were generated to assess the use of the independent variables to predict variance in 

CHV. The assumption of independent errors was assessed through the Durban-Watson test, 

with multicollinearity measured using variance inflation factors (VIF). Scatterplots were used 

to assess the assumptions of linearity and homoscedasticity. Outliers were determined using 

boxplots with normal distribution was assessed through visual inspection of histograms. The 

assumption of independent errors and multicollinearity were both met through the Durban-

Watson test and VIF (Table 7). The assumptions of linearity, homoscedasticity, outliers and 

normal distribution were also met. The level of significance for all tests was set at p≤0.05, with 

effect size measured using the F2 statistic, as suggested by Cohen (1988). This was calculated 

using the equation: 

F2 = R2 / 1 – R2 
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The size of the effect was determined as small 0.02-0.14, moderate, 0.15-0.34 and large >0.35. 

Each model’s fit was assessed using Akaike’s Information Criterion (AIC), calculated from the 

following equation: 

AIC = Nlog * (SS error / N) + 2K 

Where N is the sample size, log is the logarithm to the base e, SS is the sum of the squares for 

the error and K is the number of predictor variables. 

5.3. Results 

Table 6: Descriptive statistics for each parameter, along with their respective intra-session 

coefficient of variation and 95% confidence intervals.  

      95% CI 

Parameter  Mean SD CV% Lower Upper 

CHV (m.s-1) 52.45 2.75 0.79 0.67 0.90 

IMTP Peak Force (N) 2093.31 365.97 3.44 2.43 4.44 

RFD 0-50 (N/s) 7833.04 5530.74 23.55 17.79 29.31 

RFD 0-100 (N/s) 6109.92 3073.52 30.36 22.52 38.21 

RFD 0-150 (N/s) 5680.65 2466.21 12.54 8.94 16.14 

RFD 0-200 (N/s) 6064.91 2123.18 10.52 7.12 13.92 

CMJ positive impulse (N.s) 279.81 46.85 1.71 1.21 2.21 

CHV = Clubhead velocity, IMTP = Isometric mid-thigh pull, RFD = Rate of force 

development, CMJ = Countermovement jump. 

Descriptive statistics along with their respective CV% and 95% CI are presented in Table 6. 

High levels of reliability were observed for CHV (CV = 0.79%), IMTP PF (CV = 3.44%) and 

CMJ positive impulse (CV = 1.71%), and acceptable reliability for RFD from 0-150 ms (CV = 

12.54%) and RFD from 0-200 ms (CV = 10.52%; Table 6). However, the upper bound 

confidence interval for RFD from 0-150 was greater than 15%, therefore the ‘true’ reliability 
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may not be acceptable. All of the other RFD time integrals were deemed unreliable since all 

CVs were greater than 15%.  

Table 7: Linear model for the predictors of clubhead velocity presenting the R2, unstandardized 

beta coefficients (b) and their respective 95% confidence intervals, standard errors (SE B) the 

standardised beta (β) coefficients, and the variance inflation factor (VIF) for each predictor 

within the four models. 

    95% CI    

Model  R2 b Lower Upper SE B β VIF 

1 Constant 0.379** 94.698 83.559 105.837 5.446   

 CMJ positive impulse  0.081 0.042 0.120 .019 0.616** 1.000 

2 Constant 0.392* 91.955 78.590 105.32 6.525   

 CMJ positive impulse  0.075 0.033 0.118 0.021 0.574* 1.135 

 IMTP PF  0.002 -0.003 0.007 0.003 0.122 1.135 

3 Constant 0.422* 91.056 77.664 104.448 6.527   

 CMJ positive impulse  0.079 0.037 0.122 0.021 0.602* 1.162 

 IMTP PF  0.004 -0.002 0.010 0.003 0.220 1.460 

 RFD 0-200  -0.001 -0.002 0.000 0.001 -0.204 1.418 

4 Constant 0.480* 94.334 80.789 107.88 6.590   

 CMJ positive impulse  0.069 0.026 0.112 0.021 0.524* 1.267 

 IMTP PF  0.002 -0.004 0.008 0.003 0.136 1.581 

 RFD 0-200  0.001 -0.001 0.004 0.001 0.493 9.730 

 RFD 0-150  -0.002 -0.004 0.000 0.001 -0.684 7.990 

Note: R2 = 0.379 for step 1 (p<0.001), ∆R2 = 0.013 for step 2, ∆R2 = 0.029 for step 3, ∆R2 = 

0.059 for step 4. *p<0.01, ** p<0.001. CMJ = Countermovement jump. IMTP PF = Isometric 

mid-thigh pull peak force, RFD = Rate of force development. 

 

Multiple regression analysis indicated that each of the four models was able to predict 

significant variations in CHV. For model one, CMJ positive impulse was a large significant 

predictor of CHV (R2 = 0.379, p<0.001, F2 = 0.61) with R2 increasing as each independent 

variable was added (Table 7). Table 7 provides the model parameters indicating the effect each 

variable had on CHV, when all other predictors were held constant. Individual AIC indicated 

that model one was the best fit for explaining the variance in CHV. Within each model, CMJ 
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positive impulse was the only variable that was able to predict a change in CHV and was 

considered to be a large effect size (F2 = 0.61) in model one (Cohen, 1988). Post hoc analysis 

for model one indicated a statistical power of 0.99 when calculated from the effects size F2 

(0.61), alpha value (0.05) sample size (n = 31) and the number of predictors (1), which is greater 

than the 0.8 recommended minimum threshold (Field, 2014). 

5.4. Discussion 

The objective of this Chapter was to assess if CHV could be predicted by CMJ positive impulse, 

IMTP PF and RFD in European Challenge Tour golfers. This objective built on Chapter four 

and looked to confirm findings within professional golfers in a field-based setting. Table 7 

shows that all four models significantly predicted the variance in CHV, however individual 

standardised beta coefficients highlighted that CMJ positive impulse was the only significant 

variable within each model to predict changes in CHV. Akaike’s Information Criterion 

indicated that model one produced the best fit to predict variance in CHV, with CMJ positive 

impulse accounting for 37.9% of this variance. This supports the findings of Chapter four 

highlighting strong relationships between CMJ positive impulse and CHV in highly skilled 

golfers (Wells et al., 2018). The findings from this Chapter offer a great deal of practical 

significance, as golfers can be informed of the likely improvement in CHV through increasing 

CMJ positive impulse. By multiplying the standardised beta coefficient for CMJ positive 

impulse (0.616) by the standard deviation for CHV (2.75 m.s-1) this results in a value of 1.69 

m.s-1. As such, if a S&C coach were able to increase a European Challenge Tour golfer’s CMJ 

positive impulse by one standard deviation (46.85 N.s), this would elicit an increase in CHV of 

1.69 m.s-1. This change in CHV equates to an increase in DD between 6.34 m (6.92 yards) 

(Betzler et al., 2014) to 9.67 m (10.58 yards) (Dewhurst, 2015). Consequently, increasing CMJ 

positive impulse by 46.85 N.s can be used as a benchmark for golfers who are looking to 

enhance their CHV. 
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From Newton’s Second Law of Motion, it can be stated that impulse (force x time) is directly 

proportional to the change in momentum (mass x velocity). Since a golfer’s mass remains 

constant from shot to shot, it is the velocity that is affected through increasing the amount of 

force, or the time in which force acts during the downswing. Greater CHV is associated with 

increases in vGRF, which could be due to the inertial effects of the faster moving club. 

However, given that the downswing is initiated from the ground-up (Nesbit and Serrano, 2005), 

a golfer increasing impulse, through pushing into the ground more (i.e. increasing vGRF) or 

by increasing the duration of their downswing, would theoretically increase CHV. It is 

inherently important that golfers effectively transfer energy from the ground to the clubhead in 

order in increase their CHV. By attaining an increase in maximum vGRF at club vertical and 

then transferring this efficiently through the kinetic chain will cause an increase in CHV and 

therefore momentum. With respect to increasing the time in which force can act during the 

downswing, a golfer could lengthen the backswing (MacKenzie, McCourt and Champoux, 

2020), or initiate the downswing earlier. Along with these technical suggestions, golfers may 

also benefit from engaging in a resistance training and/or vertical jump interventions since 

previous research has indicated that these protocols can increase both impulse (Cormie, 

McGuigan and Newton, 2010) and CHV (Fletcher and Hartwell, 2004; Doan et al., 2006). In 

addition, a more recent investigation indicated that vertically oriented resistance training 

generated a statistically significant increase in vGRFs and BV within highly skilled golfers 

(Driggers and Sato, 2017). 

The CMJ is considered to be a slow SSC, given that is takes longer than 250 ms to complete 

the movement (Schmidtbleicher, 1992). This is of particular interest since the duration of the 

downswing has been suggested to last from 230-284 ms (Cochran and Stobbs, 1999; Tinmark 

et al., 2010). A major limitation with these investigations is that the authors measured the 

duration of the downswing from the time points between the top of the backswing until impact 



 
 

104 

 

(or when the club returns to a similar position as address). Even as early as the mid-backswing 

(club half-way back), medial to lateral GRFs are applied to reverse the momentum of the golfer 

towards the target (Han et al., 2019) thus affording greater time to generate force. In addition, 

Nesbit and Serrano (2005) evidenced that highly skilled golfers initiate the downswing at a 

slower rate than lower skilled golfers. Given the force-velocity relationship, a golfer who 

initiates the downswing at a slower rate, will likely benefit from generating a greater amount 

of force. These forces, if transferred through the body’s kinetic chain effectively (i.e. 

optimising forces), may transition into higher levels of velocity at the most distal segment in 

the swing (the clubhead).  

Given the aforementioned suggestion that the downswing of highly skilled golfers is likely a 

longer duration than 230-284 ms, this could explain why both IMTP PF and RFD were unable 

to explain the variance in CHV. Since RFD was measured up to 200 ms, this window may not 

be long enough to assess the required force-time characteristics that relate to CHV. Further 

still, given that it can take up to 900 ms to achieve PF (Blazevich, 2011), there may not be the 

available time for golfers to achieve their maximum force generating capacity during the 

downswing. Considering the findings of this current investigation indicate that CMJ positive 

impulse has a large significant relationship with CHV, PGA professional golf coaches and S&C 

coaches should work together in order to design interventions aimed at increasing positive 

impulse. The PGA Professional golf coach could support this, not only through technical 

refinements, but by advocating that golfers engage in S&C, due to the associated improvements 

in CMJ impulse (Cormie, McGuigan and Newton, 2010). Specifically, it may be beneficial to 

perform CMJs with an external load, since research has indicated that these jumps elicit 

significantly greater impulse than unloaded jumps (Mundy et al., 2017). Chapter seven of this 

thesis will therefore seek to establish the effects that different forms of training modalities (such 

as resistance training vs. loaded jumps) have on golfers’ CHV. 
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5.5. Conclusion 

The findings of Chapter four formed the basic premise of the current investigation. Specifically, 

Chapter five sought to examine if the force generating capacity of European Challenge Tour 

golfers could predict the variance in CHV within a field-based setting. This is the first 

investigation that has sought to utilise this research design within an elite population of golfers. 

The results of this investigation indicate that CMJ positive impulse is a large significant 

predictor of European Challenge Tour golfers' CHV (37.9%). It is important to recognise that 

there is a proportion of variance (62.1%) that remains unexplained. Despite this, the findings 

from this Chapter suggest that if a European Challenge Tour golfer were to increase their CMJ 

positive impulse by 46.85 N.s, this should result in an increase in CHV of 1.69 m.s-1. As such 

this procedure can be easily used to physically profile elite level golfers during a tournament 

season and facilitate the development of S&C interventions. Both Chapter four and Chapter 

five have highlighted that the magnitude of bilateral force production holds significant 

relationships with CHV. However, golf is inherently asymmetrical in nature (see pages 46-49 

in Chapter two), therefore it is plausible that inter-limb disparity in force producing capabilities 

may be prevalent within golfers. Therefore, the objective of Chapter six will be to assess if 

vGRF asymmetries are significantly related to CHV.  
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Chapter Six: Relationships between Highly Skilled Golfers’ Clubhead Velocity and 

Vertical Ground Reaction Force Asymmetry during Vertical Jumps and an Isometric 

Mid-thigh Pull. 

 

THE WORK FROM THIS CHAPTER FORMED THE BASIS OF THE FOLLOWING 

PEER-REVIEWED JOURNAL ARTICLE: 

 

Wells, J.E.T., Mitchell, A.C.S., Charalambous, L.H. and Fletcher, I.M. (2019) ‘Relationships 

Between Highly Skilled Golfers’ Clubhead Velocity and Vertical Ground Reaction Force 

Asymmetry During Vertical Jumps and an Isometric Mid-thigh Pull’, Journal of Strength and 

Conditioning Research, Published ahead of Print. Doi: 10.1519/JSC.0000000000003191 
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6.1. Introduction 

The ability to drive a golf ball over greater distances is an important component linked to 

success within the game of golf (see pages 2-3). Evidence has suggested that PGA Tour golfers 

who hit a golf ball 20-yards further achieved an advantage of 0.75 strokes per round (Broadie, 

2014). Within the golf literature, CHV is a commonly reported kinematic variable, since this 

accounts for 75% of the variance in BV, which, inherently leads to greater DD (Sweeney et al., 

2013). Whilst DD is an important outcome measure within golf, extraneous variables such as 

environmental conditions (Hume, Keogh and Reid, 2005) and centredness of strike (Betzler et 

al., 2014) affect the reliability of the data. It is clear that CHV is an important determinant of 

DD and is therefore a worthwhile measure that S&C practitioners can employ to assess golf 

performance. 

The downswing is initiated from the ground-up, with energy transferred from the ground 

through the kinetic chain to generate CHV at impact (Nesbit and Serrano, 2005). Due to this 

important interaction between the ground and the golfer, a number of investigations have 

sought to determine the physical mechanisms associated with performance enhancement within 

the game of golf. Findings from Chapter four highlighted significant relationships between 

CHV and bilateral tasks such as IMTP PF (r = 0.482, p<0.01), along with positive impulse 

during a CMJ (r = 0.788, p<0.001), SJ (r = 0.692, p<0.001) and DJ (r = 0.561, p<0.01) in a 

laboratory setting (Wells et al., 2018). Additionally, Chapter five utilised force platforms in a 

field-based setting, observing that CMJ positive impulse predicted 37.9% of the variance in 

CHV (Wells, Charalambous, et al., 2019). Other field-based investigations have highlighted 

significant relationships between CHV and vertical jump peak power (r = 0.61, p<0.01) 

(Hellström, 2008), (r = 0.54, p<0.01) (Read et al., 2013), jump height (r = 0.47, p<0.01) 

(Hellström, 2008), (r = 0.44, p<0.05) (Read et al., 2013), and repetition maximum strength 
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during a back squat (r = 0.54, p<0.01) (Hellström, 2008), (r = 0.81, p<0.05) (Parchmann and 

McBride, 2011). Whilst these relationships advocate the use of these tests, without force 

platforms, they are unable to ascertain more in-depth performance metrics such as vGRFs. 

Additionally, whilst the magnitude of kinetic variables appears to hold strong relationships 

with CHV, the inter-limb comparison of force application has received no attention within the 

sport of golf.  

Asymmetry has been an area of research receiving considerable attention due to the perceived 

link inter-limb differences have with both injury likelihood and decreased performance 

(Impellizzeri et al., 2007; Maloney, 2019). Inter-limb asymmetries have been defined as the 

force of contraction of two limbs being unequal (Keeley, Plummer and Oliver, 2011). Research 

has highlighted associations between asymmetries in strength and a reduction in both kicking 

accuracy (Hart et al., 2014) and power output during cycling (Rannama et al., 2015). Bailey, 

et al. (2013) observed significant negative correlations between asymmetries in IMTP PF and 

jump height during both a CMJ (r = -0.47, p<0.01) and SJ (r = -0.52, p<0.01). Whilst there 

appears to be a general inclination for asymmetries in strength to be associated with reduced 

performance, research assessing asymmetries during jumping have found mixed results (see 

pages 42-45). Lockie et al. (2014) reported no significant relationships between asymmetry 

scores during jumping and change of direction speed and sprint performance. Hoffman et al. 

(2007) observed no significant relationship between asymmetry in CMJ power and time to 

perform an ‘L-run’ task. Conversely, Maloney et al. (2016) indicated that slower athletes in a 

change of direction task exhibited significantly greater single leg DJ height asymmetry than 

faster athletes. Additionally, Bishop, Read, McCubbine, et al. (2018) observed a significant 

relationship between single leg CMJ height asymmetry and slower sprint times in elite youth 

female soccer players. 
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Asymmetries have been suggested to be individual for different athletes (Bishop, Lake, et al., 

2018), and may be a functional by-product based on adaptations due to the demands of the task 

(Vagenas and Hoshizaki, 1991). Research has indicated that more experienced Australian rules 

football players had greater muscle cross-sectional area and presented greater asymmetries 

between kicking and support limbs due to task dependent adaptions (Hart et al., 2016). Greater 

asymmetries within abdominal muscle morphology have also been associated with reduced 

low back pain in cricket fast bowlers (Gray et al., 2016). These investigations highlighted that 

associations may be present between greater levels of asymmetries with playing experience 

and injury risk reduction within different sports. Given the conflicting findings asymmetries 

have with performance, and the paucity of research on asymmetries within golf, further 

research is required to ascertain what link asymmetries may have with golf performance.  

Motor tasks can be categorised based on the propositions outlined by Guiard (1987). Based on 

these propositions, Maloney (2019) classified the golf swing as a bilateral asymmetrical action. 

Golfers are required to conduct repetitive movements and will play between 6-10 hours each 

day, hitting up to 300 balls in a practice session (Thériault and Lachance, 1998). During the 

golf swing, peak vGRFs are greater in the lead leg (1.09 times body weight) than the trail leg 

(0.98 times body weight) in highly skilled golfers (handicap <5 strokes) (Okuda, Gribble and 

Armstrong, 2010). Additionally, Han et al. (2019) reported that lead leg PF during the golf 

swing significantly correlated with CHV (r = 0.327, p<0.05), whereas the trail leg did not. As 

Hart et al. (2016) alluded to, inter-limb asymmetries are likely due to task adaptations, which 

may result in functional asymmetries being observed within golfers.  

Of the existing literature, research within golf has quantified asymmetries for torso rotation 

(Bae et al., 2012), hip morphology between the right and left leg (Dickenson et al., 2016) and 

isometric side bridge endurance (Evans et al., 2005). These investigations have highlighted 

that asymmetries are prevalent within golfers, however, they have failed to quantify the 
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relationships these asymmetries had with performance measures such as CHV. Wells, Elmi 

and Thomas (2009) utilised a single leg vertical jump and reach test to measure the 

relationships dominant and non-dominant legs had with golfers’ BV and DD. While there were 

differences in jump height between dominant (26.4 ± 8.5 cm) and non-dominant (25.3 ± 8.8 

cm) legs, the authors were only concerned with the relationship between the magnitude of the 

vertical jumps as opposed to the relationships between jump asymmetries and golf 

performance. Whilst the vertical jump and reach test provides a useful field-based procedure, 

it is limited in extractable biomechanical data such as impulse and PF.  

Assessing the relationship between CHV and vGRF asymmetries will enhance the S&C 

coaches understanding on the mechanisms associated with golf performance. To date, no 

investigation has attempted to assess the relationships between golfers’ CHV and asymmetries 

during strength and jumping based tasks. Consequently, the objectives of this Chapter were a) 

to provide an asymmetry profile for highly skilled golfers across a battery of bilateral strength 

and vertical jump tests and, b) assess the associations between vGRF asymmetry during these 

tests and CHV. It was hypothesised that there would be a significant negative relationship 

between golfers’ CHV and vGRF asymmetry within each test.  

6.2. Methods 

6.2.1. Participants 

A cross-sectional design was employed for this Chapter. Fifty right-handed male category-1 

(handicap ≤5.4) golfers (age: 20 ± 1.8 years, height: 1.81 ± 0.05 m, mass: 75.5 ± 12.1 kg, 

handicap: 2.9 ± 1.9) were recruited to participate in this investigation using convenience 

sampling. A priori power analysis (G*Power, Version 3.1.9.2, University of Dusseldorf, 

Germany) determined that to achieve a statistical power ≥0.8, a medium effects size (0.35) and 

alpha level of 0.05 a total of 49 participants were required. All participants were experienced 
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golfers, engaged in an average of 10.5 hours golf practice per week and had limited experience 

of resistance training. Participants were injury free, completed a PAR-Q, attended a 

familiarisation session and refrained from exercise 48 hours prior to all testing. Ethical 

approval was granted by the University’s Ethics Committee. Participants were informed of the 

benefits and risks of the investigation prior to providing written informed consent. 

6.2.2. Experimental Trials 

Laboratory assessment: Data were collected in the Sport and Exercise Science Laboratory at 

the University of Bedfordshire (Bedfordshire, UK). Anthropometric data for height (Holtain, 

Model: Harpenden, Supplier: Holtain Ltd) and mass (Tanita, Model: BWB-800, Supplier: 

Cranlea Ltd) were recorded following the completion of a PAR-Q and informed consent form. 

As a warm-up, participants cycled on an ergometer (Monark Ergomedic 874E, Cranlea Human 

Performance Ltd, UK) for 5 minutes at a cadence of 50 rpm with a resistance that yielded an 

intensity of 90-100 W. Following this, a series of dynamic stretches were performed including 

clock lunges, overhead squats, gluteal bridges, scapula wall slides, thoracic rotations, internal 

and external hip rotations and vertical and horizontal arm swings (see Appendix A) which was 

supervised by the researcher who is an accredited S&C coach through the UKSCA. Each 

participant received five minutes rest before completing testing of the SJs, followed by the 

CMJs, DJs and lastly IMTPs. Each test was performed bilaterally on dual Kistler force 

platforms (Kistler 9281, Kistler Instruments, Winterthur, Switzerland) sampling at 2000 Hz 

and captured using BioWare software. Clubhead velocity assessment and laboratory analysis 

were conducted on separate days utilising a counterbalanced design. 

All participants were taken through a standardised verbal explanation and practical 

demonstration by the researcher. Following this, participants performed three practice trials of 

each jump type prior to completing the test procedures. Each vertical jump was then performed 
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three times with the feet hip width apart, hands placed on the hips, and with the instruction to 

jump as high and as fast as possible on the command ‘3, 2, 1, jump’. Each jump was 

interspersed with a two-minute recovery period. 

Squat Jumps: During practice jumps, participants set their preferential start position with their 

ischial tuberosity lightly touching the edge of a bench. From this position, knee (mean = 94 ± 

11°) and hip angles (mean = 83 ± 15°) were measured using a manual goniometer. An 

adjustable bench was individually set to each participant’s preferred squat depth to provide a 

standardised start position. Force platforms were zeroed with the participants set motionless in 

their lowered position of the squat. The participants held their self-selected squat depth for five 

seconds then performed a concentric only bilateral SJ. All force-time data were analysed on a 

computer screen, with a negative vGRF >50 N deemed as a prior countermovement (Thomas 

et al., 2015). If a countermovement was performed the data were discarded and the jump was 

performed again following the allocated rest intervals. A maximum of six attempts were 

performed to capture three successful trials. 

Countermovement Jumps: Force platforms were zeroed with the participants standing 

motionless in their start position. Bilateral CMJs started with the participants standing upright 

before lowering themselves into a self-selected squat depth and immediately jumping as high 

and as fast as possible. Self-selected squat depth was preferred to a set distance as this could 

have interfered with the jump strategy employed. 

Drop Jumps: A 0.2 m high box was set back from the force platforms. Participants ‘dropped’ 

from the box into a bilateral hip width stance and attempted to jump as high as possible whilst 

minimising their ground contact time. The experimenter discarded jumps adopting poor 

technique such as ‘stepping down’ or ‘jumping up’ when leaving the box. Jumps with ground 

contact time >250 ms were also discarded (Wells et al., 2018) with a maximum of six attempts 
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performed to capture three successful trials. After completing all the vertical jumps, the athletes 

rested for five minutes prior to taking part in the IMTP, which follows previous procedures 

reported by Leary et al. (2012).  

Isometric Mid-Thigh Pull: All isometric testing was performed using a Smith machine (Pro-R, 

Pullum Sports, Luton, UK), which was set over the dual Kistler force platform system. 

Participants were positioned into their second-pull position of the clean, since this phase has 

been shown to generate the highest force output (Garhammer, 1993). From this position knee 

(mean = 146 ± 4°) and hip (mean = 153 ± 5°) angles were measured with a manual goniometer. 

Participants’ hands were attached to the bar with lifting straps to enable maximal effort without 

the confounding variable of grip strength being a limiting factor. Once the participants were in 

a set position ready to perform a maximal pull, they remained motionless whilst the force 

platforms were zeroed. Prior to data collection, participants performed three sub-maximal 

bilateral isometric mid-thigh pulls, progressively increasing their lifting intensity. Each pull 

was initiated after a countdown of ‘3, 2, 1 pull’ with maximal isometric effort applied for five 

seconds as recommended by Haff et al. (2015). Participants were informed to pull the bar as 

‘hard and as fast’ as possible (Haff et al., 2015) without changing their joint angles or 

performing a countermovement. If joint angles changed or a countermovement was observable, 

the test was performed again following the allocated rest interval. Following each maximal 

pull, participants sat on a chair, but remained strapped to the bar. This was to maintain a 

constant hand position between pulls. A total of three pulls were performed with three minutes 

recovery time between each. A maximum of six attempts were performed to capture three 

successful lifts. 

Clubhead Velocity Assessment: Clubhead velocity was measured in a private swing studio at 

the Belfry Golf Centre (Warwickshire, UK), hitting onto a range. Clubhead velocity was 

measured using a TrackMan 3e launch monitor (Interactive Sports Games, Denmark), as used 
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by Olivier et al. (2016). The TrackMan 3e launch monitor measures the CHV from the 

geometric centre of the clubhead at the instantaneous moment prior to impact (TrackMan, 

2018). When using a driver, TrackMan has been evidenced to have a median offset of -0.18 

m.s-1 and be within 1.12 m.s-1 93% of the time when compared to a gold standard measure 

(Leach, 2017). Results from Chapter three also indicated that TrackMan has high inter-session 

reliability (CV = 0.81%). The TrackMan was set-up based on the manufacturer’s guidelines 

with the investigator specifying the intended target line. The dynamic warm-up followed the 

same procedures used as the laboratory testing. Participants also hit a self-selected number of 

shots (7 ± 2 shots) with a 6-iron whilst gradually increasing their CHV. This was then followed 

with a self-selected number of shots (7 ± 2 shots) struck with a driver. Participants used their 

own custom fitted 6-iron and driver. Prior to data collection the investigator instructed each 

participant to ensure they struck the ball with maximum effort, whilst maintaining their normal 

swing mechanics and a centred strike on the clubface. The final two warm-up shots were 

instructed to be struck with maximum effort to ensure participants were suitably prepared. 

Participants’ self-selected and struck 10 new range balls, aiming at the target and hit off an 

artificial turf mat and a self-selected tee height. Centredness of strike was determined by sound, 

feel and the ball flight, with the investigator checking verbally with the participant after each 

shot. Shots that were deemed non-centred, sub-maximal or were hit with varying swing 

mechanics were discarded from the data and the trial was subsequently re-performed up to a 

maximum of 15 shots. 

6.2.3. Data Analysis 

Smoothing and Residual Analysis: All data were smoothed with a low pass 4th order 

Butterworth filter as described by Winter (2009). Residual analysis was used to determine 

optimal cut-off frequency (Winter, 2009) which was set at 30 Hz for the IMTP and 100 Hz for 

all three jump variations (Kawamori, Nosaka and Newton, 2013). Both residual analysis and 
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smoothing were conducted using the Biomechanics tool bar in Microsoft Excel™. Average 

force over a one second weighing phase established baseline measurements, with the instant of 

movement initiation determined based on a 10 N vGRF threshold shift from baseline as utilised 

by Tirosh and Sparrow (2003). All of the data were analysed using Microsoft Excel™.  

Kinetic Analysis: Positive impulse for the SJ was calculated from the initiation of the 

propulsion phase (using a 10 N threshold) up until the time where force returns to zero. 

Countermovement jump positive impulse was calculated from the area underneath the force-

time curve. This was calculated from the point where force returns to bodyweight, up until the 

point that force returns back to zero. Positive impulse from the DJ was calculated from the 

vertical force trace including impulse pertaining body mass and force generated through 

muscular actions. Peak force during the IMTP was established from the maximal vGRF on the 

force-time curve subtracted by the lowest starting force. For a more detailed description of 

kinetic analysis, see Chapter four (pages 81-84). For each of the tests, the average vGRF from 

the three trials was taken forward for analysis. 

Clubhead Velocity: The TrackMan 3e launch monitor provided real-time data on each of the 

participants CHV for the ten shots. From the ten shots, the drive that generated the greatest 

CHV was taken forward for analysis (Wells et al., 2018).  

Asymmetry Calculations: A modified version of the symmetry index (Sato and Heise, 2012) 

was used to measure the vGRF asymmetry for the CMJ, SJ, DJ and IMTP. This modification 

defined the data as ‘right leg’ and ‘left leg’ rather than ‘higher value’ and ‘lower value’. 

Therefore, the following equation was used to calculate asymmetry: 

Asymmetry = ([Right leg – Left leg] / Total x 100) x IF (Right < left, 1, -1) 

Given that the above equation could produce both positive (right leg) and negative (left leg) 

values, the ‘IF’ function in Microsoft Excel™ was used to convert these to a positive value for 
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statistical analysis. For example, if 25 golfers had a 10% asymmetry favouring the right leg 

and the other 25 golfers had a 10% asymmetry favouring the left leg, the mean asymmetry 

would be 10% (as all golfers presented a 10% asymmetry).  

6.2.4. Statistical Analysis 

Intra-session reliability was determined using the coefficient of variation (CV%) statistic and 

their respective 95% confidence intervals. For each variable, acceptable reliability was 

determined as a CV <15% (Haff et al., 2015). The CV% was calculated for individual 

participants in order to provide an overall reliability score. This was calculated using the 

following equation: 

CV% = (standard deviation / mean) * 100 

Normal distribution was assessed through visual inspection of histograms, with outliers 

assessed using boxplots. All statistical assumptions were met within these data. Pearson 

correlation analysis was employed to measure the strength and direction of relationships 

between CHV and vGRF asymmetry for each of the tests (CMJ, SJ, DJ and IMTP). 

Additionally, a Pearson’s correlation was employed to assess the relationship between CHV 

and ‘real’ asymmetries for participants with a smaller CV% than the differences between limbs. 

IBM SPSS for Microsoft Windows (version 22.0; Chicago, USA), with an alpha level of 

p≤0.05 used to assess statistical significance. It is important to recognise that asymmetries were 

converted to positive values for correlation analysis, however, Figures 6-9 indicate both the 

positive and negative values to represent the limbs these asymmetries favoured and to establish 

levels of agreement between limbs for different tests. Given that the asymmetries may favour 

different legs between each of the tests, a Kappa coefficient was calculated to determine the 

level of agreement between asymmetries across two tests for each of the tests employed 

(Cohen, 1960). This was based on the premise that this statistic assesses the proportion of 
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agreement between two tests once the agreement by chance has been removed (Cohen, 1960). 

Kappa coefficients were determined as ‘slight’ (k = 0.01-0.20), ‘fair’ (k = 0.21-0.40), 

‘moderate’ (k = 0.41-0.60), ‘substantial’ (k = 0.61-0.80) and ‘almost perfect’ (k = 0.81-0.99) 

(Viera and Garrett, 2005).  

6.3. Results 

Table 8: The coefficient of variation along with the respective 95% confidence intervals for 

clubhead velocity. 

CHV = clubhead velocity. 

Table 9: The coefficient of variation along with their respective 95% confidence intervals for 

both the left and right leg for each of the tests. 

CMJ = countermovement jump, SJ = squat jump, DJ = drop jump, IMTP = isometric mid-thigh 

pull, PF = peak force. 

 

Results from this investigation indicate that each of the tests achieved acceptable levels of 

reliability (CVs <15%), for the right and left leg (Table 9). Previous suggestions have been 

made that asymmetries should only be considered ‘real’ if the value is greater than the 

variability within the movement (Exell et al., 2012), which was represented by the CV% 

statistic in the current investigation. Of the 50 golfers tested, 26 had a ‘real’ asymmetry in the 

 Mean 95% CI Lower 95% CI Upper 

CHV CV% 0.84 0.75 0.92 

 

 

Right Leg Left Leg 

 Mean 95% CI 

Lower 

95% CI 

Upper 

Mean 95% CI 

Lower 

95% CI 

Upper 

CMJ Impulse CV% 

 

4.84 3.98 5.71 5.25 4.53 5.98 

SJ Impulse CV% 

 

3.89 3.28 4.51 4.74 4.02 5.46 

DJ Impulse CV% 

 

6.66 5.80 7.52 6.10 5.07 7.12 

IMTP PF CV% 

 

6.32 5.22 7.41 7.56 6.32 8.80 
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CMJ, 18 had a ‘real’ asymmetry in the SJ, 25 had a ‘real’ asymmetry in the DJ and 27 had a 

‘real’ asymmetry in the IMTP.  

Table 10: Descriptive statistics for clubhead velocity and each test reflecting the right leg, left 

leg and combined bilateral values. 

Variable 

 

Mean SD 

CHV (m.s-1) 

 

49.21 2.54 

CMJ Bilateral impulse (N.s) 

 

277.42 41.88 

CMJ Right leg impulse (N.s) 

 

143.63 25.19 

CMJ Left leg impulse (N.s) 

 

133.79 24.98 

SJ Bilateral impulse (N.s) 

 

184.33 27.82 

SJ Right leg impulse (N.s) 

 

93.78 14.39 

SJ Left leg impulse (N.s) 

 

90.55 14.65 

DJ Bilateral impulse (N.s) 

 

416.27 66.13 

DJ Right leg impulse (N.s) 

 

220.59 42.82 

DJ Left leg impulse (N.s) 

 

195.68 33.39 

Bilateral IMTP PF (N) 

 

1494.90 343.45 

IMTP Right leg PF (N) 

 

772.75 187.09 

IMTP Left leg PF (N) 

 

722.15 194.86 

CHV = clubhead velocity, CMJ = countermovement jump, SJ = squat jump, DJ = drop jump, 

IMTP = isometric mid-thigh pull, PF = peak force. 
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Table 11: Descriptive statistics for asymmetry and their respective p values and correlations 

with clubhead velocity. 

Test n Asymmetry % SD  r value p value 

CMJ  50 8.21 5.91 -0.02 .435 

SJ  50 4.05 3.05 -0.14 .160 

DJ  50 8.11 7.15 0.22 .060 

IMTP  50 9.76 7.58 -0.05 .372 

CMJ = countermovement jump, SJ = squat jump, DJ = drop jump, IMTP = isometric mid-thigh 

pull. 

 

Table 12: Descriptive statistics and the number of participants with ‘real’ asymmetries and 

their respective p values and correlations with clubhead velocity. 

Test n Asymmetry % SD  r value p value 

CMJ 26 12.52 4.83 .305 .065 

SJ  18 6.89 2.42 .132 .151 

DJ  25 12.23 7.21 .215 .301 

IMTP  27 14.52 6.58 -.283 .076 

CMJ = countermovement jump, SJ = squat jump, DJ = drop jump, IMTP = isometric mid-thigh 

pull. 

 

Descriptive statistics for the right leg and left leg along with the combined bilateral values are 

presented in Table 10. There were no significant relationships between CHV and asymmetry 

for CMJ positive impulse, SJ positive impulse, DJ positive impulse and IMTP PF (Table 11). 

Additionally, there were no significant relationships between CHV and the participants with 

‘real’ asymmetries (Table 12). The Kappa coefficient statistics indicated that the paired test 

results showed ‘slight’ levels of agreement on limb dominance between the CMJ and SJ (k = 

0.12) and ‘slight’ agreement between the SJ and DJ (k = 0.06) but ‘fair’ agreement between 

the CMJ and DJ (k = 0.39). The reader is encouraged to pay particular attention to Figures 6-
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9, as these offer meaningful comparisons for individual golfers’ asymmetry and the limb these 

asymmetries favoured (positive = right, negative = left) during the four tests. All asymmetries 

were converted to positive values for correlational analysis as described on page 115-116. 
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Figure 6: Individual positive impulse asymmetry values during the countermovement jump (CMJ). Above the zero line indicates asymmetry 

favours the right leg and below the 0 line indicates asymmetry favours the left leg. Grey threshold line indicates a mean coefficient of variation 

(when averaging values for both legs) of 5.05% for CMJ positive impulse. The diagonal striped bars represent participants with ‘real’ asymmetries. 

Of the 50 participants, 26 of these presented ‘real’ asymmetries, with 20 being right leg dominant and six being left leg dominant. 
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Figure 7: Individual positive impulse asymmetry values during the squat jump (SJ). Above the zero line indicates asymmetry favours the right leg 

and below the 0 line indicates asymmetry favours the left leg. Grey threshold line indicates a mean coefficient of variation (when averaging values 

for both legs) of 4.32% for SJ positive impulse. The diagonal striped bars represent participants with ‘real’ asymmetries. Of the 50 participants, 

18 of these presented ‘real’ asymmetries, with 15 being right leg dominant and three being left leg dominant. 
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Figure 8: Individual positive impulse asymmetry values during the drop jump (DJ). Above the zero line indicates asymmetry favours the right leg 

and below the 0 line indicates asymmetry favours the left leg. Grey threshold line indicates a mean coefficient of variation (when averaging values 

for both legs) of 6.38% for DJ positive impulse. The diagonal striped bars represent participants with ‘real’ asymmetries. Of the 50 participants, 

25 of these presented ‘real’ asymmetries, with 22 being right leg dominant and three being left leg dominant. 
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Figure 9: Individual peak force (PF) asymmetry values during the isometric mid-thigh pull (IMTP). Above the zero line indicates asymmetry 

favours the right leg and below the 0 line indicates asymmetry favours the left leg. Grey threshold line indicates a mean coefficient of variation 

(when averaging values for both legs) of 6.94% for IMTP PF. The diagonal striped bars represent participants with ‘real’ asymmetries. Of the 50 

participants, 27 of these presented ‘real’ asymmetries, with 19 being right leg dominant and eight being left leg dominant.
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6.4. Discussion 

The objectives of this Chapter were to provide an asymmetry profile within golfers using a 

CMJ, SJ, DJ and IMTP and to assess the relationship these asymmetries had with CHV. 

Asymmetries can be reliably measured using these four tests, however, no significant 

relationship was observed between asymmetries and highly skilled golfers’ CHV for the entire 

sample (n = 50) or those with ‘real’ asymmetries (n = 18 to 27). It is interesting to note that, 

although asymmetries can be reliably assessed using these tests, the CV% are greater than those 

observed within Chapters four (see Table 4 on page 85) and 5 (see Table 6 on page 100). This 

would suggest that whilst the magnitudes of force production are reliable, there is inherent 

variability in the strategies used (such as inter-limb differences) in generating these forces. 

Kappa coefficients indicate that, asymmetries rarely favour the same limb between tests, with 

Figures 6-9 indicating the varying nature of asymmetries for individual golfers between tests. 

The combination of these results suggest that asymmetries are inherently individual and 

dependent on the task.  

Previous research has observed mixed associations between asymmetry and performance 

(Hoffman et al., 2007; Hart et al., 2016). To date, this is the first investigation that has 

attempted to assess the relationship between asymmetry and golf performance as measured by 

CHV. The results of this investigation highlight that golfers who possessed greater levels of 

asymmetry, are unlikely to either benefit or suffer from higher or lower levels of CHV. Whilst 

these tests present acceptable levels of reliability, the results indicate that not all golfers present 

a ‘real’ asymmetry. As such, for practitioners who wish to measure asymmetries within golfers, 

it is important to consider these on an individual basis whilst considering their individual 

movement variability. 
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The levels of agreement between tests were poor based on the Kappa coefficient statistic, 

indicating that asymmetries rarely favoured the same side between tests. Despite the 

homogenous sample investigated, the findings of the current investigation indicate that 

asymmetries are extremely varied for golfers and are highly dependent on the task, which 

supports the findings of Bishop, Lake, et al. (2018). For example, golfer 34 achieved the lowest 

CHV (43.5 m.s-1) and presented a range of asymmetry magnitudes which were as follows: CMJ 

= 1.7% (Figure 6), SJ = 8.3% (Figure 7), DJ = 11.3% (Figure 8), IMTP = 14.7% (Figure 9). 

Additionally, golfer 47 achieved the highest CHV (55.6 m.s-1) and had a range of asymmetry 

magnitudes which were as follows: CMJ = 1.8% (Figure 6), SJ = 4.8% (Figure 7), DJ = 14.7% 

(Figure 8), IMTP = 2.4% (Figure 9). This inconsistency highlights the difficulty in assessing 

force production asymmetries. Plausibly this may be due to the inherent differences in the 

actions of the musculotendinous unit within these tests (see pages 22-23 in Chapter two). 

However, the findings within this Chapter highlight how variable asymmetries are within 

different actions.  

Resistance and plyometrics training have previously been found to significantly increase 

golfers’ CHV (Fletcher and Hartwell, 2004; Doan et al., 2006), therefore, these training 

modalities can be considered as important component of a golfer’s annual programme. Given 

that there were no significant relationships between CHV and vGRF asymmetries, training 

interventions could be aimed at increasing CHV without needing to address asymmetries. It 

should be noted that although asymmetry does not relate to CHV, it has been hypothesised that 

large asymmetries could lead to increase injury likely hood (Impellizzeri et al., 2007). 

However, Gray et al. (2016) reported that increased asymmetry was associated with reduced 

back pain. Based on the findings of the previous three Chapters, Chapter seven will endeavour 

to substantiate the effects that different forms of S&C interventions (such as back squats vs. 
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vertical jumps) have on highly skilled golfers’ CHV and kinetic measures during vertical jumps 

and an IMTP.  

6.5. Conclusion 

Both Chapters four and five found that vGRFs significantly related to CHV. However, these 

Chapters assessed the magnitudes as opposed to the inter-limb differences in force generating 

capacity. Given the asymmetrical nature of golf, the objectives of this Chapter were to a) 

provide an asymmetry profile for highly skilled golfers across a battery of strength and vertical 

jump tests and, b) assess the associations between vGRF asymmetry during these tests and 

CHV. The findings within this Chapter indicate that practitioners can reliably use CMJs, SJs, 

DJs and IMTPs to examine asymmetries within highly skilled golfers, forming a more complete 

profile of a golfer across a range of tasks. There were no significant relationships between CHV 

and asymmetries within the entire cohort (n = 50) or when ‘real’ asymmetries were observed. 

As such, vGRF asymmetries should be considered neither beneficial or detrimental to golfers’ 

CHV. Further still, the results of this investigation indicate that asymmetries are inherently 

individual and task dependant. Based on the findings of this investigation and those observed 

in Chapter four (Wells et al., 2018) and Chapter five (Wells, Charalambous, et al., 2019), it 

would appear more beneficial to profile golfers using overall performance in these tests, as 

opposed to relating asymmetries to CHV. Given that there is no relationship between vGRF 

asymmetry and CHV, S&C coaches should implement interventions aimed at enhancing CHV. 

This is due to evidence of significant improvements in CHV following resistance training and 

plyometrics (Fletcher and Hartwell, 2004; Doan et al., 2006). Assessing the effect of different 

S&C interventions on CHV and vGRF will enable a greater understanding of the training 

modalities that lead to increased performance. This will be the primary objective of Chapter 

seven.  
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Chapter Seven: The Effects of an 8-week Back Squat vs. Vertical Jump Intervention on 

Clubhead Velocity and Force Producing Capabilities in Highly Skilled Golfers. 
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7.1. Introduction 

Golfers who drive the ball over greater distances are significantly more likely to achieve lower 

scores on Par-4 and Par-5 holes (Hellström, Nilsson and Isberg, 2014). PGA Tour players who 

are able to increase DD by 20-yards would save 0.75 strokes in a tournament round (Broadie, 

2014). Within the golf literature, CHV is a commonly reported performance variable, since this 

accounts for 75% of the variance in BV (Sweeney et al., 2013) and therefore DD. Golfers can 

increase CHV through technical changes or by using suitable clubs fitted to their swing. 

However, over recent years, a greater number of golfers have engaged in S&C due to the 

dissemination of a growing body of evidence highlighting significant improvements in CHV 

following resistance training (Doan et al., 2006), plyometrics (Bull and Bridge, 2012) or a 

combination of these modalities (Coughlan et al., 2019). Furthermore, a number of high-profile 

golfers have openly advocated the incorporation of S&C within their training schedule. 

The interface between the ground and the golfer is an important interaction for generating 

CHV. The downswing of golfers is initiated from the ground-up (Nesbit and Serrano, 2005), 

with energy transferred from the ground through the kinetic chain to the clubhead. Within the 

literature there have been a number of speculations as to the possible mechanisms associated 

with increases in CHV. Such speculations include how manipulating impulse (Loock, Grace 

and Semple, 2013) and PF (Leary et al., 2012) may change CHV. A number of cross-sectional 

investigations have highlighted significant relationships between CHV and a 1-RM back squat 

(Hellström, 2008; Parchmann and McBride, 2011) along with CHV and vertical jump 

performance (Read et al., 2013). Whilst these procedures are easily accessible to golfers and 

S&C coaches, without laboratory equipment such as force platforms, they are unable to 

measure vGRF variables. Furthermore, the external load lifted in a 1-RM back squat is 

determined not only by strength, but technical competency, therefore this procedure may elicit 

some error in determining strength if golfers lack lifting proficiency.  
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The findings from Chapter four indicated significant relationships between highly skilled 

golfers’ CHV and CMJ positive impulse (r = 0.788, p<0.001), SJ positive impulse (r = 0.692, 

p<0.001), DJ positive impulse (r = 0.561, p<0.01) and IMTP PF (r = 0.482, p<0.01) (Wells et 

al., 2018). Chapter five highlighted that CMJ positive impulse accounted for 37.9% of the 

variance in European Challenge Tour golfers’ CHV (Wells, Charalambous, et al., 2019). 

Chapter six indicated that asymmetries in vGRF had no significant relationship with CHV 

(Wells, Mitchell, et al., 2019), therefore it is the magnitude of force production that is of 

importance. While these investigations provide an insight as to the possible mechanisms 

associated with golfers’ CHV, they are purely cross-sectional in their research designs. 

Experimental research has typically observed significant increases in CHV following training 

interventions lasting ≥8 weeks (Westcott, Dolan and Cavicchi, 1996; Fletcher and Hartwell, 

2004; Oranchuk et al., 2018). These interventions have noted improvements in golf 

performance variables such as CHV, however there have been few attempts to quantify the 

actual mechanisms associated with these changes. Following an 8-week plyometric training 

programme, Bliss, McCulloch and Maxwell (2015) highlighted a significant increase in CHV 

of 1.11 m.s-1, along with physical performance measures such as CMJ height and standing 

broad jump distance. Additionally, an 18-week S&C programme indicated improvements in 

clubhead acceleration along with CMJ height, SJ height and a 1-RM squat (Álvarez et al., 

2012). Although these investigations reported improvements in CHV and athletic performance, 

neither provided biomechanical data such as impulse and PF. For instance, CMJ height could 

be improved by maintaining net impulse, but reducing mass thus increasing take-off velocity 

and jump height.  

A recent investigation assessed the impact a 10-week resistance training programme had on 

golfers’ performance measures such as BV, CD and DD (Driggers and Sato, 2017). The authors 
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also measured PF and RFD during an IMTP along with vertical jump height and peak power. 

There were significant increases in BV, CD and DD along with a significant increase in CMJ 

peak power. However, given that this research did not measure CHV, it is difficult to ascertain 

the mechanisms associated with increased BV, CD and DD. Furthermore, this investigation 

failed to incorporate a control group.  

To date, no investigation has evaluated the effect of S&C interventions on both CHV and the 

key kinetic parameters of PF and impulse against a control group. There is also no research 

that has sought to assess changes in CHV and physical performance within three different 

groups. Therefore, the aim of this investigation was to assess the changes in CHV and vGRFs 

following an 8-week intervention of either back squats or vertical jump training when 

compared to a control group. It was hypothesised that both interventions would significantly 

increase CHV and vGRFs when compared to the control. Additionally, it was hypothesised 

that the jump group would have a greater increase in CHV, CMJ positive impulse and DJ 

positive impulse, whereas the back squat group would have a greater increase in IMTP PF and 

SJ positive impulse. 

7.2. Methods 

7.2.1. Participants  

A longitudinal stratified research design was employed for this Chapter. Twenty-six right-

handed male category-1 (handicap ≤5.4) golfers (age: 20.2 ± 2.1 years, height: 1.8 ± 0.06 m, 

mass: 77.2 ± 13.5 kg, handicap: 3.3 ± 1.9) were recruited to participate in this investigation. A 

priori power analysis (G*Power, Version 3.1.9.2, University of Dusseldorf, Germany) 

determined that to achieve a statistical power >0.8, a large effects size (f = 0.55) and alpha level 

of 0.05, using three groups, six measurements and a correlation of 0.5 between repeated 

measures a total of 24 participants were required. All participants were experienced golfers, 
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engaged in an average of nine hours golf practice per week and had limited experience of 

resistance training. Participants attended a familiarisation session and refrained from exercise 

for 48 hours prior to all testing. Ethical approval was granted by the University’s Research 

Ethics Committee. 

Participation groups: Participants were assigned to one of three conditions, control (CG) (n = 

8), back squat group (SG) (n = 9) or jump group (JG) (n = 9). Groups were primarily matched 

on their CHV. Prior to the 8-week intervention, there were no significant differences (p>0.05) 

between groups’ age, height, mass, handicap, CHV, CMJ positive impulse, SJ positive impulse, 

DJ positive impulse or IMTP PF (Table 13). 

Table 13: Means and standard deviations for age, height, mass, handicap, clubhead velocity, 

countermovement jump positive impulse, squat jump positive impulse, drop jump positive 

impulse and isometric mid-thigh pull peak force for the three groups. 

 Variable Control Squat Jump 

Age (years) 20.6 ± 2.1 19.9 ± 2.3 20.2 ± 2 

Height (m) 1.8 ± 0.04 1.8 ± 0.04 1.8 ± 0.07 

Mass (kg) 76.2 ± 10.8 81.4 ± 17.9 73.7 ± 11.6 

Handicap (strokes) 2.8 ± 2.1 3.2 ± 2 3.8 ± 1.9 

CHV (m.s-1) 49.04 ± 2.21 48.90 ± 2.32 48.94 ± 3.70 

CMJ impulse (N.s) 284.79 ± 28.15 288.83 ± 57.00 275.27 ± 52.17 

SJ impulse (N.s) 189.68 ± 13.96 188.17 ± 33.48 183.27 ± 32.00 

DJ impulse (N.s) 437.07 ± 64.92 466.99 ± 108.27 416.78 ± 83.39 

IMTP PF (N) 1478.28 ± 331.91 1454.16 ± 235.79 1400.46 ± 298.36 

CHV = Clubhead velocity, CMJ = Countermovement jump, SJ = Squat jump, DJ = Drop 

jump, IMTP = Isometric mid-thigh pull, PF = peak force. 
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7.2.2. Experimental Trials 

Laboratory assessment: Data were collected in the Sport and Exercise Science Laboratory at 

the University of Bedfordshire (Bedfordshire, UK). Anthropometric data for height (Holtain, 

Model: Harpenden, Supplier: Holtain Ltd) and mass (Tanita, Model: BWB-800, Supplier: 

Cranlea Ltd) were recorded following the completion of a PAR-Q and informed consent form. 

As a warm-up, participants performed pulse raisers on a cycle ergometer (Monark Ergomedic 

874E, Cranlea Human Performance Ltd, UK) for 5 minutes at a cadence of 50 rpm with a 

resistance that yielded an intensity of 90-100 W. Following this a series of dynamic stretches 

were performed; clock lunges, overhead squats, gluteal bridges, scapula wall slides, thoracic 

rotations, internal and external hip rotations and vertical and horizontal arm swings (See 

Appendix A). These warm-up procedures were used as an informal assessment of movement 

competency to help equality of allocation into groups. Each participant received five minutes 

rest before completing testing of the SJs, followed by CMJs, DJs and lastly the IMTPs. All 

performance tests were performed on dual Kistler force platforms (Kistler 9281, Kistler 

Instruments, Winterthur, Switzerland) sampling at 2000 Hz. 

Vertical Jumps: All participants were taken through a standardised verbal explanation and 

demonstration by the researcher. Following this, participants performed three practice trials of 

each jump type prior to completing the test procedures. Each vertical jump was performed three 

times with the feet hip width apart, hands placed on the hips, and with the instruction to jump 

as high and as fast as possible on the command ‘3, 2, 1, jump’. Each trial was interspersed with 

a two-minute recovery period. 

Squat Jumps: During practice trials participants set their preferential start position with knee 

(93 ± 9°) and hip angles (80 ± 10°) recorded using a universal goniometer. An adjustable bench 

was individually set to each participant’s preferred squat depth to provide a standardised start 
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position. Knee angles and the bench height for each participant were maintained during post 

intervention testing. Force platforms were zeroed with the participants set motionless in their 

lowered position of the squat with their ischial tuberosity lightly touching the edge of the bench. 

The participants held their self-selected squat depth for 5 seconds then performed a concentric 

only jump. All force-time data were analysed on a computer screen, with a negative vGRF >50 

N deemed as a prior countermovement (Thomas et al., 2015). If a countermovement was 

performed the data were discarded and the trial was performed again following the allocated 

recovery intervals. A maximum of six attempts were performed to capture three successful 

trials. 

Countermovement Jumps: Force platforms were zeroed with the participants standing 

motionless in their start position. Countermovement jumps started with the participants 

standing upright before lowering themselves into a self-selected squat depth and immediately 

jumping as high and as fast as possible. Self-selected squat depth was preferred to a set depth 

as this could have interfered with the jump strategy employed. 

Drop Jumps: A 0.2 m high box was set back from the force platforms. Participants ‘dropped’ 

from the box into a hip width stance and attempted to jump as high as possible whilst 

minimising their ground contact time. The experimenter discarded jumps adopting poor 

technique such as ‘stepping down’ or ‘jumping’ off the box. Jumps with ground contact times 

>250 ms were also discarded, with a maximum of six attempts performed to capture three 

successful trials. After completing all the vertical jumps, the participants rested for five minutes 

prior to taking part in the IMTP, which follows procedures reported by Leary et al. (2012). 

Isometric Mid-thigh Pull: All isometric testing was performed using a Smith machine (Pro-R, 

Pullum Sports, Luton, UK), which was set over the dual Kistler force platform system. 

Participants were positioned into their second-pull position of the clean, since this phase has 
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been shown to generate the highest force output (Garhammer, 1993). From this position, knee 

(148 ± 4°) and hip angles (155 ± 3°) were recorded using a manual goniometer, with bar height 

(89 ± 2 cm), grip width (41 ± 4 cm) and foot width (33 ± 4 cm) recorded using a tape measure. 

The individual hip angles, knee angles, bar height, grip width and foot width were maintained 

in the post intervention testing. Participants employed an overhand grip, with their hands 

attached to the bar with lifting straps to enable maximal effort. The bar was fixed in position 

with jubilee clips. Once the participants were in a set position ready to perform a maximal pull, 

they remained motionless whilst the force platforms were zeroed. Prior to data collection, 

participants performed three sub-maximal isometric pulls, progressively increasing their lifting 

intensity. Each pull was initiated after a countdown of ‘3, 2, 1 pull’ with maximal isometric 

effort applied for five seconds as recommended by Haff et al. (2015). Participants were 

informed to pull the bar as ‘hard and as fast’ as possible (Haff et al., 2015) without changing 

their joint angles or performing a countermovement. If joint angles changed or a 

countermovement was observable, the test was performed again following the allocated rest 

interval. Following each maximal lift, participants sat on a chair, but remained strapped to the 

bar. This was to maintain a constant hand position between trials. A total of three pulls were 

performed with three minutes recovery time between each trial. A maximum of six attempts 

were performed to capture three successful trials.  

Work Done: In an attempt to control for the work done between the intervention groups, 

participants performed a back squat to an individually set depth as determined in the initial 

laboratory session (see intervention section for technique - page 138). Two stands were set 

either side of the force platforms with an adjustable string to provide a standardised depth for 

all back squats. Participants squatted to a depth equating to a knee angle of 83.65˚ ± 10.43˚ 

which was measured using a manual goniometer. Following completion of the back squat, 

participants performed two CMJs with 10% of their body mass added to a barbell positioned 



 
 
 

136 

 

in a ‘high bar’ back squat position. Work done for the back squat was calculated from the 

initiation of the unweighting phase using a 10 N shift (Point A in Figure 10) to when the force 

returned to zero in the finish position of the squat (Point B in Figure 10). Work done for the 

CMJ was calculated from the initiation of the unweighting phase using a 10 N shift up until 

take-off (Points A to B in Figure 11), and the first point where force was applied during landing 

until force returned to zero in the finish position (Points C to D Figure 11). The flight time 

(Points B to C Figure 11) was not used to calculate work done given that no force was being 

applied to the ground. There were phases during the squat and the CMJ where negative work 

was performed. For instance, during the braking phase of a CMJ, the COM is descending whilst 

force production is increasing above the zero line, thus providing negative work. As such, 

negative work was converted to positive for both the squat and the CMJ. Given that both the 

SG and JG performed the same programme for the first 4-weeks, it is important to highlight 

that work done was calculated from the first exercise session when the participants split into 

the JG and the SG.  

 

Figure 10: Force-time curve for the back squat highlighting the phase where work done (A to 

B) was calculated. 
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Figure 11: Force-time curve for a countermovement jump and the phases where work done was 

calculated during the take-off (points A to B) and landing (points C-D). 

 

Clubhead Velocity Assessment: Clubhead velocity was measured in a private swing studio at 

the Belfry Golf Centre (Warwickshire, UK), hitting onto a range. Clubhead velocity was 

measured using a TrackMan 3e launch monitor (Interactive Sports Games, Denmark), as used 

by (Olivier et al., 2016). The TrackMan 3e measures CHV at the instantaneous moment prior 

to impact (TrackMan, 2018). When using a driver, TrackMan has been evidenced to have a 

median offset of -0.18 m.s-1 and be within 1.12 m.s-1 93% of the time when compared to a gold 

standard measure (Leach, 2017). Results from Chapter three also indicated that TrackMan has 

high inter-session reliability (CV = 0.81%). The TrackMan was set-up based on the 

manufacturer’s guidelines with the investigator specifying the intended target line. The 

dynamic warm-up followed the same procedures as the laboratory testing. Participants also hit 

a self-selected number of shots (7 ± 2 shots) with a 6-iron whilst gradually increasing their 

CHV. This was then followed with a self-selected number of shots (7± 2 shots) struck with a 

driver. Participants used their own custom fitted 6-iron and driver. Prior to data collection the 

investigator instructed each participant to ensure they struck the ball with maximum effort, 
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whilst maintaining their normal swing mechanics and a centred strike on the clubface. The final 

two warm-up shots were instructed to be hit with maximum effort to ensure participants were 

suitably prepared. Participants then self-selected and struck 10 new range balls hitting off a 

self-selected tee height, an artificial turf mat and aiming at a target line specified by the 

investigator. Centredness of strike was determined by sound, feel and the ball flight, with the 

investigator checking verbally with the participant after each shot. Shots that were deemed non-

centred, sub-maximal or were hit with varying swing mechanics were discarded from the data 

and the trial was subsequently re-performed up to a maximum of 15 shots. 

Intervention Protocol: Individuals assigned to both the SG and the JG were taken through a 3-

repetition maximum (3-RM) back squat in order to establish a 1-RM lift based on previously 

determined equations from Brzycki (1993). This was calculated as follows: 

Predicted 1-RM = weight lifted / 1.0278 – 0.0278 x the number of repetitions 

Participants performed the standardised warm-up utilised in the laboratory session. Following 

this, a verbal explanation and demonstration of the back squat and 3-RM test was provided by 

the researcher who is an accredited S&C coach through the UKSCA. The back squat was 

performed using a ‘high bar’ position just below the 7th cervical vertebrae so that it rested across 

the upper trapezius and rear deltoids. The researcher took time to assess lifting technique to 

ensure that participants were safe to take part in the intervention. The feet were positioned to a 

self-selected width to allow an optimal squat depth (approximated to shoulder width). This 

technique was standardised throughout the duration of the intervention. To maintain depth, 

each participant squatted to an individual depth with their ischial tuberosity lightly touching a 

piece of string, which was established during laboratory testing. Each participant then 

performed a standardised 3-RM back squat warm up protocol involving 10 repetitions with a 

20 kg bar, five repetitions with an estimated load of 50% perceived maximum and three 
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repetitions with an estimated load of 75% perceived maximum. Participants then performed 

three repetitions at increasing loads between 5 and 10 kg, until they failed to achieve three lifts. 

The previous three repetition load was then taken as their 3-RM. The warm-up protocol and 

RM test were interspersed with three minutes recovery. Each of the exercise sessions 

performed by the SG and JG were supervised by the author. 

Introductory Lifting: For the first 4-weeks of the intervention, both the SG and JG performed 

back squats for 4 sets of 10 repetitions at a load equated to 70% of their predicted 1-RM. Each 

participant performed two sessions a week with a minimum of 48 hours rest between each. 

Participants were required to squat to their individualised set depth (quantified in the initial 

laboratory assessment). To ensure progression was maintained, the external load was increased 

when the final two repetitions of a set were executed with ease. This increase was up to a 

maximum of 5 kg following each set as long as technique remained acceptable. Participants 

completed seven sessions in total, with the eighth session serving as a retest of the 3-RM 

protocol in order to determine thresholds for the following 4-weeks. Each set was interspersed 

with 90 seconds rest as recommended by Schoenfeld (2010).  

Back Squat Group: The participants in the SG performed back squats for 4 sets of 3 repetitions 

at a load equated to 90% of their predicted 1-RM for the following 4 weeks. Each participant 

performed two sessions a week with a minimum of 48 hours rest between each. Participants 

were required to squat to their individualised set depth (quantified in the initial lab assessment). 

Each repetition was ‘spotted’ by the author with three minutes recovery between each set as 

this has been evidenced to enhance muscle strength (Schoenfeld et al., 2016). The work done 

for the back squat intervention equated to 7776.85 ± 1271.24 N.m. Adherence to the exercise 

sessions was 96%, meaning that on average participants completed 13.44 out of 14 sessions.  
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Jump Group: Participants performed CMJs for 3 sets of 5 repetitions with a load equating to 

10% of their body mass held in the ‘high bar’ position on the posterior aspect of the shoulders 

for the following 4 weeks. Each participant performed two sessions a week with a minimum 

of 48 hours rest between each. Participants were instructed to jump as high and as fast as 

possible, extend their legs through take-off and ensure a stable landing efficiently absorbing 

force. Each participant was asked to squat to a depth that enabled them to jump as high as 

possible, land, then complete the jump by standing upright then completing the next repetition. 

Three minutes recovery was provided between sets (Cormie, McGuigan and Newton, 2010). 

The work done from the initial jump session equated to 8708.69 ± 2149.23 N.m. Adherence to 

the exercise sessions was 94%, meaning that on average participants completed 13.16 sessions 

out of 14. 

Control Group: Participants were asked to maintain their current routine including any long-

term resistance training, but to ensure they made no intentional technical changes to their 

swing. 

Taper: During the final week of the 8-week intervention, participants performed only one 

exercise session to allow sufficient recovery prior to post intervention testing. All participants 

completed the post testing laboratory session within 4-7 days of the final exercise session.  

7.2.3. Data Analysis 

Smoothing and Residual Analysis: All data were smoothed with a low pass 4th order 

Butterworth filter as described by Winter (2009). Residual analysis was used to determine an 

optimal cut-off frequency (Winter, 2009) set at 30 Hz for the IMTP and 100 Hz for all three 

jump variations (Kawamori, Nosaka and Newton, 2013). Both residual analysis and smoothing 

were conducted using the biomechanics tool bar in Microsoft Excel™. The instant of 

movement initiation was determined based on a 10 N vGRF threshold shift from baseline 
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measurements as utilised by Tirosh and Sparrow, (2003). All data were analysed using 

Microsoft Excel™. 

Kinetic Analysis: Positive impulse for the SJ was calculated from the initiation of the 

propulsion phase (using a 10 N threshold) up until the time where force returned to zero. 

Countermovement jump positive impulse was calculated from the area underneath the force-

time curve. This was calculated from the point where force returned to zero, up until the point 

that force returns back to zero. Positive impulse from the DJ was calculated from the vertical 

force trace including impulse pertaining body mass and force generated through muscular 

actions. Peak force during the IMTP was established from the maximal vGRF on the force-

time curve subtracted by the lowest starting force. For a more detailed description of the kinetic 

analysis, see Chapter four (pages 81-84). For each of the kinetic variables, the peak data from 

the three trials were taken forward for analysis. 

Clubhead Velocity: The TrackMan 3e launch monitor provided real-time data on each of the 

participants CHV for the ten shots. From the ten shots, the greatest CHV was taken forward 

for analysis (Wells et al., 2018). 

7.2.4. Statistical Analysis 

The coefficient of variation statistic (CV%) and respective 95% confidence intervals (CI) were 

calculated for individual participants pre and post intervention in order to provide an overall 

reliability score. For each variable, acceptable reliability was determined as a CV <15% (Haff 

et al., 2015). This was calculated using the following equation: 

CV% = (standard deviation / mean) * 100 

A mixed design 2 (time) x 3 (group) ANOVA was employed to compare mean differences 

between the groups. Bonferroni post hoc analysis was employed to determine significant 
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differences between the interactions. The assumptions of normal distribution were assessed 

using the following equations: 

Zskewness = S – 0 / SEskewness 

Zkurtosis = K – 0 / SEkurtosis 

Homogeneity of variance was assessed using Levene’s test with sphericity assessed using 

Mauchly’s test. Heteroscedasticity and linearity were assessed through visual inspection of 

scatterplots. Outliers were assessed using boxplots. All statistical assumptions were met within 

this data. Statistical significance was set at p≤0.05. The effect size was calculated to assess the 

magnitude of the effect which was determined using Cohen’s d based on the following 

equation: 

d = mean1 – mean2 / pooled SD 

The effect size was determined as ‘small’ (d = 0.2-0.49), ‘moderate’ (d = 0.5-0.79) and ‘large’ 

(= d = >0.8) (Cohen, 1988). 
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7.3. Results 

Table 14: Pre and post coefficient of variation and their respective 95% confidence intervals 

for clubhead velocity and the kinetic measures. 

   95% CI 

 Parameter CV% Lower Upper 

P
re

 

CHV 0.86 0.74 0.99 

CMJ Impulse 2.12 1.63 2.61 

SJ Impulse 2.68 1.89 3.47 

DJ Impulse 3.01 2.31 3.71 

Peak Force 5.68 4.37 6.99 

P
o
st

 

CHV 0.99 0.86 1.12 

CMJ Impulse 1.89 1.36 2.41 

SJ Impulse 2.26 1.65 2.88 

DJ Impulse 2.33 1.78 2.88 

Peak Force 4.95 3.89 6.01 

CHV = Clubhead velocity, CMJ = Countermovement jump, SJ = Squat jump, DJ = Drop jump. 

High reliability (all CV% <6%) for CHV, CMJ positive impulse, SJ positive impulse, DJ 

positive impulse and IMTP PF were observed during both pre and post testing. 
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Table 15: Mean and standard deviation along with the pre to post changes in clubhead velocity and the vertical ground reaction force variables 

for the Bonferroni post hoc analysis in the back squat, vertical jump and control group. 

  CHV (m.s-1) CMJ Impulse (N.s) SJ Impulse (N.s) DJ Impulse (N.s) IMTP PF (N) 

C
o
n
tr

o
l 

Pre 49.04±2.21 284.79±28.15 189.68±13.96 437.07±64.92 1478.28±331.91 

Post 49.03±2.40 289.63±31.91 193.29±16.77 441.32±54.28 1476.05±267.70 

Change -0.1 4.84 3.61 4.25 -2.23 

S
q
u
at

 

Pre 48.90±2.32 288.83±57.00 188.17±33.48 466.99±108.27 1454.16±235.79 

Post 49.91±2.21 297.65±53.89 200.35±35.46 476.70±97.98 1775.39±209.22 

Change 1.01** 8.82 12.18 9.71 321.23*** 

Ju
m

p
 

Pre 48.94±3.70 275.27±52.17 183.27±32.00 416.78±83.39 1400.46±298.36 

Post 50.33±4.53 292.25±51.54 192.15±30.19 420.72±83.04 1697.10±419.00 

Change 1.39*** 16.98 8.88 3.93 296.64*** 

** = p<0.01, *** = p<0.001. CHV = Clubhead velocity, CMJ = Countermovement jump, SJ = Squat jump, DJ = Drop jump, IMTP = Isometric 

mid-thigh pull, PF = peak force. 
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Clubhead Velocity: There was a significant main effect on CHV for time F(1,23) = 21.052, 

p<0.001, and a significant interaction between the time and group F(2,23) = 5.539, p<0.05. 

Bonferroni post hoc analysis indicated a significant increase in CHV for the JG (p<0.001, d 

= 0.34, 95% CI: lower = 0.06, upper = 0.62) and the SG (p<0.01, d = 0.45, 95% CI: lower = -

0.02, upper = 0.92), which were both considered a small effect size. There was no significant 

change in the control group measures from pre to post testing. 

Countermovement Jump Positive Impulse: There was a significant main effect on CMJ 

positive impulse for time F(1,23) = 11.162, p<0.01, but no significant interaction between the 

time and group on CMJ positive impulse F(2,23) = 1.363, p=0.276.  

Squat Jump Positive Impulse: There was a significant main effect on SJ positive impulse for 

time F(1,23) = 22.005, p<0.001, but no significant interaction between the time and group on 

SJ positive impulse F(2,23) = 1.972, p=0.162.  

Drop Jump Positive Impulse: There was no significant main effect on DJ positive impulse for 

time F(1,23) = 1.393, p=0.177 or the interaction between time and group F(2,23) = 0.196, 

p=0.824.  

Isometric Mid-thigh Pull Peak Force: There was a significant main effect on IMTP PF for 

time F(1,23) = 44.413, p<0.001 and a significant interaction between the time and group F(2, 

23) = 10.965, p<0.001. Bonferroni post hoc analysis indicated a significant increase in IMTP 

PF for the JG (p<0.001, d = 0. 83, 95% CI: lower = -0.08, upper = 1.72) and the SG (p<0.001, 

d = 1.44, 95% CI: lower = -1.49, upper = 4.38) which are both considered to be large effect 

sizes. There was no significant change in the control group. 
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7.4. Discussion 

The aim of this Chapter was to assess the changes in CHV and vGRFs following an 8-week 

intervention of either back squats or jump training against a control group. To date, this is the 

first investigation that has sought to assess the effects different interventions have on highly 

skilled golfers’ CHV and vGRF variables. The findings indicate that both the JG and SG 

significantly increased CHV and vGRFs. Specifically, there were significant increases in 

CHV in both the JG (1.39 m.s-1) and SG (1.01 m.s-1). These findings are similar to those 

reported by Bliss, McCulloch and Maxwell (2015) who observed a significant increase in 

CHV of 1.11 m.s-1 following an 8-week intervention. Since CHV is the greatest determinant 

of BV (β = 0.915) and DD (β = 0.756) (Betzler et al., 2014), these increases in CHV observed 

in the current investigation would likely lead to increased DD. Although these changes in 

CHV may have practical significance to on course performance, it is difficult to fully 

substantiate these claims as the resultant ball flight is ultimately dependent on a number of 

impact factors. 

The JG obtained a statistically larger mean increase in CHV (1.39 m.s-1, p<0.001) than the SG 

(1.01 m.s-1, p<0.01). The effect sizes both fall within the threshold of ‘small’, however, the 

effect size for the SG (d = 0.45 95% CI: lower = -0.02, upper = 0.92) was larger than that 

observed in the JG (d = 0.34, 95% CI: lower = 0.06, upper = 0.62). This is an important 

observation given that the mean increase was larger within the JG. These differences in effect 

size are likely due to the larger variation in the post intervention data for the participants in 

the JG. Specifically, the pooled standard deviation was ±4.11 m.s-1 and ±2.27 m.s-1 for the JG 

and SG, respectively. Given this greater standard deviation, and the importance of this value 

in calculating Cohen’s d, this likely resulted in a lower effect size in the JG. This is worthy of 

note as there are inherent individual responses to each of the training programmes, therefore 

practitioners should consider athletes on an n = 1 basis. 
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Both the JG and SG significantly increased their IMTP PF by 296.64 N (p<0.001, d = 0. 83, 

95% CI: lower = -0.08, upper = 1.72) and 321.23 N (p<0.001, d = 1.44, 95% CI: lower = -

1.49, upper = 4.38) respectively, which both equate to a large effects size. Following a 10-

week fitness intervention, Cormie, McGuigan and Newton (2010) reported a significant 

increase in isometric squat PF in a strength training group, but not the vertical jump group. 

These results differ from the findings in the current investigation with the JG significantly 

increasing their IMTP PF. The possible rationale for this is that both groups engaged in 4-

weeks of general lifting, which could have influenced the IMTP PF results. This is further 

supported by Comfort et al., (2020) who observed a significant increase in PF following 4-

weeks of resistance training at loading zones equating to 60-82.5% of a 1-RM. Given that the 

downswing in skilled golfers starts at a slower rate than less skilled golfers (Nesbit and 

Serrano, 2005), this would allow the attainment of greater force in the swing due to the force-

velocity relationship. It is likely that the increased CHV observed in the current investigation 

is a by-product of increased PF. This is supported by the findings of Chapter four where IMTP 

PF was significantly related to highly-skilled golfers’ CHV (Wells et al., 2018).  

Both Chapter four and Chapter five found that CMJ positive impulse had the strongest 

correlation and was the only significant predictor of CHV within highly skilled (Wells et al., 

2018) and Challenge Tour golfers (Wells, Charalambous, et al., 2019). It is important to 

recognise however, the ‘training status’ of the participants within this intervention. Whilst the 

participants were comprised of highly skilled golfers, they had limited experience with 

resistance training and could therefore be considered as untrained. Brearley and Bishop (2019) 

emphasised the importance of ‘training status’ with regards to the transfer of training to 

performance. Essentially, given the limited force generating capacity of these highly skilled 

golfers, increasing their maximum force production likely provided a greater ‘capacity’ to 

generate CHV. Suchomel, Nimphius and Stone (2016) presented a theoretical model 
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representing the relative back squat strength (per kilogram of body mass) and the transfer 

these relative strength gains had to performance. The participants within this current 

investigation had a mean ratio of 1.19 kg per kg body mass (they could squat above their body 

mass on average), which categorises them as being in the ‘strength association phase’ (1-2 kg 

per body mass). Based on this model, Suchomel, Nimphius and Stone (2016) suggested that 

there would be a near linear relationship between increases in strength and performance. As 

such, although both intervention groups engaged in resistance training for the first 4-weeks, 

the SG may have obtained an additional benefit by increasing their force producing 

capabilities through engaging in 4-weeks of strength training.  

The initial 4-week introductory lifting programme was aimed at exposing participants to 

resistance training prescribed at a high volume and a moderate to high intensity. These 

interventions are applicable for individuals with limited resistance training as it allows time 

to adapt to a gym environment (Turner and Comfort, 2018) whilst enhancing force production 

capacity (Suchomel and Comfort, 2018) and the attainment of high threshold motor units 

(Schoenfeld, 2010). These introductory interventions are entirely appropriate as they provide 

greater levels of strength while the participants gain structural changes prior to engaging in 

higher intensity exercises (James et al., 2018), which was the objective of the following four 

weeks. The second half of the intervention was programmed at a higher intensity and was 

based on previous research using similar volumes and external load for both strength (Wathan, 

Baechle and Earle, 2008; Cormie, McGuigan and Newton, 2010) and vertical jumps (Cormie, 

McGuigan and Newton, 2010; Bliss, McCulloch and Maxwell, 2015).  

There are a number of plausible neurological and morphological mechanisms contributing to 

the changes in IMTP PF observed within this investigation. Whilst neurological changes make 

their greatest contribution to strength changes, morphological adaptations also commence at 
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the onset of training (Folland and Williams, 2007). Neurological adaptations such as the 

recruitment of higher threshold motor units and rate coding are suggested to enable greater 

expression of force (Suchomel and Comfort, 2018). The SG were likely to be able to recruit 

higher threshold motor units due to the high intensity of their training, while the JG were more 

likely to increase rate coding due to the dynamic RFD involved in their jump. These neural 

adaptations would theoretically lead to increases in PF within both groups. Morphological 

adaptations such as increased muscle cross sectional area are also plausible mechanisms 

associated with these changes (Folland and Williams, 2007), which could have been linked to 

the initial 4 weeks of higher volume resistance training. Whilst these aforementioned neural 

and morphological adaptations appear plausible, given that these were not directly measured 

within this investigation, these are unsubstantiated claims.  

Group-based research offers advantages when comparing average values, however, it is 

important to highlight individual case studies that vary considerably within this sample. For 

example, participant 6, who completed the jump intervention, had higher pre intervention 

mean values when compared to the cohort for CHV (cohort = 48.96 m.s-1, participant 6 = 

55.61 m.s-1), CMJ positive impulse (cohort = 282.96 N.s, participant 6 = 354.78 N.s), SJ 

positive impulse (cohort = 187.04 N.s, participant 6 = 223.70 N.s), DJ positive impulse (cohort 

= 440.41 N.s, participant 6 = 570.24 N.s) and IMTP PF (cohort = 1444.29 N, participant 6 = 

1787.81 N). Despite having greater initial values than the cohort average, following the 

intervention participant 6 attained increases in CHV (4.38 m.s-1), CMJ positive impulse (16.98 

N.s), SJ positive impulse (9.90 N.s), DJ positive impulse (3.91 N.s) and IMTP PF (418.38 N). 

It is important for S&C coaches to monitor and consider the individual needs for a golfer 

when designing and adapting their intervention across a periodised training phase. 
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There are limitations within this investigation which should be clearly stated. Firstly, the 

exercise programme would perhaps not be representative of what would be prescribed by a 

S&C coach. For instance, each of the exercises are occurring in the sagittal plane and are 

bilateral in nature. For golfers, it would be advisable to engage in a wider variety of exercises 

such as bracing, upper body push and pull, hinging and rotation. This would likely facilitate 

further gains and protect against the physical demands of the sport. However, this 

investigation was interested in how discrete exercises manipulated vGRF and CHV. 

Secondly, attempts were made to control for initial work done, but as participants adapted to 

their exercise regime and increased jump height or their load lifted, work would have also 

increased. To precisely equate work for each training session, each participant would require 

all training to be performed on a force platform, which was not feasible in this investigation. 

7.5. Conclusion 

This Chapter sought to assess how different interventions impacted both CHV and vGRF 

variables within a cohort of highly skilled golfers. This built on Chapters four (Wells et al., 

2018) and five (Wells, Charalambous, et al., 2019) which both observed significant 

relationships between CHV and vGRF variables during vertical jumps and an IMTP. 

Additionally, Chapter six (Wells, Mitchell, et al., 2019) observed that there were no 

relationships between CHV and vGRF asymmetries. This indicated that the magnitude of 

vGRF production (Chapters four and five) are of greater importance than the inter-limb 

differences (Chapter six)  The findings from this investigation indicate that both the SG (1.01 

m.s-1) and JG (1.39 m.s-1) significantly increased CHV, however Cohen’s d highlight that the 

SG had the largest effect size. The expression of PF was the only significant changes in vGRFs 

within these highly skilled golfers. Specifically, there were significant increases in IMTP PF 

within the SG (321.23 N) and the JG (296.64 N), however the SG achieved the largest effect 

size. As such, maximum force generating capacity is the likely mechanisms enhancing highly 
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skilled golfers’ CHV. Whilst a number of investigations have observed significant increases 

in golfers’ performance following the combination of resistance training and plyometrics, it 

appears preferential for golfers, especially those with limited experience of resistance training, 

to enhance their overall levels of strength. This should be a key focus for S&C coaches when 

designing programmes for highly skilled golfers.  
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Chapter Eight: General Discussion 
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8.1. Addressing the Aims and Objectives  

There were two overarching aims within this thesis which were 1) to investigate the 

relationships between CHV and kinetic mechanisms in vertically oriented tasks (addressed in 

Chapters three to six) and 2) identify optimal training modalities that enhance CHV along 

with the kinetic mechanisms associated with these changes (addressed in Chapter seven).  

 

The first aim was addressed by the following objectives: 

1) Assess the inter-session reliability of the TrackMan and Bel SwingMate launch 

monitors. 

2) Establish the relationships between vGRFs and CHV within highly skilled golfers. 

3) Assess if the variance in European Challenge Tour golfers’ CHV could be predicted 

by vGRFs. 

4) Profile highly skilled golfers’ vGRF asymmetry and assess the relationship these 

asymmetries had with CHV. 

 

The second aim was addressed by the following objective: 

5) Assess the changes in CHV and vGRFs following an 8-week training intervention. 

 

8.1.1. Aim One 

To investigate the relationships between CHV and kinetic mechanisms in vertically oriented 

tasks. 

 

8.1.1.1. Objective One  

The first objective sought to assess the inter-session reliability of the TrackMan and Bel 

SwingMate launch monitors. 
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Golf launch monitors are used extensively by PGA Professional golf coaches within their 

teaching remit. A number of peer reviewed publications have also utilised launch monitors 

such as the TrackMan (Olivier et al., 2016) and Bel SwingMate (Leary et al., 2012) in order 

to measure CHV. Research has observed strong relationships between CHV measured by a 

TrackMan and 3D automatic motion analysis (Betzler et al., 2012; Smith, 2013), thus 

validating the use of this launch monitor. Conversely, there is no evidence supporting the 

validity of the Bel SwingMate, thus questioning its use within previous research (Leary et al., 

2012). Prior to this thesis, there was also no data that had assessed the inter-session reliability 

of the TrackMan and Bel SwingMate as measures of CHV.  

High inter-sessions reliability was observed for both the TrackMan (CV = 0.81%) and Bel 

SwingMate (CV = 2.46%). The smallest detectable change statistic indicated that practitioners 

who observe an increase in CHV of 0.76 m.s-1 (TrackMan) and 1.42 m.s-1 (Bel SwingMate) 

can be 95% confident that these values represent a ‘real’ change. Taken collectively, the 

TrackMan presented a more reliable measure of golfers’ CHV. For practitioners who have 

limited access to a TrackMan, careful consideration should be given to the use of a Bel 

SwingMate given that there is currently no evidence supporting the validity of this launch 

monitor. For practitioners who do decide to use a Bel SwingMate, they should only be 

confident that their physical or technical interventions has worked if they achieve a change in 

CHV greater than 1.42 m.s-1. The results of this Chapter casts doubt on the findings of previous 

intervention based research within golf. Thompson and Osness (2004) and  Hetu, Christie and 

Faigenbaum (1998) observed a significant increase in CHV of 0.94 m.s-1 and 1.36 m.s-1. Given 

that these investigations utilised a Bel SwingMate and the increases in CHV are lower than 

the smallest detectable change of 1.42 m.s-1, these results may not be ‘real’. 
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8.1.1.2. Objectives Two and Three 

The second objective within this thesis was to assess if there was a significant relationship 

between highly skilled golfers’ CHV and vGRFs during vertical jumps and IMTPs. This was 

closely linked to the third objective, which sought to establish if the variance in Challenge 

Tour golfers’ CHV could be predicted by vGRFs in a CMJ and IMTP. 

An ever-increasing number of golfers are seeking ways in which they can increase their CHV. 

Understanding the mechanisms associated with CHV, is therefore of great importance as it 

helps to guide the implementation of training interventions with golfers. Chapters four and 

five were the first investigations that sought to assess the relationships highly skilled golfers’ 

and Challenge Tour golfers’ CHV had with vGRF variables using commonly employed S&C 

tests. The overarching findings addressing objectives two and three were that IMTP PF along 

with positive impulse during a CMJ, SJ and DJ significantly related to highly skilled golfers’ 

CHV. Additionally, CMJ positive impulse significantly predicted 37.9% of Challenge Tour 

golfers’ CHV. Hellström (2008) observed a significant relationship between elite golfers’ 

CHV when compared to CMJ peak power (r = 0.61, p<0.01) and a 1-RM back squat (r = 0.54, 

p<0.01). However, Hellström (2008) was unable to assess kinetic measures such as impulse 

and PF due to the nature of these field-based tests. More recent research using force platforms 

observed no significant relationship between CHV and kinetic measures in a CMJ and IMTP 

(Leary et al., 2012). This may be due to the heterogenous cohort of golfers and the small 

sample size (n = 12) limiting the statistical power and the rigour of the results.  

The findings addressing objectives two and three highlighted that activities less constrained 

by time were significantly related to golfers’ CHV. The IMTP and CMJ tests time frames 

(approximately 707 ms to achieve PF and ground contact times of 971 ms in the CMJ) may 

seem inappropriate for testing golfers as the duration of the downswing is purported to last 
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between 230 – 284 ms (Cochran and Stobbs, 1999; Tinmark et al., 2010). These suggestions 

are further substantiated as researchers have stated that it can take up to ~900 ms to achieve 

PF (Blazevich, 2011) and CMJs can have ground contract times >750 ms (Barker, Harry and 

Mercer, 2018). Additionally, Torres-Ronda, Sánchez-Medina and González-Badillo (2011), 

stated that isometric testing should be avoided as it bears little resemblance to the swing. 

However, there is an issue with the 230-284 ms time frames, given that the downswing was 

measured from the point where the club was stationary at the top of the backswing up until 

impact (or the time point when the club returned to the address position). Whilst this would 

represent the downswing visually, Han et al. (2019) reported that GRFs initiate the 

downswing as early as the mid-backswing. This means that force has a far longer time frame 

to effect CHV than previously thought. Initiating the downswing earlier would afford golfers 

more time to recruit higher threshold motor units, thus allowing greater force and impulse. 

Han et al. (2019) stated that highly skilled golfers produce an unweighting phase, followed 

by rapid force production which highlight the countermovement action within the swing. 

Nesbit and Serrano (2005) indicated that during the initiation of the downswing, skilled 

golfers output work at a slower rate than less skilled golfers. This would elicit the attainments 

of greater levels of force given the force-velocity relationship. This is the likely reason behind 

the significant relationships both IMTP PF and CMJ positive impulse had with CHV. The 

findings within this thesis therefore support the inclusion of slower SSC actions such as CMJs 

and exercises that maximise PF within a golfers training programme.  

A number of interesting comparisons can be made between the highly skilled and Challenge 

Tour golfers. The Challenge Tour players presented greater CHV (52.45 m.s-1) than the highly 

skilled players (49.41 m.s-1). This is of no surprise as a key performance variable within golf 

is to hit the ball over a greater distance, thus requiring high levels of CHV. It could be 
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suggested that one of the reasons the Challenge Tour players are of a better standard is due to 

their higher levels of CHV. These differences in CHV could also be due to the Challenge Tour 

golfers having a more proficient golf swing. However, obvious physical performance 

limitations may be as important as a technical intervention.  

CMJ positive impulse was similar for both the highly skilled (286.22 N.s) and Challenge Tour 

golfers (279.81 N.s). This is of interest given that within both cohorts, CMJ positive impulse 

presented statistically significant relationships and large effects sizes with CHV. However, 

Challenge Tour players were able to express greater levels of IMTP PF (2093.31 N) than the 

highly skilled players (1604.57). It may be that the lower force generating capacity of highly 

skilled players is a key reason for the decreased CHV when compared to the Challenge Tour 

players. The importance of IMTP PF is further supported by recent research citing a strong 

significant relationship between IMTP PF and CHV (r = 0.88, p<0.001) in elite junior golfers 

(Sanders, Gould and Moody, 2020). Within the S&C community, it is widely recognised that 

strength is a critical physical quality for athletes. It may be that the Challenge Tour players 

have a greater base level of strength, therefore, supporting other areas within their game. 

Cleather (2018) states that building a strength base should be a key focus within S&C 

interventions. Once a base level of strength has been established, alternate activities (such as 

higher velocity exercises) can then be implemented to elicit a further increase in performance 

for time limited actions such as the golf swing. 

Analysis of the European Challenge Tour golfers’ data indicated that if they could increase 

their CMJ impulse by 46.85 N.s, this should elicit an increase in CHV of 1.69 m.s-1. This is of 

great practical importance, as these changes in CHV equate to an increased DD of 6.34 m 

(6.92 yards) (Betzler et al., 2014) to 9.67 m (10.58 yards) (Dewhurst, 2015). A further 

practical advantage is that the gapping between clubs roughly equates to a difference of 7.31-
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10.97 m (8-12 yards) (Dewhurst, 2015). A golfer that increases their DD by 9.67 m would be 

able to take a shorter and more lofted club for their next shot, thus allowing a more controlled 

and accurate approach shot onto the green. This may then result in the ball being at a closer 

proximity to the hole, thus providing a better opportunity to make a successful putt. This 46.85 

N.s change in CMJ positive impulse can therefore be set as a threshold by S&C coaches who 

are looking to increase golfers’ CHV. This would facilitate motivation along with engagement 

in a S&C programme as players should be able to see the direct relevance of increasing 

physical performance capacity and its positive effect on golf drive performance. 

Within both cohorts, RFD from 0-50 ms and 0-100 ms was deemed unreliable (all CVs >23%) 

This is supported by Folland, Buckthorpe and Hannah (2014), who reported that early phase 

RFD (<100 ms) was unreliable (CV = 48%). Golfers are required to swing a light implement 

at a high velocity, whereas RFD was tested by rapidly generating force against an immovable 

object (an IMTP). Despite using the same procedures to measure PF, this was a reliable metric 

for both highly skilled (CV = 4.09%) and Challenge Tour (CV = 3.44%) golfers. The issues 

with reliability for early phase RFD are probably due to time constraints, whereas there is a 

longer time period (up to 5 s) to attain PF. Rate of force development from 0-150 and 0-200 

ms achieved acceptable reliability (CV <15%) within the Challenge Tour players. However, 

these variables were not statistically significant predictors of the variance in CHV. This 

supports the earlier suggestions within this thesis that exercises less constrained by time (CMJ 

and IMTP) hold the strongest relationships with golfers’ CHV. 

8.1.1.3. Objective Four 

Chapter six had two objectives which were a) to provide a force production asymmetry profile 

for highly skilled golfers using a CMJ, SJ, DJ and IMTP and b) to assess the relationships 

between vGRF asymmetry and CHV.  
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Assessing the relationships between sports performance and asymmetries has been a topic 

receiving considerable interest over recent years due to its perceived link to decreased 

performance and increased risk of injury (Bishop, Turner and Read, 2018; Maloney, 2019). 

The golf swing can be considered an asymmetrical action given that PF is greater in the lead 

leg than the trail leg during the downswing (Han et al. 2019). When combining the 

asymmetrical nature of the swing with the repetition from hitting up to 300 balls in a practice 

session (Thériault and Lachance, 1998), this could predispose golfers to developing inter-limb 

differences. Prior to this thesis, only three investigations assessed asymmetries within golfers, 

none of which compared asymmetries and their relationship with golf performance variables 

such as CHV.  

The findings from Chapter six observed that vGRF asymmetries could be reliably measured 

with vertical jumps (CMJ, SJ and DJ) and an IMTP. Whilst there was a range of inter-limb 

differences for the entire cohort (4.05-9.76%) and for golfers with ‘real’ asymmetries (6.89-

14.52%), these did not display significant relationships with CHV. Plausibly, asymmetries 

may not relate to reduced CHV as golfers are able to compensate through other mechanisms 

such as the magnitude in force generating capacity (based on the findings within Chapters 

four and five). Despite this Chapter comprising a large homogenous sample (n = 50; handicap 

≤5.4 strokes), asymmetries were inherently individual and task dependent, which supports the 

findings of Bishop, Lake, et al. (2018). There was limited agreement between the vertical 

jumps when assessing the dominant limb. For instance, a golfer who presented greater positive 

impulse in their right leg during a CMJ, would be unlikely to present the same dominance 

within a SJ. These findings are supported by those of Bishop, Lake, et al. (2018) who reported 

‘slight’ to ‘fair’ agreement in Kappa coefficients for impulse during jumping tasks.  



 
 
 

160 

 

The limited agreement in limb dominance between tests may be due to the differences in the 

MTU actions for each of the jump types. For example, the change in length of the CE during 

a DJ is less than that observed during a CMJ (Fukashiro, Hay and Nagano, 2006). Thus the 

DJ places a greater emphasis of the storage and utilisation of elastic energy within the SEC. 

Further research, however, is required to assess the effect MTU differences have on 

asymmetries. The overarching finding within this Chapter is that vGRF asymmetries are 

neither detrimental nor beneficial to golfers. Therefore, it is the collective magnitude rather 

than the inter-limb differences in force application that holds the greatest relationships with 

highly skilled golfers’ CHV.  

8.1.2. Aim Two  

The second aim of this thesis was to identify optimal training modalities that enhance CHV 

along with the kinetic mechanisms associated with these changes (Chapter seven). 

8.1.2.1. Objective Five 

The fifth objective (Chapter seven) assessed the changes in CHV and vGRF variables during 

CMJs, SJs, DJs and IMTPs. These were assessed by comparing the effects of different 8-week 

interventions (back squat vs. vertical jump) when compared to a control group. 

An ever-increasing number of golfers are engaging in S&C due to the positive impact these 

interventions have with CHV and DD. Although research has observed significant 

improvements in golf performance (Fletcher and Hartwell, 2004), there is little research that 

has sought to understand the kinetic mechanisms associated with these changes. Of the 

existing literature, research is thwart with limitations based on low sample sizes (Fletcher and 

Hartwell, 2004; Oranchuk et al., 2018), heterogenous participants (Hetu, Christie and 

Faigenbaum, 1998; Thompson, Myers-Cobb and Blackwell, 2007), and the omission of a 

control group (Doan et al., 2006; Driggers and Sato, 2017). Prior to this thesis, there was no 
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research that had sought to assess the changes in golf and physical performance between 

different 8-week interventions when compared to a matched control group. 

This investigation divided highly skilled golfers (handicap ≤5.4 strokes) into three groups 

(back squat vs. vertical jump vs. control) seeking to understand the effects different S&C 

modalities had on CHV and vGRF. Post intervention results indicated significant increases in 

CHV in the jump group (1.39 m.s-1, p<0.001) and the back squat group (1.01 m.s-1, p<0.01), 

with no significant change in the control group (-0.1 m.s-1). On further inspection the effect 

size (Cohen’s d) was larger in the back squat group (d = 0.45, 95% CI: lower = -0.02, upper 

= 0.92) when compared to the jump group (d = 0.34, 95% CI: lower = 0.06, upper = 0.62). As 

such, the back squat intervention had the greatest effect on CHV. The larger effect observed 

in the back squat group is likely due to less variance in CHV post intervention. For instance, 

some participants in the jump group had large changes in CHV (4.38 m.s-1) whereas other 

golfers had negligible increases (<0.1 m.s-1). These increases in CHV within this Chapter are 

in line with the results of both Bliss, McCulloch and Maxwell (2015)  (1.11 m.s-1) and 

Oranchuk et al. (2018) (1.47 m.s-1). These findings therefore support the growing body of 

research advocating the positive effects resistance training has on golf performance. The 

observed increases in CHV for both the back squat and vertical jump groups are larger than 

the smallest detectable change (0.76 m.s-1) statistic obtained from the reliability data in 

Chapter three, therefore, these changes are considered to be ‘real’.  

There were significant increases in IMTP PF for both the jump (296.64 N, p<0.001, d = 0. 83, 

95% CI: lower = -0.08, upper = 1.72) and back squat group (321.23 N, p<0.001, d = 1.44, 

95% CI: lower = -1.49, upper = 4.38), which were both considered as large effect sizes. Whilst 

there was an increase in CMJ positive impulse in the jump group (16.98 N.s), there was not a 

significant main effect within the overall ANOVA. Taken collectively, the findings of Chapter 
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seven highlight that increasing maximum force generating capacity is the kinetic mechanism 

contributing to the changes in highly skilled golfers’ CHV. This conforms to the 

aforementioned suggestions when comparing IMTP PF between the Challenge Tour and 

highly skilled golfers. Therefore, building a base level of strength is fundamental in the 

transfer to performance. This allows a golfer to generate greater force within the duration of 

the swing, therefore increasing necessary impulse and CHV.  

Based on the findings within this Chapter, a S&C coach can be confident that both resistance 

training (using heavy external loads) and vertical jumps will elicit significant increases in 

CHV. The greatest effect, however, will likely be seen from engaging in strength training. 

Whilst the back squat and vertical jump interventions may not be representative of the 

complexities of a ‘real’ intervention (such as hinging, pushing, pulling, bracing and rotating) 

administered by a S&C coach, it does advocate the use of resistance training as part of a 

golfer’s intervention. Promoting the benefits of resistance training within golf is of great 

importance as recent evidence has suggested that highly skilled golfers believe that resistance 

training increases the risk of injury (Wells and Langdown, 2020), despite no evidence to 

support this notion.  

The findings within this Chapter also support the idea that developing strength levels in 

golfers with limited resistance training experience elicits a positive outcome on performance. 

Based on the authors experiences within the golf industry, practitioners typically select 

exercises that visually resemble the golf swing. Additionally, golfers can often get drawn to 

working with practitioners or exercises that mimic the golf swing (Wells and Langdown, 

2020). Exercise selection based purely on visual resemblance of the sport has been considered 

a specificity trap (Cleather, 2018). For example, exercises too specific to the sport (such as 

swinging weighted clubs) may not effectively train force generating capacity, whilst 
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potentially disrupting the sports technique the golfer is trying to enhance. Based on the 

findings of this thesis, it is the authors recommendation that S&C practitioners endeavour to 

understand the kinetic requirements of the swing in order to inform their intervention. Rather 

than engaging in exercises that mimic the golf swing, golfers should first engage in resistance 

training in order to increase their base level of strength, before attempting more explosive, 

velocity-based exercises.  

8.2. Overall Conclusion 

From the research presented in Chapter three, high inter-session reliability was observed for 

both the TrackMan and Bel SwingMate. These launch monitors can therefore be reliably 

utilised by S&C coaches and PGA Professionals when measuring CHV. Practitioners should 

be mindful that they can only be 95% confident that an intervention has worked if there is an 

observed change in CHV of 0.76 m.s-1 and 1.42 m.s-1 for the TrackMan and Bel SwingMate 

respectively.  

Chapter four highlighted that positive impulse during a CMJ, SJ and DJ along with PF during 

an IMTP significantly related to CHV. Specifically, activities less constrained by time were 

found to have the strongest relationships with highly skilled golfers’ CHV. In support, Chapter 

five indicated that CMJ positive impulse significantly explained 37.9% of the variance in 

Challenge Tour golfers’ CHV. It is important to recognise that 62.1% of the variance in 

Challenge Tour golfers’ CHV remains unexplained. Upon further analysis, it was discovered 

that if a Challenge Tour golfer increased their CMJ positive impulse by 46.85 N.s, this should 

lead to an increase in CHV of 1.69 m.s-1. This is a valuable benchmark for S&C coaches and 

PGA Professionals seeking to increase a golfer’s CHV. Whilst CMJ positive impulse was 

significantly related to CHV within both cohorts of golfers, the Challenge Tour golfers had a 
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greater maximum force generating capacity. This highlighted that enhancing overall levels of 

strength is important when S&C coaches design training interventions with golfers. 

The relationships between CHV and vGRF asymmetry in a CMJ, SJ, DJ and IMTP were 

assessed in Chapter six. Practitioners can reliably assess asymmetries within these tests. There 

were a range of inter-limb differences prevalent within the entire cohort (n = 50) (4.05-9.76%) 

and for golfers with ‘real’ asymmetries (6.89-14.52%). However, there were no relationships 

between vGRF asymmetries and CHV. There was also limited agreement between 

asymmetries within these tests, thus indicating that inter-limb differences are very much task 

dependent. Future research may wish to consider if there are associations between injuries 

and the magnitude of vGRF asymmetries.  

Chapter seven sought to assess the effects a back squat and vertical jump intervention had on 

highly skilled golfers’ CHV and vGRF variables. Findings highlighted that both the back 

squat and jump group significantly increased their CHV, with no change in the control group. 

The mean change in CHV was observably larger within the jump group, however, the effect 

size indicated that the back squat group achieved the most meaningful change. There were 

also significant increases in IMTP PF within the back squat group and vertical jump group. 

Both effect sizes were considered to be large, however the back squat group attained the 

greater effect. Therefore, resistance training (utilising heavy external loads) should be 

considered as an entirely appropriate intervention for increasing highly skilled golfers’ CHV 

and maximum force generating capacity.  

This thesis only assessed vGRF during commonly utilised S&C tasks (such as vertical jumps 

and an IMTP). Future research may wish to consider assessing the effects S&C interventions 

have on CHV along with GRFs generated during the swing. Additionally, the findings within 

this thesis can only be attributed to males, given that no female golfers were assessed. Within 
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the scientific literature, there is very little research that has looked at the impact S&C has 

within female golfers. Encouraging females to engage in golf is an important aspect of 

developing the sport and forms part of the ‘This Girl Golfs’ initiative through Sport England. 

Strength and conditioning coaches can facilitate this by supporting female golfers with their 

game, thus helping to increase participation within the sport.  

Assessing the changes in golfers’ performance (CHV) from engaging in both S&C and 

technical coaching from a PGA Professional would also be a worthy avenue of investigation. 

This would be representative of what would be occurring when working with highly skilled 

or elite golfers who are trying to compete at the highest level within the game. Assessing this 

over set time points over a long duration (~ 1 year) would shed light on the changes in golfer’s 

performance within an annual plan. However, there are great difficulties in performing such 

research as a multitude of factors can affect a golfer’s performance. 

8.3. Practical Applications for S&C Coaches, PGA Professionals and Golfers 

Strength and Conditioning Coaches: Positive impulse during vertical jumps and PF during an 

IMTP present significant relationships with golfers’ CHV. As such, these tests should be 

considered when S&C practitioners are seeking to garner an understanding of a golfer’s 

physical capacity. For S&C practitioners who are keen to work with golfers, it is 

recommended that they spend time with experienced PGA Professionals or researchers with 

a background within golf biomechanics. This will help S&C practitioners to develop their 

understand of the swing, thus facilitating decision making when designing a golfer’s annual 

programme. Additionally, based on the findings within this thesis, the author emphasises the 

importance of building a base level of force production capacity through engaging in 

resistance training. This would be preferential as opposed to exercises that are solely selected 

on their visual resemblance of the swing. 
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PGA Professionals and Golfers: PGA Professionals or golfers who are seeking to improve 

performance should strongly consider forming relationships with UKSCA accredited 

practitioners. This is based on the premise that accredited S&C practitioners can support the 

physical profiling of golfers, thus highlighting noteworthy areas of development. 

Additionally, as little as 8-weeks resistance training can significantly increase CHV. This 

would support PGA Professionals and golfers who are seeking to increase CHV along with 

attaining on-course advantages such as DD. Golfers who are seeking to perform at the highest 

level within the game should endeavour to set aside their fears of resistance training. Strength 

and conditioning should form a fundamental part of a golfer’s annual programme given that 

the findings within this thesis support the notion that resistance training can significantly 

enhance performance. Rather than spending extended periods focussing on the technical 

intricacies of the swing, golfers may wish to consider proportioning some of this time 

engaging in S&C. 

8.4. Wider Impact of this Thesis 

Whilst research helps to develop knowledge and broadens horizons within specific fields, the 

real impact should be measured on the effect it has on the industry as a whole. The author has 

disseminated the findings from this thesis at academic conferences such as the World 

Scientific Congress of Golf and the BASES Biomechanics Interest Group. Publications have 

also been achieved within the Journal of Sports Sciences (two) and The Journal of Strength 

and Conditioning Research. The findings within this thesis have also helped to educate PGA 

Professional golf coaches and S&C coaches working with golfers.  

Perhaps of greater impact is the collaboration with the European Tour Performance Institute 

(ETPI). Based on the findings of this thesis, the ETPI S&C team now employ CMJ positive 

impulse and IMTP PF as part of their testing battery to profile elite golfers (see Appendix B 
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for ETPI statement). The author of this thesis has also attended and profiled golfers competing 

at the 2018 Senior Open. This ETPI service was aimed at enabling players towards the latter 

stages of their career maintain CHV and DD in order to help them continue at the highest 

level within the sport. Based on the findings of Chapter five, thresholds have been set (See 

Appendix C) in order to objectively evaluate golfers and guide the interventions administered 

by the ETPI S&C team. The performance within the CMJ and IMTP are fundamental in the 

design of training interventions administered to individual players. To guide the decision-

making process, the ETPI S&C team follow a ‘Physical Profiling Decision Tree’ (See 

Appendix D). If IMTP PF performance is low, strength training is then prescribed. If, 

however, IMTP PF is high, but CMJ positive impulse is low, the S&C team target strategies 

aimed at increasing impulse. By monitoring and tracking the players using these tests, it also 

helps the players to recognise the positive impact S&C has had on their game.  

The findings within this thesis are also being employed at the elite amateur level of the game. 

For instance, the IMTP is being utilised by the Golf Union of Wales, with research reporting 

a significant positive relationship between PF and CHV for the players competing in their 

National Team (Sanders, Gould and Moody, 2020). Countermovement jump positive impulse 

and IMTP PF are now also fundamental parts of the ‘England Golf Physical Profiling 

Protocols’. Similar to the work with the ETPI team, these tests help to form the design of 

interventions. The results from the CMJ and IMTP encourage golfers to engage in their S&C 

interventions, as the players recognise that they will be assessed on a regular basis. 

Additionally, many of the players have aspirations of playing on the PGA and European Tour 

as professional golfers. Although the golfers within the England Golf programme do not 

generally achieve similar results in these tests as the European Tour players, comparing their 

data to elite golfers facilitates goal setting and engagement with S&C training.  
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The work presented in this thesis has also been incorporated into educational programmes 

such as the ‘Foundation Degree in Professional Golf’ and ‘Applied Golf Management 

Studies’ programmes, forming collaboration between The PGA and The University of 

Birmingham. This dissemination of the work is of great value, since The PGA train and 

educate future golf coaches. Educating PGA Professionals on the benefits of S&C can help to 

encourage them to form relationships with UKSCA accredited practitioners, in order to build 

a team around the high performing players at their clubs. It can also support conversations 

with golfers who may have concerns regarding S&C thus helping to address common 

misconceptions within the sport of golf. Rather than having these concerns, golfers should 

endeavour to engage with S&C given that the findings of this thesis support the positive 

impact it can have on golf performance. 
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Appendix A 

Exercise Sets/Reps Start position Mid position  

(where applicable) 

Final position 

Clock Lunges 2 x 4 reps each side. 

Forwards, lateral, reverse, 

crossed reverse lunge 

each side.  

   

Overhead Squat (with 

dowel) 

1 x 10 reps  

 

 

 

Gluteal Bridge 1 x 4 reps 
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Scapula Wall Slides 2 x 30 seconds with 10 

seconds rest in between 

sets 

 

 

 

Hip Rotations 1 x 6 reps each side for 

each exercise 

 

 

 

Thoracic Rotations 1 x 6 reps each side 

rotating both side per rep 
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Vertical Arm Swings 1 x 8 reps 

 

 

 

Horizontal Arm Swings 1 x 8 reps 
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Appendix B 

 

Dr Daniel A Coughlan 
European Tour Performance Institute 

European Tour Building 
Wentworth Drive 

Virginia Water 
GU25 4LX 

24th February 2020 

Mr Jack Wells 
The PGA National Training Academy 

Ping House 
The Belfry 
Sutton Coldfield 

West Midlands 
B76 9PW 

 
 
Dear Jack, 

 
 

I am writing to you to highlight the benefits the PGA (Professional Golfers' Association) 
European Tour and its players have enjoyed as a result of the excellent research 
undertaken by you and your research team. The European Tour Performance Institute 

(ETPI) is always looking for innovative ways to enhance our sports science and medical 
services, to ensure the players get the most up-to-date support. Working with high level 

researchers in sports science is an essential way of achieving this goal. 
 

We first became aware of your research expertise in physically profiling golf players and 

tailoring their training in 2018 when you were sharing your findings entitled 

‘Relationships between highly skilled golfers’ clubhead velocity and force producing 

capabilities during vertical jumps and an isometric mid-thigh pull’ at one of our events, 

following an invite from our Chief Medical Officer. This research was especially 

interesting because it showed the relative importance of countermovement jump 

impulse, isometric mid-thigh pull peak force and also potentially body mass for golf 

drive distance. This also highlighted the importance of evaluating explosive strength 

using impulse or other force related measures as opposed to jump height which had 

been our primary measure prior to the meeting. In 2018, as a consequence of our 

discussions with you and your research team and on the basis of the evidence in your 

work, we began to investigate the use of peak force and impulse measures of strength 

and explosive strength. 

In collaboration with you we further investigated the aforementioned findings, but using 

our own cohort of players on the PGA European Tour. As I am sure you are no doubt 

aware, findings from research are often difficult to translate to professional sport due 

to the relative performance levels of participants. Therefore, this collaborative research 

project was an essential step for us to truly adopt your profiling methods. Following our 

collaboration, and as a result of your findings detailed in ‘Relationships between 
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Challenge Tour golfers’ clubhead velocity and force producing capabilities during a 

countermovement jump and isometric mid-thigh pull’, in early 2018, for the first time 

at the ETPI, we implemented a standardised approach to physical profiling; previously 

we had no such assessment players could use. This research was so relevant to our 

highly elite European Tour population of golfers, and appropriate to our working 

environment, that we applied its specific methodology to profile our players and identify 

strength or explosive strength deficits directly related to clubhead speed. From this we 

provide recommendations to tailor training approaches. Specifically: we purchased the 

required equipment to mimic the testing methodologies used in your clubhead velocity 

and force paper. We took on contractors to supply strength and conditioning support to 

players, and you helped to train and support them, so they could deliver the 

standardised profiling assessment used in your work (specifically the measures of 

isometric pull peak force, countermovement jump peak force, countermovement jump 

impulse and clubhead speed). The contractors were also trained how to interpret the 

results to devise appropriate training interventions. We contacted all 650 PGA European 

Tour, Challenge Tour and Senior Tour players to inform them that a standardised 

approach to physical profiling was available, and that we could provide specific training 

recommendations based on the results. 

We now deliver this profiling at up to 37 tournaments per year, across the globe. 

Profiling (based on your recommendations) is offered free of charge, to all 650 players 

who compete under the PGA European Tour and its associated tournaments. During any 

given tournament, approximately 25% of the total field will have been through the 

physical profiling assessment to inform their training. Since 2018, 12 players have won 

an event following training recommendations directly related to the profiling they 

received. Most of the players we profile, who follow the tailored recommendations, 

report meaningful increases in their driving distance, which gives them an important 

competitive advantage. This is all an exceptional success, given the relative infancy of 

this arm of the service, the optional nature of the profiling, and the elite level of the 

players involved.  

Not only has your work resulted in organisational level change and practitioner level 

change in practice regarding profiling and training for players, but it has also gone on 

to help inform the facilities we offer at events. Notably, at the 2018 and 2019 Open 

Championship as well as the victorious 2018 and up-coming 2020 Ryder Cups. The PGA 

European Tour and R&A have provided and will continue to provide bespoke training 

facilities, tailored to the needs of players, based on your research. At these events we 

also provide contractors to support our service and focus on the training approaches 

which are able to maximise the characteristics your team have demonstrated to be 

essential for improving golf performance. 

Had it not been for the research undertaken by you and your team, we would not have 

implemented a standardised profiling procedure for PGA European Tour players, and as 

a result, much of our membership would not have received tailored recommendations 

which support optimisation of their performance.  

Golf is one of the world’s biggest sports, and the PGA European Tour sits at the pinnacle 

of the game. At this elite level, making meaningful improvements in an athlete’s 

performance is immensely difficult, but thanks to your work, we are able to provide 
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additional support based on scientific evidence, which gives players a critical 

performance advantage. 

 

Yours sincerely, 

 

 
 

Dr Daniel A Coughlan PhD CSCS MCSP FHEA HCPC Reg. 
Head of Strength and Conditioning 

European Tour Performance Institute 
 

 

 

 

 

 

 

 

 

 

 



 

201 

 

Appendix C 

DATE TEST LEVEL SCORE

IMTP (N) 2 1947

CMJ IMP (N.s) 5 339

CHS (mph) 10 126.3

BALL SPEED (mph) 10 186.9

Mass (kg) 117 Kg

LEVEL IMTP Peak Net-Force (N)

10 3500

9 3280

8 3060

7 2840

6 2620

5 2400

4 2180

3 1960

2 1740

1 1520

243 113.2 167.536

214 108 159.84

301 116.4 172.272

272 114.6 169.608

359 118.6 175.528

330 117.7 174.196

417 121.4 179.672

388 120 177.6

475 125.5 185.74

446 122.8 181.744

PHYSICAL PROFILE REPORT

STANDARDS

CMJ IMP (N.s) CHS (mph) Ball Speed (mph)

0

1

2
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IMTP (N)

CMJ IMP (N.s)

CHS (mph)

BALL SPEED (mph)

Jan '18

Level 6

Level 10
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