Exploring putting launch monitor data using the fsSQCA method: A straight twelve-foot
putt

Abstract

As technology advances, golf technologies, such as Quintic, are increasingly used to help golfers
enhance their skills and build strength. However, despite the growing use of Quintic, studies
related to Quintic in golf are still limited. Therefore, this study explores putting launch monitor
results by employing a fuzzy-set qualitative comparative analysis (fsQCA) method. The study
identified the causal relationships among putting performance variables based on the results of
52 golfers. All participants were adults, right-handed, and had a less than 12 handicap index. The
assigned task was to complete a straight twelve-foot putt on artificial putting green without any
slope. As a result, there was a solution with the significant effects of five variables: clubface
angle at impact, clubhead path, low point, pre and post club acceleration on both outcome
variables: the predicted position at twelve feet and the amount of skid. The findings highlight the
use of technology in golf putting, offer putting instruction methods, and encourage the future
scale development related to putting performance. Notably, the results provide practical solutions
for aspiring professionals who are enrolled in professional golf management programs.
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1. Introduction

As off-course participation in golf has recorded a substantial growth in recent years,
indoor practice resources are widely available to golfers. A variety of technological resources for
game improvement have been introduced including putting launch monitors. Putting evaluations

using camera-based programs allowed golfers to define errors and connect with their



performance and gain personal growth.!? Putting launch monitor offers a variety of performance
quantitative metrics and qualitative images associated with them such as path, roll, spin, clubface
angle, and contact. As the external focus of attention positively impacts the putting performance
in a short term?, coaches can instruct players to increase attentional focus using those
visualizations that are not overlapped with players’ prior knowledge when short term
improvement is needed.*

Putting technique may be less complicated than full swing mechanisms as some
movement variability does not significantly influence the quality of performance.’ Putting
accounts for the 40% of scoring®, yet what we know about full swing mechanics are not entirely
comparable to putting. There are a number of internal and external variables that influence
putting performance.> When considering external conditions that can influence performance,
such as the distance of the putt, uneven terrane, and the environment (to name a few), it is
important to consider these external conditions when using this technology. Controlling these
conditions allows the use of this technology to examine the performance of a putting stroke
limiting the influence of external conditions. The purpose of this study is to define a significant
combination of variables that influences a twelve-foot straight putt by employing fuzzy-set
qualitative comparative analysis (fSQCA).

The fSQCA method not only explains the outcome based on cause-and-effect
relationships but also identifies variables that become more significant along with other
variables.” The constructs affecting predicted position at 12ft and skid have been examined
individually, but not collectively or in combination. Especially in sports science, understanding
the complex interplay between the determinants was found crucial®®!°. However, the interaction

remains unexplored in an asymmetric context, particularly in golf. Therefore, findings will create



simple evaluations using data that are applicable to indoor putting practice and skill development
associated with putting.

Quintic, a ball roll analysis technology, was not only used in investigations of golf putting
but also became a valuable lesson tool for practitioners. It measures more than 50 variables for
each putting stroke. Although external focus instruction using a variety of information provided
by Quintic would be beneficial for golfers to improve their putting, skill learning is most
effective when action and target cues are integrated.!! The current study narrows down the
number of variables from previous studies to provide valid information, not overwhelming, and
to focus on dynamic variables in putting stroke and variables that are relevant to performance
outcomes based on a target.

When exploring how documented variables influences the direction of a putt, two emerge
as having the most effect. For example, clubface angle at impact has been recognized for its
importance in putting performance as it dominantly influences the direction of putting. Clubhead
path is also documented for its influence on direction but has less effect than clubface angle.'?
For example, a half degree deviation of clubface angle at impact determines the outcome of a
twelve-foot straight putt, whereas a 3.5-degree variation of the clubhead path is necessary to
produce the same result.'? This experimental result questions variables that have causal
relationships with the clubface angle at impact and the effects of other significant factors that are
related to ball speed in putting. Rigorous literature supports the importance of speed control in
putting games.'*!* Considering the average PGA Tour players’ chance of making a twelve-foot
putt is about 30%,"” it indicates the level of difficulty in securing the direction and distance

factors at the same time in putting since this analysis includes performance on uneven terrane.



A success rate on a straight putt represents a golfers’ ability of rolling a ball on the
intended line. As more avid golfers who are exposed to the non-traditional practice environment
such as home or indoor facilities, a simple formula for putting stroke improvement explained by
the fSQCA method will not only motivate them to practice on variables significant to
performance but also encourage the acceptance of technologies that inform putting performance.
Just as the acceptance of fullswing ball launch monitors are used to inform fullswing
development'®, this study aims to validate the use of putting ball roll monitors for acceptance and

use by avid golfers and instructors to inform putting performance.

2. Literature Review

For golfers to use and accept available putting technology in ball roll monitors, outcome
variables must be useful and relatable to their performance expectancy. It is important to
consider variables that most golfers use or accept while using advanced technology. Specifically,
understanding the combined effects of those variables that influence putting performance may
offer solutions that are easier to adopt while limiting the chance of overloading information

through the use of the technology.

2.1 Putting Performance Metrics

Two main variables that are responsible for directional errors in putting are the clubface
angle at impact and the clubhead path.!” Clubhead path and clubface angle at impact account for
the direction of putting as it helps players to roll a ball on the intended target line.'® The clubface
angle at impact is the single most important factor in putting as it accounts for 80% of the

direction.’ A degree opened or closed at impact can intensify the directional errors which is



amplified by the distance of the putt. There are many variables that are correlated with the face
angle at impact such as lie angle, centeredness of contact and grip preference.'®° To return the
best clubface angle at impact, golfers often look to minimize the movement of the hand and wrist
movements while making a stroke.?’ This study focuses on dynamic variables that influence the
performance of outcomes rather than static variables at set-up due to the number of variables and
the use of personal putter, which contributes to factors related to the golfers’ address.

To further investigate variables related to clubface angle at impact, this study added
clubface twist at impact and pre-impact face rotation as those factors influence impact ratio and
horizontal launch angle after impact.?! When clubface collides with a ball at impact, clubface
twist is created as a result.?? The twist is measured based on the difference in clubface angle
between the last frame prior to the impact and the first frame after the impact. The minimal
clubface twist such as less than 0.4 degree deviations was observed from the investigation with a
robot having a straight path.?> Golfers may have different preferences of their putting stroke
clubhead path due to the variety of golfers’ height, spine angle, arm lengths, and ball positions.
Although avid golfers who set their eyeline above hands, which creates an arc on the clubhead
path, indicated worse performance regarding directions compared to golfers who set their eyeline
on a true line.??

Considering golfers who pursue a clubhead path with an arc, moderate closing clubface
angle rotation is suggested?* as pre-impact face rotation reconciles the variances of the clubhead
paths. Also, previous studies indicated the tolerance of a directional error caused by less than 3.5
degrees in the clubhead path if the clubface angle at impact is square.'>!” However, to achieve
the ideal face angle at impact, less than 50 degrees of face rotation prior to the impact is

suggested as minimal face rotation caused by the forces is recommended.?



Speed control is a crucial factor that influences putting performance. '** Golf
professionals differentiated themselves from amateurs in velocity control in putting'® and strived
to have constant rhythm while avoiding acceleration and deceleration.?® Professionals have less
variances in acceleration.'® Thus, golf professionals often use a training aid such as metronome
to establish constant rhythm.?®

To secure the desired rhythm, golfers also focus on gravity and momentum of the
clubhead after the backstroke without using hands force.?” The arm lock putting style adopted a
similar concept that positively impacts the face rotation and constant ball speed.?’ This style
based on a theory of pendulum stroke is helpful to secure a low point consistently, although a
true pendulum motion cannot be achieved due to human biomechanical.?® A point of contact with
a ball can determine the trajectory, pure rolling motion, and spin stabilization.?’

A vertical measure of ball contact by the clubhead indicates a launch angle after the
impact which may result in an air-born putt.’ Thus, a putter loft degree is highly related to the
spin rate and roll.>° To have an optimal roll in putting, an ideal launch angle derived from a point
of contact and loft degree, is necessary. For instance, a negative or high launch angle influences
the spin rate, which influences the roll and skid.*® Forward rotation happens after skid or
backward spin caused by the impact.? A delay in forward rotation is negatively associated with
the roll in putting as the backspin makes it difficult to control distance.** Minimizing backspin
after the adequate skid due to the collisions is expected to have an optimal roll in putting.?’

Furthermore, golfers desire minimum side spin when rolling a ball on the intended line
and securing the center of mass.*! Side spin can also be caused by multiple variables such as
clubface angle at impact, the centeredness of contact?!, and clubface rotation.>' Skid is

associated with ball speed after the impact and spin rate.>® About 20% skid happens based on the



total distance of putt although the surface of the green also has significant influence.’® As
skidding ends, the true roll starts and minimizes any interference while getting to the target.>’ A
goal is to achieve the zero skid as soon as possible after the contact is made to avoid any
inconsistencies caused by the green.’’ Based on these metrics, this study proposed a conceptual
model, see Figure 1.

(Insert Figure 1)

3. Method
3.1 Applying complexity theory

In most real-world situations, asymmetric relationships occur frequently, while
symmetric relationships are relatively rare.*® These asymmetric relationships can be explained
through the complexity theory, which explains phenomena through interactions between system
components.** In other words, behavior is not explained by a simple one-to-one causal
relationship, but rather through combinations of multiple events.*> These combinations are
grounded in four core principles, which are equifinality, asymmetry, complexity, and causal
asymme‘[ry.36

First, multiple configurations can lead to the same outcome (equifinality)®’, which
explains non-linear and asymmetric relationships in the real world (asymmetry).*® In addition,
the theory emphasizes the importance of holistic causal configurations over the net effects of
individual variables (complexity).’**® Further, understand that the causes leading to the presence
of an outcome may differ from those leading to its absence (causal asymmetry).>* Therefore, this
study adopted fuzzy-set qualitative comparative analysis (fSQCA) to discover complex

configurations that lead to outcomes (predicted position at 12ft and skid) based on the principles.



3.2 Procedure

Upon the approval of the Institutional Review Board, participants were randomly
recruited from UNLV’s Center for Golf Management (CGM). This sample consisted of 52
golfers who were above 18 years old, and current or aspiring golf professionals with a golfing
handicap index of 12 or lower. A total of participants were 47 males and 5 females with a mean
age of 24.46 years (SD = 7.18). Quintic version 4.4 research system, a ball roll tracking
technology with a high-speed camera, was positioned on synthetic turf installed on a level
ground within the CGM. Participants were asked to warm up with their own putter prior to
making a stroke with the use of Quintic. All participants used a right-handed putter but different
types of personal putters were employed including a blade and mallet. Unlike robot testing,
individuals have preferences in set-up and stroke based on their personal feelings and physical
characteristics, which influence the performance outcome.*! For instance, a specific type of
putter given to players may interfere with aiming, the stroke path, loft and lie angle, and grip
style. The use of personal items contributes to retaining personal movements for evaluation.*
Titleist ProV1 ball was the only type of golf ball used in this study.

Participants were informed to complete putts from twelve feet away from a hole and with
an intended target toward the hole. The first putt without any personal routine or measurement
errors was recorded due to response bias, expectation, and assessment. Self-initiate movements
are not only exposed to response bias but also make participants more conservative in actions.*’
Also, when participants recognize the additional chances of taking an attempt, they would be
more aggressive in attempts such as adjusting speed or strategies.** Thus, a study often adopts

on-sight conditions without further attempts to complete performance evaluation.*?



3.3 Measures

The result of the clubface of angle at impact was measured based on the perpendicular
line from the target line. Opened clubface angle at impact represented a positive score while
closed clubface angle at impact indicated a negative score. The previous study indicated that less
than 0.75 degree margin of error in a twelve-foot putt would lead to the success of putt.'”
Although a margin of error of 0.12 degrees of clubface angle at impact was recorded by a robotic
performance?®?, this study set 0.24 degree clubface angle deviation at impact as the highest score,
exceptional (4) considering human errors, see Table 1.

Not relying soley on directional launch based on clubface angle at impact to determine a
predictive position, we explored a number of measurements recorded through the use of Quintic
to investigate relationships of other variables that influence the predictive position of a twelve-
foot putt. As noted in Table 1, these additional variables were considered: Clubhead Path; Twist
at Pre-Impact and Impact; Face Rotation; Pre-Impact; Club Acceleration; Post-Impact; Club
Acceleration; Launch Angle; Low Point; Forward Rotation; Forward Spin Rate; and Side Spin
Rate.

The scale developed based on the robot performance included four levels of measurement
for each variable. 2* Considering human errors and level of performance, this current study kept
three levels of measurement except for three variables: Clubface angle at impact, clubhead path,
and twist at impact (centeredness of contact). There were rigorous investigations into these
variables as they are associated with ball flight laws.** As the significance of these variables were
noted in this study and reinforced through literature, this current study decided to maintain four

levels of measurement for these three variables associated with ball flight laws.



The result of the clubhead path was measured 3 inches before and after the impact based
on the deviations from the target line. The in-to-out path was indicated as a positive number and
the out-to-in path was presented as a negative number.'® The previous study result demonstrated
that the clubhead path error less than 3.5 degrees from the target line was acceptable with the
square clubface angle.!>!” Table 1 indicated the measurement scale based on poor (1), acceptable
(2), good (3), and exceptional (4) for clubhead path. To expand, the absolute values that were
higher than 2.5 switched to poor (1). As the straight path is nearly impossible to achieve®® the
absolute values ranging from 0.1 to 0.5 were coded as exceptional (4). These scales were
developed based on findings from previous studies and practical recommendations.

Pre-impact face rotation was measured by the rotational degree of clubface angle per
second from the end of backstroke to the impact. Although a robot indicated a variance of 5
degrees face rotation per second as an ideal result*®, considering an arc stroke that some golfers
have, less than 40 degrees in closing is recommended for securing an exceptional clubface angle
at impact.

Twist at impact caused by the off-center strikes should be minimal as possible. This
variable would represent the centeredness of contact. Thus, an absolute value less than a degree
of clubface angle twist at impact was recorded as exceptional (4), and 0.75 degrees of deviation
was recorded as acceptable (2) as it represents the average.*® Clubhead path, along with clubface
angle and twist at impact and exceptional value for practical and implications for instructors.*’

Pre and post impact club acceleration were measured by the clubhead movement speed
based on mile per hour. While pursuing the constant speed as possible, 1 mph is recorded as the
robotic performance.*® Thus, less than 1.5 mph in acceleration was marked as an exceptional

score and gave an extra range for the post acceleration due to the collision with a ball.



A ball launch angle at impact between 0.75 and 2 degrees was exceptional considering
various grass conditions. Any negative launch angle or higher than 2.5 degree were recorded as
poor (1).*’ To secure a moderate launch and avoid the backspin, the lowest point of clubhead
before and after impact was measured. A point recorded 2 inches prior to the impact was coded
as the ideal result. The low point after the impact or far behind the impact was recorded as poor
(1.

If there was no delay in forward rotation, it was marked as acceptable (2). The forward
spin rate was measured by revolutions for minutes. The moderate forward spin below 75 rpms
recorded as a good score (3). Any negative rpm values representing the backspin rates were
converted to poor (1). The side spin rate was also measured by revolutions for minutes. The
values between -10 to 10 rpm were coded as a good result.*’

Since the actual position of the putt is not recorded, Quintic uses directional launch solely
based on clubface angle at impact to determine a twelve-foot predictive position of the ball as a
result of a putting stroke. This predictive position does not consider elements such as slope,
grain, speed, wind, launch angle, and spin.'” The results of the twelve-foot predicted position
were coded based on deviations from the center of the hole as shown in Table 2. Directional error
deviations that were less than an inch was coded as good (3) as it is very likely for the ball to
enter a spot within the hole, measured at 4.25 inches in diameter. The outcomes recorded an inch
to two inches from the target line were recorded as acceptable (2) as it is likely for the ball to
enter a spot within the hole, but less certain of staying in the hole since the diameter of the ball,
1.68 inches, may not permit the entire ball to enter within the diameter leading to occasional
misses. The results that were higher than two inches converted to poor (1) as a ball most likely

hits the corner of the hole or misses the hole entirely.



Skid is a measurement of the amount of distance a ball will slide after impact but before
is starts rolling on the surface. Therefore, skid was calculated based on a rolling phase of the total
distance of the putt. The result of skid was reversed for coding as the desired skid length is short
rather than long.

(Insert Tables 1 and 2)

4. Result

4.1 Descriptive statistics

The mean score for the path was 2.289 (SD=1.160), face angle at impact was 1.827 (SD=1.024),
twist at impact was 2.827 (SD=0.810), and pre-impact face rotation was 2.558 (SD=0.752). The
average score for pre-impact club accel was 1.731 (SD=0.717), post-impact club accel was 2.154
(SD=0.668), launch angle was 1.846 (SD=0.802), and low point was 2.077 (SD=0.882).
Furthermore, the mean value for forward rotation was 1.808 (SD=0.398), forward and back spin
was 2.577 (SD=0.801), and side spin was 2.019 (SD=0.874). In addition, skewness and kurtosis
were examined to assess the normality of the data. The skewness of variables ranged from -1.608
to 1.229, and the kurtosis was from -1.722 to 0.608. A distribution can be considered normal if
the skewness does not exceed an absolute value of 3 and the kurtosis is less than an absolute

value of 8, Based on these criteria, the data were found to follow the normal distribution.

4.2 Fuzzy-set qualitative comparative analysis (fSQCA)
The study examined configurations for a predicted position at 12ft and skid. The
threshold of 2 was used for the sample of 54.33 In addition, a cut-off of 0.75 consistency*® and

0.10 coverage 0.10** was applied. As a result, one combination model (solution consistency:



0.970, solution coverage: 0.105) was found for a predicted position at 12ft, and two models
(solution consistency: 0.885, solution coverage: 0.155) were discovered for the skid, see Table 3.
The complex model for a predicted position at 12ft contained five core conditions (path,
face angle at impact, pre-impact club accel, post-impact club accel, and low point) and six
absence conditions (twist at impact, pre-impact face rotation, launch angle, forward rotation,
forward and back spin, and side spin). The first model for the skid was shaped with five core
conditions (path, face angle at impact, pre-impact club accel, post-impact club accel, and low
point) and six absence conditions (twist at impact, pre-impact face rotation, launch angle,
forward rotation, forward and back spin, and side spin), and second model was with six core
conditions (path, face angle at impact, pre-impact face rotation, post-impact club accel, low
point, and side spin) and five absence conditions (twist at impact, pre-impact club accel, launch

angle, forward rotation, and forward and back spin).

4.3 Necessary condition analysis

The necessary condition analysis (Table 4) indicates that the outcome cannot be produced
without the necessary and sufficient conditions. For the factor to become a necessary condition,
the consistency should exceed 0.90.*° However, the consistency of variables was between 0.200
to 0.873 for a predicted position at 12t and 0.325 to 0.690 for a skid. Therefore, among eleven
variables, no necessary condition was found for a predicted position at 12ft and skid.

(Insert Tables 3 and 4)

5. Discussion

A fsQCA method has been widely applied in recent hospitality and tourism literature®,

but this study introduced this method to the technology and golf science audience. As there are



more than one significant variable to review while using technology, offering solutions with
combinations allow golfers to approach their goals while having different perspectives on
teaching or learning methods. Also, researchers investigate the effect of variables on putting
performance with a newly developed scale. The findings suggested that golfers should consider
clubface angle at impact, clubhead path, pre and post club acceleration, and low point in order to
increase the chance of making a straight twelve-foot putt and minimize the skid.

As existing literature pointed out the importance of clubface angle at impact, golfers
should first pay attention to squaring clubface at impact. However, variables that are connected
to the clubface angle at impact such as twist at impact and pre-impact face rotation, were not as
critical as the clubface angle at impact is being close to zero. It also influenced the skid that
square clubface angle at impact helps to avoid unnecessary side spins. Furthermore, the clubhead
path was significant in predicting the outcome of the straight twelve-foot putt. This is not a
surprising result along with clubface angle at impact as both account for directional outcomes
according to the ball flight law.*’

Pre and post impact club acceleration signified the importance of rhythm and speed
control in putting as previous literature supported.'*>® To have constant speed before and after
the impact, the use of metronome?® or having a light grip pressure is often recommended.>!
Instructors advised players to feel the gravity of the clubhead in downstroke to enhance the
putting performance and avoid unnecessary forces by wrists.?’ Elite players demonstrated their
ability to control the pace of putt based on the spatial and temporal aspects of stroke.’? The
previous study indicated the ball speed influences the amount of skid.*° There are many
questions derived from the importance of these variables that the relationship between

backstroke speed, club or clubhead weight, grip pressure, and lengths of putters should be



investigated further. As anchoring directly from a players’ body is banned in putting stroke?’,
golfers may need to find the best answers to keep their rhythm relatively constant in most
situations.

The low point variable was also significant along with those variables. This is an
interesting finding that will fill a gap in literature. Although the ball rolling after the impact

t>3, there is a lack of literature

based on characteristics of putter head design and point of impac
on the effects of low point in putting. The effects of impact locations based on high and low
strikes, which may be related to the low point, are limited compared to horizonal impact
locations.?! Instructors often discuss the low point when describing the impact of upper stroke
and putting arc as it influences the speed control.”® Considering the arc of putting stroke, ball
position may play a significant role in securing the optimal low point as the ball positions are
significantly related to performance factors.>* Interestingly, a launch angle variable was not
significant in predicting both outcomes. As a point of contact between a ball and clubhead
determines the spin rate, launch, and roll?°, reviewing the low point results prior to the launch
angle results is recommended.

As the importance of low point control is recognized in putting, this current study
encourages a further analysis considering cross-hand grip style (a reverse of hand position from
traditional which effects the tilt of the spine), ball position, and the upper body tilt. In fullswing
methods, the low point is mostly discussed when emphasizing the direct contact of a ball at
impact.>® Wrist hinge® and upper body tilt>> contribute to improving the low point control, which
leads to having the low point after the impact. Adopting the cross-hand grip style may stabilize

the low point timing as this grip style influences the lever system created by wrists and prevents

the excessive use of wrists in putting.’’ The cross-hand grip may also contribute to the upper



body tilt due to the left-hand low position at set-up. In putting, it is limited to explain the optimal
low point, but this study indicated that the low point should occur at impact or just prior to the
impact for optimizing the skid and accuracy of putting.

The effects of ball positions on fullswing performance were identified based on
biomechanical analysis.>* The angle of attack was significantly influenced by the ball positions
in the mediolateral and anteroposterior directions.>* When a ball is placed further away from the
player or closer to the left foot of right-handed players, the angle of attack was reduced.’* The
opposite ball positions in both directions increase the angle of attack.’® Ball positions may
contribute to the low point near the impact in putting due to the angle of attack although
fullswing and putting stroke have different biomechanical movements. Further investigations
may reaffirm or contradict existing teaching methods regarding a conventional ball position in
putting.

Another interesting finding was that the method offered a solution, which indicates an
identical combination in predicting outcomes of the straight twelve-foot putt and skid
minimization. This implies the importance of skid control on straight-lined putting. Improving
these five variables will enhance the skid control although there are other performance factors
that influence the amount of skid such as: impact ratio, clubhead design, mass, dynamic loft, and
launch angle. Additionally, this is a rare outcome produced by the fSQCA method although the
second solution provided a slightly different combination and enhanced the model.

The second solution included pre-impact face rotation and side spin rate while excluding
pre-impact club acceleration. This result should increase awareness of putting instruction
methods and club fitting. There are various methods of instruction that promote or mitigate

clubface rotation based upon preference. Some golfers prefer to feel the clubface rotate which



enables awareness of clubface position during the stroke of a putt. Others have preference to
mitigate or minimize face rotation during the putting stroke. Each preference requires different
teaching methods. Additionally, once a preference and teaching method is preferred, equipment
designed to either amplify the feel of clubface rotation or help mitigate clubface rotation would
be fitted to the golfer.

Also, post-impact club acceleration might influence more than pre-impact club
acceleration on the amount of skid. Body and club acceleration have been given great attention in
the full swing.’” A number of different types of launch monitors are now in the marketplace for
instructors and golfers to use to measure the speed of their swing. However, club acceleration
while putting should also be given attention due to its effects on putting performance. Instructors
should include acceleration drills to create awareness of the significant role the rate of
acceleration, both pre and post impact, has on putting performance. The rate of club acceleration
is different than the force needed to have a ball travel a certain distance. Club acceleration that
maintains a consistent rate before and after impact may contribute to better performance. In fact,
the previous study reaffirmed the effects of amplitude of the stroke on distance control.>* Much
attention is given to clubface angle at impact and the force needed to have a ball travel a certain
distance. However, less attention is given to rate of acceleration, or in layman’s terms, the
rhythm of a putting stroke. Unlike professionals, amateurs struggle to keep an optimal clubface
angle and clubhead velocity in consecutive performance.'# ¢

The measurement of each variable based on scale development is one of the significant
limitations as it may not be generalizable. Limited investigations in human subjects’ research on
this matter and insufficient amount of data made it difficult to ensure the external validity of

these results. However, this study focused on offering scales that may be beneficial to elite



golfers who pay attention to ball flight laws such as clubface angle at impact, clubhead path, and
twist at impact by adding an exceptional category of measurement. External validity of findings
can be achieved by retesting the scales for reliability™¢!.

The other variables may not be significant in this study due to limitations such as putter
clubhead design, insufficient data of centeredness of contact, personal preference in putting
clubhead path, putting surface and ball position. However, the results offered guidance for
golfers to start with these combinations, which significantly influence the putting performance
regardless of personal preference. The results were also limited to explain outcomes from the
straight putt on other types of grass. However, an ability to make a straight putt and securing a
higher than 30 percentage may significantly influence the level of confidence, which is critically
associated with the putting performance.®

Due to the sample size, the results might not be generalizable to other circumstances in
putting. However, findings based on combinations allowed golfers to efficiently evaluate their
putting performance using advanced technology, which allows golfers to effectively practice and
enhance their performance. This method can also be applied to other putting situations such as
breaking putts or different distances with slopes. As the previous study demonstrated an
increased chance of making errors on an inclined surface despite the skill level®, a variety of
solutions are expected when pursuing optimal outcomes.

Future studies will introduce additional combinations that golfers can practice on. As
more golfers practice their putting while using indoor technology resources, providing
combinations will invent more teaching methods, practice routines, and learning aids. For
example, instructors and players use the technology as a training aid to validate their teaching

methods and maximize the performance outcome 564



Furthermore, the scale of each variable can be further developed to identify the optimum
outcomes based on individual characteristics of putters or putting stroke preferences.
Experiments manipulating types of putters and stroke preference may strengthen findings from
this study as the characteristics of putter and physical features take crucial roles in creating
performance results.*' Manipulations may detect true interaction effects among variables by
minimizing any potential confounding effects. With increased sample size, the regression
analysis will explain causal relationships based on those selected variables. Also, a further
investigation should consider adding more variables that influence putting performance such as
dynamic lie and loft angle and impact ratio.

This study confirmed that a fSQCA method can be further applied to any performance
investigations in sports. The method will explore solutions based on ideal combinations derived
from variables related to performance factors and outcomes. Those solutions will explain the
causal relationships and serve as a catalyst of further investigations that indicate generalizable
results. In conclusion, this study offers combinations of variables that are useful for coaches and
players. These simple formulas regarding putting accuracy and skid will not only prevent
information overload, but also provide an effective initial evaluation of putting performance and
systematic development strategies. Drills that focus on those variables might be impactful on

making noticeable improvements in putting.
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Figure 1. Research model



Table 1. Independent variables are used to explore relationships to predictive position and skid

Variable/Code 1 (Poor) 2 (Acceptable) 3 (Good) 4 (Exceptional)
Clubhead Path >+2.5 +1.6to0 2.5 +0.6to 1.5
Clubface Angle >+1.25 +0.76 to 1.25 +0.26 to 0.75 +0.1 t0 0.25
at Impact
Twist at Impact >+(.75 +0.26 to 0.75 +0.1 to 0.25
Pre-Impact >0 or <-50 -40 to -50 0>-40 degrees
Face Rotation
Pre-Impact >3 5mphor<- 1.6to3.5mphor- -0.50to 1.5mph
Club Acceleration 1.5 0.60 to -1.5
Post-Impact >3.5mphor<- 1.6to3.5mphor- -0.50to 1.5mph
Club Acceleration 1.5 0.60 to -1.5
Launch Angle <0 or>2.5 0.1t00.74 or 0.75 to 2.0 degrees

2.1to 2.5 degrees
Low Point <-3 or>0.5 -3to-2or -2.00t0 0

0.1t0 0.5
Forward Rotation >0 0
Forward Spin Rate <Orpms >T75rpms 0 to 75 rpms
Side Spin Rate <-20 or -20to -11 or -10 to 10 rpms

>20 rpms 11 to 20 rpms

Table 2. Two outcome variables that are influenced by independent variables

Outcome Variables

Predicted Position at 12-foot

Skid

1 (Poor)
>2 inches

2 (Acceptable)
1 to 2 inches

Total Distance — Rolling Phase = Skid
Reverse coded as less skid is optimal

3 (Good)
<1 inch



Table 3. fSQCA results for predicted position and skid

Conditions 1 2

Predicted Position
PA

FAI

TI

PIFR

PICA

POCA

LA

LP

FR

FBS

SS

consistency 970

raw coverage 105

unique coverage 105

solution consistency 970
solution coverage 105

QR eQe e QR e o

Skid
PA
FAI
TI
PIFR
PICA
POCA
LA
LP
FR
FBS
SS
consistency 901 .960
raw coverage 132 127
unique coverage .028 .030
solution consistency .885

solution coverage 155

VR eRQe e QR e o
®

Note 1. Large circles (®) suggest core conditions; crossed open circle (&) indicates absence condition.
Note 2. PA: path, FAI: face angle at impact, TI: twist at impact, PIFR: pre-impact face rotation, PICA:
pre-impact club accel, POCA: post-impact club accel, LA: launch angle, LP: low point, FR: forward
rotation, FBS: forward and back spin, SS: side spin




Table 4. Necessary condition analysis results

Outcome condition

Antecedent Condition Predicted Position at 12ft Skid
Consistency Coverage Consistency Coverage

PA 610 .820 676 672
FAI .873 976 675 558
TI 528 785 .638 701
PIFR 327 811 372 .682
PICA 635 798 .659 613
POCA 501 725 .630 .668
LA .635 .833 .690 670
LP 563 .824 S71 619
FR 200 .630 325 755
FBS 220 616 363 755
SS 584 .829 593 .623

Note. PA: path, FAI: face angle at impact, TI: twist at impact, PIFR: pre-impact face rotation, PICA:
pre-impact club accel, POCA: post-impact club accel, LA: launch angle, LP: low point, FR: forward

rotation, FBS: forward and back spin, SS: side spin




