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Abstract Expertise studies into visual perceptual-motor skills
have mainly focused their investigation upon group compari-
sons rather than individual comparisons. This study investi-
gated the pick-up of visual information to time weight transfer
and bat kinematics within an exemplar group of striking sport
experts using an in situ temporal occlusion paradigm. Highly
skilled cricket batsmen faced bowlers and attempted to strike
delivered balls, whilst their vision was either temporally oc-
cluded through occlusion glasses prior to ball bounce or not
occluded (control condition). A chronometric analysis was
conducted on trials in the occlusion condition to quantify the
pick-up of visual information to time biomechanical variables.
Results indicated that initiation of weight transfer and bat
downswing, as well as bat downswing completion, was sig-
nificantly different between some individual batsmen. No sig-
nificant difference was found between individual batsmen for
time of weight transfer completion. Unexpectedly, it was
found that achievement of the goal to strike delivered balls,
that is, the frequency of bat-ball contacts was not significantly
different between batsmen. Collectively, the findings indicate
that individual differences exist in the coordination pattern of
a complex whole body visual perceptual-motor skill, but these
different patterns are used to achieve a similar outcome, which
is known as motor equivalence.

Keywords Individual differences . Visual perceptual-motor
skill . Motor equivalence . Striking sports

It is commonplace for expertise studies into human visual
perceptual-motor skill performance to focus their investiga-
tion upon comparison of a group of experts (or highly skilled
individuals) to a group of less skilled individuals (Yarrow,
Brown, & Krakauer, 2009). For example, studies have report-
ed that a group of experienced surgeons completed a virtual
laparoscopic task faster and fixated target locations longer
than a group of novices (Wilson et al., 2010). A multidisci-
plinary driving test, including a hazard perception component
revealed a group of safe drivers identified potential hazards
quicker than unsafe drivers (Wood, Horswill, Lacherez, &
Anstey, 2013). Longitudinal assessment using a flight simula-
tor revealed that a group of general aviation expert pilots had
better flight summary scores and better execution of aviation
communications than a group of less skilled pilots (Taylor,
Kennedy, Noda, & Yesavage, 2007). A group of expert law
enforcement officers shot more accurately and made fewer
decision errors than a group of less skilled officers (Vickers
& Lewinski, 2012). A group of expert karate athletes were
capable of anticipating an opponent’s attack to block better
than a group of near-expert karate athletes (Rosalie &
Müller, 2013). This type of group design implies that there
is a model of visual perceptual-motor skill expertise relative to
the variable(s) that are measured. Group designs, however,
can mask individual differences that may exist in expert visual
perceptual-motor skill in sport and other tasks.

The field of sport expertise, which is the focus of this study,
traditionally has involved the investigation of athletes (e.g.,
performers such as baseball or cricket batters) who have
reached a high skill level of competition (e.g., international
or national level) in a specific sport compared with less-skilled
individuals who have reached a lower level of competition
(e.g., club level) (Müller & Abernethy, 2012). This type of
skill group comparison has been conducted to determine what
factor(s) differentiate and limit expertise, such as the capabil-
ity to pick-up visual information for anticipation. Perceptual-
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motor anticipation, which is relevant to this study, involves the
capability of the performer to utilise available visual informa-
tion to predict the future outcome of an event (e.g., position of
a ball) and complete a motor response, such as to strike a ball
in baseball or cricket batting (Rosalie & Müller, 2013).
Striking sport skills, such as cricket batting, rely heavily upon
perceptual-motor anticipation due to the high temporal con-
straint of ball velocity that leaves little time for the batsman
(performer) to read the bowler’s (opponent) kinematics and
ball flight to make effective bat-ball interception (Müller &
Abernethy, 2012).

Previous sport expertise studies in striking sports indicate
that a group of highly skilled performers possess a superior
capability compared with a group of less skilled players. In
particular, highly skilled performers have superior capability
to perceive visual information from an opponent’s movement
pattern prior to object flight (known as advance information)
and parts of ball flight to anticipate subsequent events, such as
the type of tennis serve (e.g., Shim, Carlton, Chow, & Chae,
2005). In relation to cricket batting, which is the exemplar
striking sport skill of this study, temporal occlusion in situ
method has been used where the performer’s vision is occlud-
ed at select times in the opponent’s movement pattern or dur-
ing ball flight using special liquid crystal glasses worn by the
performer. These types of studies have indicated how visual
information is used to guide component phases of the striking
skill. It has been reported that a group of highly skilled cricket
batsmen, but not a group of less skilled players, use advance
and early ball flight information to anticipate ball length (or
ball landing position) and position their lower body for bat-
ball interception (Müller et al., 2009). This is determined by
foot movements made forward to balls that land closer to the
batsman and backward foot movements to balls that land fur-
ther away from the batsman (Müller et al., 2009). Highly
skilled batsmen also use ball flight information prior to ball
bounce to anticipate and intercept (strike) a delivered ball
(Müller et al., 2009). Other studies by Hubbard and Seng
(1954) used chronometric analysis, which involves quantify-
ing timing and sequencing of motor execution relative to key
events in an opponent’s movement pattern. The authors re-
ported that a group of major league baseball batters facing
pitchers initiated their stride in the batting motion at the mo-
ment the pitcher released the ball, signifying the batters
utilised early visual information to guide lower body position-
ing. Bat downswing was commenced before the step was
concluded with the length of time of the downswing remain-
ing uniform (Hubbard & Seng, 1954). Initiation of bat down-
swing prior to completion of the front-foot stride also has been
reported in cricket batting (Stuelcken, Portus, & Mason,
2005). Recently, Weissensteiner, Abernethy, and Farrow
(2011) used a bowling machine and reported that a group of
highly skilled cricket batsmen initiated and completed their
front-foot movement earlier than a group of less skilled

players. The authors also reported that bat downswing of high-
ly skilled players was initiated after front-foot landing, whilst
bat downswing of less skilled players was initiated before
front-foot landing. Therefore, the foregoing studies demon-
strate that a model of expert striking skill includes the capa-
bility to use earlier visual information to guide action, but the
coordination pattern of action can vary dependent upon
whether an opponent is present or not.

The field of sport biomechanics also has an interest in ex-
pert sport performance with focus upon motor skill execution,
rather than the contribution of visual-perception to action. For
example, Katsumata (2007) tested a group of college baseball
batters batting against a pitching machine whilst standing on
force plates, which were used to measure their completion of
weight transfer as they attempted to hit pitches. The author
reported that the group of batters were able to identify differ-
ences in pitch velocities, as implied by the variations in the
timing of weight transfer completion and step duration that
were identified, particularly in relation to slower velocity
pitches. Another example study, Fortenbaugh, Fleisig, Onar-
Thomas, and Asfour (2011) supported these findings when
they reported that a group of double-AMinor League baseball
batters showed variations in the timing ofweight transfer com-
pletion dependent upon the velocity of the pitch. Like the field
of sport expertise, these example sport biomechanics studies
through their group designs describe one model of motor skill
execution in relation to biomechanical variables, rather than
investigating whether multiple individual coordination pat-
terns exist. In addition, the foregoing biomechanical studies
lack systematic manipulation of visual-perceptual information
in their experimental design to determine the linkage between
important visual skills of anticipation to guide biomechanical
variables of action, such as weight transfer between individual
performers.

Little is known about the visual perceptual-motor skill dif-
ferences between individuals within expert or highly skilled
groups in striking sports. This is surprising, because theoreti-
cally there are in existence prominent motor control and learn-
ing theories that argue for a focused analysis at the level of the
individual. Newell’s (1986) constraints theory identified that
the individual’s interaction with the task and immediate envi-
ronment constrains the coordination pattern to achieve the
motor skill goal. Newell’s theory forms a key component for
dynamical and ecological system theory, which emphasises
that the performer (e.g., individual cricket or baseball bats-
man), environment, and action linkages are the most appro-
priate for the understanding of visual perceptual-motor behav-
iour, not the performer or the environment studied in isolation
or necessarily in groups (Davids, Button, & Bennett, 2008;
Uehara, Button, Falcous, & Davids, 2014). It is argued that
constant communication between the performer (individual)
and the environment provides the most important perceptual
information to guide motor skill performance and learning
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(Davids et al., 2008; Uehara et al., 2014). Factors including
visual-perceptual, biomechanical, emotional and psychologi-
cal characteristics, as well as specific task constraints are all
argued to have a facilitory or limiting effect on the motor skill
of the performer-environment system (Davids et al., 2008). In
relation to the study in this paper, cricket batsmen, like per-
formers in other striking sports, have to individually overcome
key task constraints, such as higher object velocity and coor-
dinate their striking pattern when facing fast bowlers to strike
a fast approaching ball. Therefore, understanding how indi-
viduals use visual-perceptual information to guide biome-
chanical variables of action under time constraints has the
potential to extend theoretical understanding of expertise in
striking sports.

There are fewer studies that focus their comparisons be-
tween individual performers in terms of complex whole body
visual perceptual-motor skills. For example, Dicks, Davids,
and Button (2010) examined individual differences in a visual
anticipation task where experienced association football goal-
keepers attempted to intercept penalty kicks. Results showed
variation in response time with some goalkeeper’s initiating
their response earlier and others later. The authors also report-
ed descriptive individual differences in the percentage of goals
saved. More recently, in an attempt to move towards individ-
ual differences in the use of visual-perception to guide biome-
chanical action variables, Müller, Lalović, Dempsey, Rosalie,
and Harbaugh (2014) conducted some preliminary research
using in situ temporal occlusion (visual-perception) with mea-
sures of weight transfer and bat movements (action variables).
Baseball batters faced pitchers and attempted to intercept
pitched balls whilst their vision was occluded during mid ball
flight. In relation to swings at pitches, the authors reported that
a Major League Baseball (MLB) batter completed his weight
transfer significantly earlier than the collective group of five
Australian Baseball League (ABL) batters, with initiation of
bat downswing of the MLB batter earlier than some ABL
batters, but there was no difference in duration of bat down-
swing. The MLB batter also attained a higher percentage of
successful hits than the collective group of ABL batters. In
baseball batting, at least, it appears that early visual informa-
tion is used to time earlier completion of weight transfer and to
some degree earlier bat downswing initiation. Further research
is required to expand upon these preliminary findings with
comparisons between individual performers.

To provide an explanation of how performers cope with
constraints, Müller and Abernethy (2012) reviewed the litera-
ture and provided a model of expertise in striking sports. Their
model outlines that experts are capable of using different types
of visual-perceptual information that are linked to component
phases of the striking action. For example, as mentioned ear-
lier, advance and part of ball flight information is used to guide
lower body movements (weight transfer) in baseball or cricket
batting, whilst ball flight information is used to guide upper

body (bat) movements. Their model also outlines that less
skilled performers use different and relatively later occurring
visual-perceptual information to guide component phases of
action (body positioning and bat movements). The authors
argue that these differences in the linkage of perceptual infor-
mation to action are what enable expert performers to deal
with high temporal constraints of object flight and respond
efficiently to achieve successful bat-ball interception. The au-
thors also argue that under temporal constraints of object ve-
locity it may only be possible for the performer to make ad-
justments to the striking implement, but not the lower body
phase of the skill. What is less evident from their model is
whether there are individual differences amongst experts in
the use of visual information to time action.

Further evidence from coordination patterns exists of how
performers cope with performance constraints in striking
skills. Whilst skilled actions exhibit some stable characteris-
tics, it also is apparent that skilled performers are not locked
into rigidly stable solutions (coordination patterns), but can
modulate their behaviours to achieve consistent performance
outcome goals. For example, Pinder, Davids, and Renshaw
(2012) studied the perceptual-motor coordination pattern of
skilled cricket batsmen and found that when the length of
delivery (ball landing position) was altered to require the bats-
men to make a decision regarding the length of the ball they
faced, various movement patterns were observed when the
batsmen attempted to strike the ball. This observation of the
flexibility and adaptability of visual perceptual-motor skill
coordination is closely linked to the concept of motor equiv-
alence, which refers to the equality of motor skill outcome or
goal achievement from different movement patterns or muscle
contractions (Mattos, Latash, Park, Kuhl, & Scholz, 2011;
Mattos, Kuhl, Scholz, & Latash, 2013). Investigation of indi-
vidual differences may explain whether different perceptual-
motor coordination patterns can be used to achieve a similar
goal of bat-ball interception in complex whole body striking
skills.

The purpose of this in-situ study was to combine method-
ologies from sport expertise and sport biomechanics in an
attempt to gather information about individual differences in
the pick-up of visual information (perception) to time weight
transfer and bat movements (coordination) within a group of
expert cricket batsmen. This study used highly skilled cricket
batsmen (as the exemplar striking skill experts) to examine the
timing of weight transfer together with bat kinematics (action
variables) within an in situ temporal occlusion task (percep-
tion). Accordingly, this study involved a between-subject de-
sign with individual batsmen compared to each other separate-
ly on four biomechanical variables. An in situ temporal occlu-
sion paradigm was used to challenge each batsman’s capabil-
ity to use advance and ball flight information prior to ball
bounce to coordinate their movement pattern to strike deliv-
ered balls, based upon previous research (Müller et al., 2009;
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Müller et al., 2014). Due to the lack of previous studies that
have investigated individual differences of experts in striking
sports, it was hypothesised that: 1) there may be some indi-
vidual differences in the pick-up of early visual-perceptual
information to time action variables between highly skilled
cricket batsmen, and 2) there may be descriptive differences
in measures of bat-ball interception between highly skilled
cricket batsmen.

Methods

Participants

Eight highly skilled cricket batsmen, six right-handed and two
left-handed (Mage = 21.33 years, age range 18-27 years), from
a state high performance squad in Australia were recruited to
take part in this study. The batsmen were a representative
sample taken from 12 batsmen and comprised 75% of the
highly skilled batting population in the region the study was
conducted. Compared with previous in situ studies, the sample
of this experiment equates very positively (Dicks et al., 2010;
Müller & Abernethy, 2006). Four right-handed fast bowlers
from the same high-performance state squad also were recruit-
ed to bowl to the batsmen throughout the testing sessions like
previous research (Müller et al., 2009). Ethics approval was
obtained from the relevant institution, and all participants pro-
vided written, informed consent.

Instruments

This study was conducted in a performance laboratory. The
laboratory included a full-length cricket pitch (20.12 m)
surrounded in part by an indoor batting cage, with a half-
length synthetic cricket pitch on the surface of the laboratory
floor to provide similar conditions as a synthetic cricket wick-
et often utilised for indoor and outdoor cricket practice. An
adequate area was available behind the full-length pitch to
allow the bowlers sufficient space for bowling run-up. A
Qualysis Motion Capture System that synchronised two
high-speed cameras (sampling at 200 frames per second) with
two Kistler force plates, 0.90 m × 0.60 m (sampling at
2000 Hz), was used to measure the force-time data (i.e., initi-
ation and completion of weight transfer). Camera 1 was posi-
tioned behind and slightly to the side of the batsman. The
footage from this camera captured the bowler’s approach, ball
release, and all ball flight, together with the crucial informa-
tion of the time within the ball’s flight at which occlusion of
vision occurred indicated by illumination of a light emitting
diode (LED) in the camera’s field of view. Camera 2 was
positioned perpendicular to the batsman’s bat to capture the
movement pattern of the batsman. Vision occlusion glasses
(PLATO, Model P1, Translucent Technologies Inc., Toronto,

Ontario, Canada) worn by the batsman were manually trig-
gered by a handheld wireless remote controller to switch the
glasses from clear (where the batsman had visibility of the
bowler’s action and ball flight) to opaque (where the batsman
had no visibility of the bowler’s action and ball flight) during
occlusion trials, according to previous research (Müller et al.,
2009). The process involved two wireless receivers accepting
an ultra-high-frequency (UHF) signal emitted by a UHF trans-
mitter contained within the wireless handheld controller. The
signal sent to receiver one turned on an LED contained in the
field view of high-speed camera 1. The LED in this camera’s
field of view indicated the instant when during ball flight the
batsman’s vision was occluded. The second receiver, housed
in a waist belt attached around the waist of the batsman, trig-
gered the conversion of the lenses in the occlusion glasses
from clear to opaque. Due to the difficulties associated with
manual triggering of occlusion at certain events, prior to the
experiment proper, the bowlers were filmed in high-speed
(250 frames per second) from side-on and the time between
back-foot landing and ball release was calculated for each
bowler. Then, the time from back-foot landing to ball release
(relative to each bowler) plus 200 ms was factored into the
remote controller to attempt to create occlusion of the
batsman’s vision prior to ball bounce. A standard 25-Hz video
camera filmed each participant’s trials from front-on to assist
with quality of bat-ball interception reliability check.

Procedures

The procedures were similar to those implemented in previous
research (Müller et al., 2009). Each testing session took ap-
proximately 1.15 hours per batsman where each batsman
faced the same four bowlers. Before the testing began, each
batsman prepared themselves for a batting session with stan-
dard cricket protective equipment, that is, they wore leg
guards, protector, thigh guard, batting gloves, and a compul-
sory batting helmet for protection of the batsman’s face and
occlusion glasses. After the force plates were calibrated, the
batsman stood on the plates in their normal batting stance,
ensuring that only one foot was located on each force plate.
The batsman was instructed to utilise the gap in-between the
force plates as the batting crease. In order to familiarise the
batsman with the experimental conditions, each batsman re-
ceived ten deliveries with random occlusion or no occlusion
conditions. After familiarisation, the experiment proper began
and each batsman faced a total of 60 deliveries in random
order composed of three ball types x two temporal occlusion
conditions x ten repeats. The bowlers delivered three types of
balls: (a) full-length outswinger (ball lands closer to the bats-
man and swings to the right side), (b) full-length inswinger
(ball lands closer to the batsman and swings to the left), and (c)
short ball (ball lands further away from the batsman and
bounces higher). Short-length balls landed at least 4 m away
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from the batsman’s stance position on the force plates, whilst
full-length balls landed within 4 m of the batsman’s stance
position. Two temporal occlusion conditions were created:
(i) vision of bowler’s action (advance information) and ball
flight till a point prior to ball bounce and (ii) a no occlusion
control condition where all advance and ball flight informa-
tion was visible to the batsman. The batsmen faced the re-
quired ball types and occlusion condition matrix in a fully
randomised order. On each trial, the experimenter who stood
at the bowler’s end of the pitch indicated to the bowler what
ball type to deliver, and then, during the trial either triggered
the glasses to occlude vision or did not trigger the glasses (no
occlusion). The highly skilled bowlers were capable of exe-
cuting the required ball types accurately. Upon completion of
each trial the experimenter rated on a data sheet the quality of
bat-ball contact (see below).

Dependent measures

In the occlusion condition, trials were post-hoc sorted using a
frame-by-frame analysis of the high-speed video record to
ensure temporal occlusion had been created prior to ball
bounce as done in previous research (Müller et al., 2009).
As ball flight information leading towards ball bounce had
been previously reported to be a critical point for use of visual
information to strike a ball in cricket batting (Müller et al.,
2009), only those trials in a close grouping within a range of
200 ms prior to ball bounce were included in the analysis in
the occlusion condition. This was done to minimise the vari-
ability in occlusion point from the time of ball bounce be-
tween participants. From this post-hoc sorting, equal numbers
of trials for each individual batsman were derived for the oc-
clusion and no-occlusion conditions to provide balanced pro-
portions, but length of the balls were collapsed together for
statistical analysis. More trials occurred under the no occlu-
sion condition, so no occlusion trials were selected in order of
their first appearance in the random matrix until each batter
had an equal number of occlusion and no occlusion trials. The
grouping of full and short deliveries together for analysis was
done to ensure a decision-making element (i.e., judgement to
coordinate movement pattern to strike) was factored into study
design and analysis.

The primary dependent variables in this study (kinetics and
kinematics) included: (i) weight transfer initiation, (ii) weight
transfer completion, (iii) bat downswing initiation, and (iv) bat
downswing completion, all from the time of ball release. To
obtain values for weight transfer initiation and completion, the
final definitive foot movement for batting strokes made for-
ward (i.e., movement of the lower body forward using front-
foot to balls that landed closer to the batsman) and backward
(i.e., movement of the lower body backward using back-foot
to balls that landed further from the batsman) were analysed
according to previous literature (Abernethy, 1984). A separate

dependent measure of bat-ball interception was recorded, that
is, a rating of quality of bat-ball contact.

The kinetic and kinematic dependent variables were de-
fined as: (i) weight transfer initiation, the time point from ball
release where the front-foot vertical ground reaction force was
equal to or at zero and when the corresponding back foot
anterior-posterior force increased from a stable baseline value,
indicating the push forward for a front-foot stroke (Elliott,
Baker, & Foster, 1993). This definition is reversed for back-
foot strokes. (ii) Weight transfer completion, the time point
from ball release of the peak vertical ground reaction force
on the front-foot (Katsumata, 2007). For back-foot strokes this
would be peak vertical ground reaction force on the back-foot.
(iii) Bat downswing initiation, the time point from ball release
when the bat begins to move in a direction towards intercep-
tion of the ball (Weissensteiner et al., 2011). (iv) Bat down-
swing completion, the time point from ball release till bat-ball
interception or where the ball was adjacent to the edge of the
bat (Weissensteiner et al., 2011).

The rating of bat-ball interception was conducted “live”
and defined as: (a) “good” bat-ball contact (i.e., ball struck
in direction bat was swung), (b) “bad” bat-ball contact (i.e.,
ball struck in a different direction bat was swung), and (c)
“no” bat-ball contact, according to Müller and Abernethy
(2008). A research assistant not involved in the study viewed
the front-on video camera footage of all trials in the occlusion
condition and rated quality of bat-ball interception to establish
interrater reliability (Müller & Abernethy, 2008). An approx-
imation of average speed of the delivered balls was calculated
by viewing footage from the high-speed camera and applying
the formula speed (m/s) = distance from the point of ball
release to the batsman’s stance position (17.72 m), divided
by the ball transit time from the time of ball release until the
instant of bat-ball contact or where the ball passed the edge of
the bat if contact was unsuccessful (in ms), and then converted
into km/h, according to the literature (Müller et al., 2009).

Statistical analysis

The primary dependent variables in this study were initiation
and completion of weight transfer, bat downswing initiation
and bat downswing completion. These variables are ratio scale
so they were analysed on an individual trial basis for each
participant using parametric tests (Land & McLeod, 2000).
The secondary dependent variable was quality of bat-ball con-
tacts. This variable is a categorical scale so a nonparametric
test was appropriate (Field, 2009). A series of statistical tests
were conducted as follows. First, a chi-square test was run to
determine if there was a significant difference in the frequency
of full- and short-length deliveries relative to each participant.
Second, an 8 (participant) × 2 (occlusion condition) between
factor ANOVAwas run to determine if there was a significant
difference in average speed between individual participants
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and across occlusion conditions. This was done to determine
whether speed had been kept within a similar range for each
batsman and if not whether covariate analysis was required
when analysing the primary dependent variables. Third, a one-
way ANOVAwas run to determine if there was a significant
difference between participants in occlusion time prior to ball
bounce. Fourth, four separate 8 (participant) × 2 (occlusion
condition) between factor ANCOVAwith average speed as a
covariate were run to determine whether there were differ-
ences in timing of each of the primary dependent variables
across the occlusion conditions relative to individual partici-
pants. This statistical analysis helped justify whether between-
subject comparisons of the primary dependent measures could
be focused upon the occlusion condition only, if there was no
difference in the timing variables across occlusion conditions.
Focus of the subsequent analysis upon the occlusion trials was
because previous research had reported the importance of the
use of advance information and ball flight information prior to
ball bounce to guide positioning of the lower body as well as
the bat for interception, respectively. Fifth, a MANCOVAwas
run combining all dependent variables with participant as a
between factor and average speed as a covariate. This was
done to determine whether participant factor was influenc-
ing timing differences on each dependent variable. As
appropriate based on the results of the MANOVA omni-
bus test, four separate follow-up univariate ANCOVA
with average speed as the covariate were then run to com-
pare each of the timing variables independently between
participants in the occlusion condition, with least signifi-
cant difference (LSD) post-hoc pairwise comparisons. For
the secondary dependent measure, a chi-square test was
used to compare frequencies of quality of bat-ball contacts
that were five or above based upon guidelines by Field
(2009), in groupings of “good” and “bad” (“all”) bat-ball
contacts to “no” bat-ball contacts between participants in
the occlusion condition. Groupings of all contacts to no
contacts provided an indication of positioning of the bat
for interception based upon the use of ball flight informa-
tion prior to ball bounce (Müller et al., 2009). The pur-
pose of comparing the frequencies of these grouping be-
tween participants was to determine whether there were
individual differences in the achievement of the outcome
goal of positioning the bat for interception. Interrater re-
liability of rating quality of bat-ball contacts was calculat-
ed by using intraclass correlation according to Portney
and Watkins (2009). Because the methodology of this
study was a first of its kind in terms of individual partic-
ipant comparisons, alpha level was set at 0.05 with no
adjustments made for any post hoc pairwise comparisons
(Perneger, 1998). All assumptions in relation to the para-
metric and nonparametric statistical tests were checked
and not violated, according to the procedures outlined
by Field (2009).

Results

Experimental manipulation checks

Table 1 outlines descriptive data for average speed, trial
numbers under occlusion and no occlusion conditions
for full and short length deliveries, as well as occlusion
time prior to ball bounce. Chi-square test revealed there
was no significant difference in the frequency of full-
and short-length deliveries across participants, χ2(7) =
7.02, p = 0.426.

Speed Between factor ANOVA revealed a significant
main effect for participant, F(7, 238) = 12.49, p <
0.001, ηp

2 = 0.26, indicating that average speed was
significantly different between individual participants.
There was, however, no significant main effect for oc-
clusion, F(7, 238) = 0.02, p = 0.888, ηp

2 = 0.00, nor a
significant interaction between participant and occlusion
condition, F(7, 238) = 0.45, p = 0.868, ηp

2 = 0.01,
indicating that average speed did not vary across occlu-
sion conditions relative to individual participants. This
finding required the treatment of average speed as a
covariate in future analyses under the occlusion condi-
tion for each dependent variable.

Table 1 Average speed, trial numbers and occlusion time relative to
participant

Participants Speed (kph) Trial Numbers Occlusion
time (ms)

Occlusion
M(SD)

No
occlusion
M(SD)

Occlusion
(Full,
Short)

No
occlusion
(Full,
Short)

M(SD)

1 109.62
(5.50)

109.25
(6.40)

16
(9, 7)

16
(9, 7)

96.87
(45.38)

2 109.00
(9.23)

108.80
(5.97)

15
(5, 10)

15
(5, 10)

70.33
(54.16)

3 110.21
(6.12)

109.42
(6.18)

19
(12, 7)

19
(12, 7)

82.89
(49.95)

4 102.21
(6.65)

100.00
(6.64)

14
(5, 9)

14
(5, 9)

88.92
(58.87)

5 100.79
(5.61)

100.86
(4.88)

14
(5, 9)

14
(5, 9)

68.93
(57.92)

6 99.53
(9.44)

103.30
(7.06)

13
(5, 8)

13
(5, 8)

79.23
(58.20)

7 101.00
(6.20)

101.55
(5.74)

20
(10, 10)

20
(10, 10)

88.75
(47.12)

8 105.68
(7.12)

105.81
(5.94)

16
(10, 6)

16
(10, 6)

95.93
(64.53)

Occlusion time is prior to ball bounce. Full refers to full-length balls that
landed closer to the batsman, and short refers to short-length balls that
landed farther away from the batsman
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Occlusion time One-way ANOVA revealed no significant
difference in occlusion time prior to ball bounce be-
tween participants, F(7, 119) = 0.581, p = 0.770, indi-
cating that post hoc sorting of occlusion trials prior to
ball bounce was successful.

Par t ic ipants , occ lus ion condi t ions , and t iming
variables Between factor ANCOVA revealed that there
was no significant interaction between participant and oc-
clusion condition for each of the timing measures: weight
transfer initiation, F(7, 237) = 1.13, p = 0.339, ηp

2 = 0.03;
weight transfer completion, F(7, 237) = 0.598, p = 0.757,
ηp

2 = 0.01; bat downswing initiation, F(7, 237) = 0.745, p
= 0.634, ηp

2 = 0.02; and bat downswing completion, F(7,
237) = 0.14, p = 0.859, ηp

2 = 0.01. There also was no
significant main effect for occlusion conditions for each
of the timing measures (ps > 0.05). There was, however,
significant main effects for participant in relation to each
of the timing measures: weight transfer initiation, F(7,
237) = 6.19, p < 0.001, ηp

2 = 0.15; weight transfer com-
pletion, F(7, 237) = 2.27, p = 0.029, ηp

2 = 0.06; bat
downswing initiation, F(7, 237) = 16.50, p < 0.001, ηp

2

= 0.32; and bat downswing completion, F(7, 237) = 8.12,
p < 0.001, ηp

2 = 0.19. Therefore, because the timing mea-
sures for participants did not differ significantly across
occlusion conditions, further comparison of the timing
measures between participants was focused on the occlu-
sion condition only.

Kinetic and kinematic timing variables

MANCOVA revealed a significant main effect for participant,
Λ = 0.38, F(28, 416) = 4.47, p < 0.001, ηp

2 = 0.21. Follow-up
ANCOVA were then conducted on each of the dependent
timing variables.

Weight transfer initiation Figure 1a graphs the mean
weight transfer initiation time relative to each partici-
pant expressed from earliest to latest values. ANCOVA
indicated a significant between participant effect, F(7,
118) = 5.16, p < 0.001, ηp

2 = 0.23, confirming there
was a difference in mean weight transfer initiation time
between participants. Post hoc LSD pairwise compari-
sons indicated that participant 8 was different than all
other participants and participant 7 was different than
participant 4 (ps < 0.05).

Weight transfer completion Figure 1b graphs mean weight
transfer completion relative to each participant. ANCOVA
indicated no significant between participant effect, F(7,
118) = 1.39, p = 0.214, ηp

2 = 0.07, confirming there
was no significant difference between participants in
mean weight transfer completion time.

Bat downswing initiation Figure 2a graphs mean downswing
initiation time relative to participants. ANCOVA indicated a
significant between participant effect, F(7, 118) = 8.36, p <
0.001, ηp

2 = 0.33, confirming there was a difference in mean
bat downswing initiation time between participants. Post hoc
LSD pairwise comparisons indicated that participant 7 was
different than all other participants, participant 6 was different
than participants 5 and 7, and participant 5 was different than
participants 6, 3, and 2 (ps < 0.05).

Bat downswing completion Figure 2b graphs mean down-
swing duration time relative to participant. ANCOVA
indicated a significant between participant effect, F(7,
118) = 2.75, p = 0.01, ηp

2 = 0.14, confirming there
was a difference in mean bat downswing completion

(a) 

(b) 

Time from Ball Release (ms)

0 100 200 300 400 500 600

P
a
r
ti
c
ip

a
n

ts

0

1

2

3

4

5

6

7

8

Time from Ball Release (ms)

0 100 200 300 400 500 600

P
a
r
ti
c
ip

a
n

ts

0

1

2

3

4

5

6

7

8

Fig. 1 Mean weight transfer initiation time (ms) (a) and mean weight
transfer completion time (ms) (b) for each participant. Participant timing
values are plotted from earliest to latest for (a) with participant number
corresponding for (b). Error bars represent standard error of the mean
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time between participants. Post hoc LSD pairwise com-
parisons indicated that participant 5 was different than
all other participants (ps < 0.05).

Quality of bat-ball contacts

Figure 3 graphs the descriptive frequency data for each
participants’ “all” bat-ball contacts against the frequency
for “no” bat-ball contacts. Pearson chi-square test indi-
cated there was no significant difference in the frequen-
cy of bat-ball contacts between participants, χ2(7) =
3.247, p = 0.861. Intraclass correlation revealed strong
interrater reliability between “live” rating of bat-ball
contacts and rating of the same trial from the video
record (r = 0.96).

Discussion

The purpose of this study was to unite approaches used by
researchers in the fields of sport expertise and sport biome-
chanics in an attempt to gather information about individual
differences in the pick-up of visual information to time weight
transfer (kinetics) and bat movement (kinematics) within a
group of highly skilled cricket batsmen. The study was con-
ducted under experimental conditions where a performer and
opponent competed against each other in order to simulate to a
degree the interaction between the two that occurs in a game
setting. The results support hypothesis one indicating that in-
dividual differences do exist in the coordination pattern of
highly skilled batsmen. The results partially support hypothe-
sis two where descriptive individual differences were found in
quality of bat-ball contacts between highly skilled batsmen,
but analyses indicated no statistically significant descriptive
differences.

Based on the chronometric analysis, some of the highly
skilled cricket batsmen appeared to utilise available visual
information within the temporal occlusion condition to antic-
ipate and time weight transfer initiation significantly earlier,
whilst others initiated weight transfer significantly later
(Fig. 1a). This indicates there were some individual prefer-
ences of how visual-perceptual information is used to time
kinetics within a group of highly skilled cricket batsmen.
Similarly, significant differences were found between some
batsmen in the use of visual information within the temporal
occlusion condition to time earlier and later initiation of bat
downswing (Fig. 2a). This again supports the notion of indi-
vidual differences, but in this case residing in the use of avail-
able visual-perceptual information to time kinematics within a
highly skilled group. It may well be that some individual bats-
men initiated weight transfer and bat downswing as their du-
ration of response was longer and vice versa. Theoretically,
these findings are consistent with Newell’s (1986) constraints
theory, as well as the theoretical framework of ecological and
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Fig. 2 Mean bat downswing initiation time (ms) (a) and mean bat
downswing completion time (ms) (b) for each participant. Timing
values are plotted to correspond with participant number in Fig. 1 (a)
and (b). Error bars represent standard error of the mean
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Fig. 3 Total frequency of “all” bat-ball contacts versus “no” bat-ball
contacts for each participant. Frequency of contacts are plotted to
correspond with participant number in Figs. 1 and 2
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dynamical systems theory (Davids et al., 2008; Uehara et al.,
2014), which suggests that motor skill performance evolves
through the individual that exploits the task and environment
constraints to coordinate the body’s degrees of freedom to
achieve the relevant motor skill goal. This has important im-
plications for models of expertise in striking sports, such as the
one recently presented by Müller and Abernethy (2012). In
particular, the findings of this study imply that more than one
pattern or model exists for the visual control of biomechanical
action variables. Given that very few individual difference
studies exist in the literature, further research is needed to
confirm the findings of this study, which may then warrant
refinement of aspects of Müller and Abernethy’s model of
striking sport expertise to acknowledge the importance of in-
dividual differences in the visual control of action.

In terms of the findings of this study compared with previ-
ous literature in sport expertise, it is not possible to make
direct comparisons as methodologies are different. The find-
ings of this study are consistent with Dicks et al. (2010) who
reported that some soccer goalkeepers initiated responses ear-
lier, whilst other goalkeepers initiated responses later when
they anticipated in order to save penalty kicks. Accordingly,
the findings of this study indicate that one of the conclusions
made in the sport expertise literature that experts use early
visual information to respond earlier than less skilled players
(Müller et al., 2009) may not be applicable when considered in
terms of an expert sample’s visual perceptual-motor skills.
That is, as a group, it appears that highly skilled players re-
spond earlier than a group of less skilled players
(Weissensteiner et al., 2011), but as evidenced by the findings
of this study there are small-scale differences in earlier and
later responses between individual highly skilled players.

These earlier and later responses between highly skilled
performers may be relative to the specific striking skill and
the component phase of the specific striking skill. In baseball
batting, the batter only makes a forward step, which appears to
be initiated at the point of ball release (Hubbard & Seng,
1954), with earlier completion of weight transfer reported
for a MLB batter in comparison to ABL batters (Müller
et al., 2014). In cricket batting, the batter has to transfer weight
both forwards and backwards to strike a ball. There were no
significant individual differences, however, in weight transfer
completion in this study, with completion of weight transfer
occurring after initiation of bat downswing (Fig. 1b and 2a).
Again, this finding seems to be at odds with suggestions in the
sport expertise literature of earlier positioning of the lower
body component of the striking skill to cope with the time
constraint of ball velocity and time upper body bat movements
for bat-ball interception (Müller & Abernethy, 2012). This
may again be relative to the specific striking skill of this study
that required forward and backward body positioning.
Alternatively, perhaps the more accurate description should
be that experts pick-up early visual information to time earlier

initiation of lower body movement (weight transfer initiation)
rather than earlier positioning of the lower body (that may
imply weight transfer completion). Further research is needed
to better understand how individuals use visual-perceptual
information to guide biomechanical action variables, which
can provide, as done here, a better understanding of how
visual-perception and action are tightly coupled in expert
striking skill (Müller & Abernethy, 2012).

Trends in the data of this study also reveal how visual
perceptual-motor coupling is individualised in relation to
component phases of the striking skill. That is, some batsmen
such as participants one and four appeared to initiate their
weight transfer earlier (Fig. 1a) but correspondingly coupled
later initiation of bat downswing (Fig. 2a). This trend in the
data is consistent with studies by Pinder, Renshaw, and Davids
(2009) and Stuelcken et al. (2005) who found that batsmen
could initiate lower body movements earlier, but delayed
downswing of the bat to enable pick-up of any changes in ball
flight information. These types of coupling between lower and
upper components of the striking skill may be related to the
time constraints under which the batting skill is performed. If
the lower body component (weight transfer) is initiated earlier,
then there is likely time to wait to initiate bat downswing
relatively later for effective bat-ball interception (Abernethy,
1981). Although if the lower body component (weight trans-
fer) is initiated later, then the bat downswing will need to be
initiated relatively earlier in order for effective bat-ball inter-
ception (Abernethy, 1981). Trends in the data (error bars) also
indicate that across individual batters there appears to be great-
er variability in the timing of weight transfer components
(Fig. 1a and b) and less variability of the end-point (bat down-
swing completion; Fig. 2b). This observation is consistent
with previous studies of end-point variability in expert sam-
ples (Bootsma & van Wieringen, 1990). Future research that
investigates the sequencing and variability of component
phases in the striking skills at the individual participant level
would further advance understanding of how these skills are
performed under high time constraints.

An important and unexpected finding of this studywas that no
significant difference was found in the frequency of bat-ball con-
tacts between individual batsmen. When this finding is consid-
ered in relation to the findings that significant individual differ-
ences do exist in some of the action timing measures, it appears
that different coordination patterns appear to be used to achieve a
similar motor skill goal, that is, in terms of frequency of bat-ball
contacts to “no” contacts. Although there were clear descriptive
frequency differences in bat-ball contacts between participants,
which is consistent with previous literature (Dicks et al., 2010),
these descriptive differences were not statistically significant (our
analysis for bat-ball contacts did not include speed as a covariate
which may influence this finding). This finding implies that mo-
tor equivalence may be an underlying mechanism of visual con-
trol of action in expert striking skills, which has been reported for
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other motor skill tasks, such as reaching towards a target (Mattos
et al., 2011). Anecdotally, it is apparent from observing different
sport performers that their exists multiple movement patterns to
achieve the relevant motor skill goal, but again, further investi-
gation is required possibly using themethodology in this study to
determine if motor equivalence is a consistent underlying mech-
anism of expertise in striking sports.

Another interesting but unexpected finding of this study
was that there was no adjustment to the timing measures
across the occlusion conditions. The timing of measures relat-
ed to lower body movement (weight transfer) did not change
significantly from the occlusion condition that provided early
ball flight information to the no occlusion condition that pro-
vided late ball flight information. This is consistent with the
predictions of Müller and Abernethy (2012) model. The
timing measures related to upper body movement (bat move-
ments), however, also did not change significantly from the
occlusion condition to the no occlusion condition. This ap-
pears to be inconsistent with the predictions of Müller and
Abernethy (2012) model. These findings imply that under
temporal constraints, at least, that the discrete timing of upper
and lower body coordination patterns are not continuously
adjusted. It may be that whilst discrete timing of component
phases of the skill are not continuously adjusted, fine position-
ing of the bat may be adjusted to allow efficient bat-ball inter-
ception. This requires further investigation using three-
dimensional motion capture analysis of lower and upper body
striking phases.

The findings of this study can be generalised to understand-
ing expertise in other visual perceptual-motor skills. In rela-
tion to the example motor skills, such as laparoscopic surgery,
driving, piloting, and law enforcement presented at the begin-
ning of this paper, the finding of this study would predict that
there would be significant differences between experts in the-
se domains in terms of how they coordinate perceptual-motor
skill to achieve task specific goals. Reinvestigation of the ex-
pert individuals within those domains may provide insights
into their visual perceptual-motor skills that were not previ-
ously known, which can then guide an evidence-based per-
ceptual-motor learning programs. For example, in a recent
paper that investigated the kinematics of individual profes-
sional and semi-professional flute players, in was reported that
finger timing (larger and smaller movements) could identify
individual expert performers (Albrecht, Janssen, Quarz,
Newell, & Schöllhorn, 2014). This was contrary to the well-
held belief that expert flute playing required smaller move-
ments of the fingers for efficiency of effort (Albrecht et al.,
2014). Individual differences also have been reported in the
coordination patterns of other motor skills, such as walking
gait (Schöllhorn, Nigg, Stefanyshyn, & Liu, 2002), which is
performed under very different temporal constraints to the
striking skill investigated in this paper. Very little empirical
evidence exists, however, of individual differences in the

visual control of action in high-speed striking sports, as well
as other sport skills. The findings of this study support the
foregoing studies by indicating that there is more than one
coordination pattern to achieve the motor skill goal. The
broader understanding of individual differences across a vari-
ety of motor skills will help to consolidate motor control and
learning theories that emphasise the individual’s interaction
with task and environment.

In terms of practical application, quantification of individ-
ual differences in the pick-up of visual information to guide
weight transfer (kinetics) and bat movement (kinematics) can
be very useful to the athlete and high-performance coaches.
For example, analysis like the one conducted in this studymay
highlight individual capabilities and deficiencies of one per-
former compared with others, with the information then used
to design individualised coaching and development programs
to enhance or remediate motor skill performance. In the case
of striking skills, such as baseball or cricket batting, this in-
formation may help to answer questions around attainment of,
but not limited to, individual batting averages for expert bats-
men. Individualised measures of performance as used in this
study are critical as performers invest significant time into
skill development and improvement.

Conclusions

Individual differences in the use of visual-perceptual informa-
tion to coordinate timing of weight transfer and bat move-
ments exist between exemplar individual highly skilled strik-
ing sport performers. Whilst different coordination patterns
appear to be used, attainment of frequency of bat-ball contacts
was not significantly different between individual highly
skilled batsmen. This indicates that motor equivalence may
be an underlying control mechanism of complex whole-
body striking skills, such as cricket batting. Integration of
sport expertise and sport biomechanics methods appears nec-
essary to understand these subtle individual differences that
exist within a group of highly skilled or expert performers.
Further studies are required to confirm the findings of this
study with the skill of cricket batting and/or other striking
sport skills. This appears to be a fruitful avenue of research
to extend theoretical understanding of expertise and practical
value for individualised athlete development.
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