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ABSTRACT

EDWARDS, S., A. J. GARDNER, T. TAHU, G. FULLER, G. STRANGMAN, C. R. LEVI, G. L. IVERSON, and R. TUCKER. Tacklers’
Head Inertial Accelerations Can Be Decreased by Altering the Way They Engage in Contact with Ball Carriers’ Torsos. Med. Sci. Sports
Exerc., Vol. 54, No. 9, pp. 1560—1571, 2022. Purpose: This study aimed to investigate how four types of successfully executed, legal
front-on, one-on-one torso tackles influence the tacklers” and ball carriers’ inertial head kinematics. Methods: A total of 455 successful front-on,
one-on-one torso tackle trials completed by 15 rugby code players using three-dimensional motion capture were recorded. Tackles differed with re-
spects to the height of the contact point on the ball carrier’s torso. A series of mixed general linear models were conducted. Results: The tackler sus-
tained the highest peak resultant linear (P < 0.001) and angular (P < 0.01) head accelerations when contacting the lower torso to execute a “dominant™
tackle compared with mid or upper torso, although these latter tackle types had the lowest ball carrier inertial head kinematics. When executing a
“smother” tackle technique, a significant decrease in peak resultant linear head acceleration was observed with a vertical “pop” then lock action used,
compared with the traditional upper torso tackling technique (P < 0.001). Conclusions: Moditying the tackler’s engagement with a ball carrier’s
torso, with respect to height and technical execution, alters the inertial head kinematics of the tackler and the ball carrier. The traditional thinking
about optimal tackle technique, as instructed, may need to be reevaluated, with the midtorso being a potential alternative target contact height,
whereas changes in tackle execution may be relatively protective for tacklers when executing either a dominant or smother tackle. This study pro-
vides critical scientific evidence to underpin revised coaching tackling technique interventions that might enhance player safety. Tackles in which
the tackler contacts the ball carrier around the midtorso region, rather than lower torso, produce the lowest acceleration and thus may contribute to
reducing head injury risk for the tackler. Key Words: MOTION CAPTURE, HEAD, CONCUSSION, BIOMECHANICS
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hours in a professional rugby union, and approximately 14.8
(95% CI, 9.6-23.0) (8) in a professional rugby league (13).
Online coaching instruction of safer tackling techniques and
for reducing concussion risk is offered by many rugby code
governing bodies (e.g., the National Rugby League (NRL)
Tackle Safe (14) (www.playrugbyleague.com/), RugbySmart
(15) (www.rugbysmart.co.nz/), and BokSmart (16) (www.
boksmart.com)). The evidence informing the content of these
injury reduction programs to reduce concussion risk is limited
(17). The programs are also often based on expert opinion
rather than empirical evidence (16), and as a result, the tack-
ling coaching content taught within these programs is informed
largely by coaching insight and not scientific evidence. It
remains unknown whether or not the content underpinning
these tackle interventions results in safer tackling and pro-
motes player safety. For example, the evidence underpinning
the NRL Tackle Safe (14) program is based on a small study
with elite rugby union players (18) (not rugby league players).
The manual identifies a midlevel injury danger area (i.e., “or-
ange zone”) when the tackler contacts the ball carrier at the
midtorso (between the ball carrier’s top of pelvis and base of
chest/pectorals), but the safest area or “green zone” is claimed
to be when the tackler contacts the ball carrier on the lower
torso, the hip area. This color zone system is not supported
by recent evidence in professional rugby league (19), where
the lowest propensity for head injury assessments was when
the tackler contacts the ball carrier’s torso (i.e., midtorso),
and the highest propensity (excluding rare events with a low
incidence, e.g., boot) and the most frequent impact sites are
when the tackler contacts the torso either too high (i.e., upper
torso or above the sternum/chest) or low (i.e., hip area). This
suggests that the NRL Tackle Safe program (14) may incor-
rectly identify the safest contact area, and that a reassess-
ment of tackle education based on this color zone system
is warranted.

Despite 95% of concussions in professional rugby league
occurring during the tackle (20), the mechanistic understand-
ing of how tackling technique influences head impact is poorly
understood. During a tackle, impulsive forces (incurred through
rapid acceleration and deceleration) are applied either directly
or indirectly to the head, transferring forces to the brain. These
forces can result in a concussion by placing strain on tether
points within the brain that may lead to axonal stress, neuroin-
flammation, and a neurometabolic cascade (21), which may
display as postconcussion symptoms. These impulsive forces
repetitively sustained but that do not lead a concussion diagno-
sis (i.e., subconcussive impact) (22), including from tackling
(23), are postulated to be linked to neurological issues, although
emerging evidence remains inclusive to date (22). Whether the
injury mechanism is a single event or culminative incidents, re-
ducing the magnitude of inertial head kinematics of a single
tackle or across hundreds of tackles will both achieve an effect
to reduce the risk of concussion when tackling regardless of
either mechanism.

Accurate in-game three-dimensional (3D) tackling method-
ologies to measure 3D head kinematics do not currently exist

(24). In the laboratory, 3D retroreflective motion analysis is
the gold standard for measuring 3D movement. It provides
an understanding of 3D head kinematics during the tackle
and provides an opportunity to examine the risks of head im-
pact associated with various tackle techniques. However, liter-
ature on the 3D retroreflection motion analysis of the tackle
technique measured in the laboratory is emerging (24). The
ball carrier has previously been found to experience greater
changes in head angular velocity and angular acceleration in
one-on-one, front-on, tackles in an upper torso compared with
a low (25) or mid/low torso (26) tackle height.

The objective of this study was to investigate how four types
of successfully executed, legal front-on, one-on-one torso tackles
influence the tackler’s and ball carrier’s inertial head kine-
matics. It was hypothesized that the tackle techniques (i.e.,
the dominant, torso & stick (DTS) and the smother ball, pop
& lock (SPL), described subsequently) that adhere most closely
to tackles with the lowest propensity for head injury assessments
(i.e., midtorso) (19,27) would result in significantly decreased
peak head linear and angular acceleration for the tackler com-
pared with hip area contact (dominant NRL (DNRL)) or upper
torso area (smother NRL (SNRL)).

METHODS

Participants. Amateur or semiprofessional healthy, unin-
jured, male, adult rugby league or rugby union players (r = 15)
were recruited from grade competitions. The player character-
istics of interest included sport played (i.e., rugby league or
rugby union), participant history in the sport(s) (i.e., playing
experience in years played), and highest competition level
played. At the time of data collection, each participant’s age,
current competition level, and playing position(s) were recorded.
A sample size of 14 participants was deemed sufficient based on
using previous published data of the tacklers’ trunk flexion angle
at contact when performing an upper and lower torso tackle (28).
The power calculation was determined for two-tailed #tests with
an error probability and statistical power of 95% using G*Power
software (29). Each participant provided written, informed
consent before their participation. The University of Newcastle
Human Research Ethics Committee (H-2017-0285) approved
the study design and methodology.

Experimental procedures. Each data collection session
involved two participants, one initially allocated the ball car-
rier role and the other participant allocated the tackler role.
Participants provided informed consent and completed a ques-
tionnaire of their sporting participation, and then their anthro-
pometric measurements were recorded for later input into a
mathematical model (i.e., body mass, height, and pelvis, xyphoid,
and chest depths). Standing in the anatomical position, a static
measurement of both participants was recorded. The expert
coach guided participants to perform a set of 10 trials of one
of four different one-on-one, front-on, torso tackle techniques
(Supplemental Digital Content 1, Supplemental Fig. 1, sche-
matic diagram of data collection of the 80 trials performed
within a session, http://links.lww.com/MSS/C569) (30). The
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NRL coaching manual (31) was followed to guide the instruc-
tion of two tackling techniques where the tackler’s shoulder
contacted the upper torso (SNRL) or hip area (DNRL) of the
ball carrier, respectively. The other two tackling techniques
were novel variations of the NRL tackles. They involved tack-
lers being instructed to modify their actions during the contact
with the ball carrier: (i) with the tackler lowering the vertical
height of his body position and then performing a vertical
“pop-up” action that reorients the motion of the ball carrier
into an upward direction (SPL), and (ii) by marginally increas-
ing the contact height from the hip area to the midtorso and
redirecting the ball carrier into a vertical and backward direc-
tion (DTY).

A set of either DNRL or SNRL tackles were always com-
pleted first, in a counterbalanced order. Then participants per-
formed a set of the modified tackle technique (DTS or SPL).
Each set consisted of five dominant shoulder engagements
by the tackler, followed by five trials of nondominant shoulder
side engagements. This was implemented in this study because
of ambiguous evidence as to whether dominant and nondomi-
nant shoulder engagement alters tackle technique (32,33).

The expert coach instructed the participants on how to per-
form the specific technique correctly before engaging in the 10
trials of that technique. Several familiarization trials of that
technique were performed with coaching feedback delivered.
The coach evaluated every tackle repetition and deemed it suc-
cessful if, in his assessment, the correct technique had been
executed. Reasons for rejection of a tackle attempt included

the following: if the tackler’s head was not on the side of the ball
carrier’s body (right shoulder side tackle, left side of ball carrier’s
body) or if the ball carrier was holding the ball on the incorrect
side (Fig. 1).

After the participants completed the 40 tackle trials (4 types,
10 trials per type), the roles of the participants were reversed
(i.e., the tackler became the ball carrier and vice versa), and an-
other static trial in the anatomical position was performed,
followed by another 40 (4 types, 10 of each) tackling trials.
The total experimental protocol lasted approximately 3 h.

Expert coach. The expert coach for this study was a re-
cently retired dual international rugby league and rugby union
representative player, with junior and senior rugby league and
rugby union coaching experience. This expert coach developed
the nontraditional front-on tackle technique (SPL, DTS) used in
this study. All sessions were attended by the expert coach who
gave coaching instruction to all participants before undertaking
the data collection session. The coach also provided guidance
and feedback to all participants throughout each session.

Tackling trials. Every trial started with the ball carrier and
tackler in a stationary position, ~4 m apart. To standardize the
approach speed, thereby limiting the confounding factor of
player speed (10,34), the participants were instructed to si-
multaneously run toward each other engaging in contact at
80% game intensity, whereas each player speed was mea-
sured using the 3D motion caption system. This instruction
led to a slow tackle speed (as per the definition of walking or
jogging into the tackle).
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FIGURE 1—Matrix of tackling type selection in a game.
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The tackle was not completed to the ground in this study: (i)
because player contact, rather than ground contact, causes
most tackle injuries (35), and (ii) because of the injury risk
for the participants that is associated with the skin-mounted
retroreflective markers impacting with the ground. As a result,
tackles in this study were done at slower speed with less force
(i.e., 80% game intensity) than would typically occur in field
situations in training and matches. The tackle surface was a
20-m? matted surface (1000 x 1000 x 40-mm jigsaw mat
underlay, 2000 x 1000 x 40-mm Tatami Judo mat (Southern
Cross Mats, Sydney, New Southwales, and Melbourne, Victoria)).
Rest periods were 30 s between trials and a ~5-min rest between
each new technique set of 10 trials.

The NRL Coaching Manual (31) and Tackle Safe program
(14) outline the technique instruction for the traditional, one-
on-one, front-on, torso tackle. Detailed within these manuals
is an instruction on how tacklers should be as upright as possi-
ble when approaching the tackle, then bend their knees while
keeping their shoulders higher than hip level to drop their body
position as they are about to execute the tackle. It outlines that
tacklers should use their shoulder to make the contact, position
their head to the ball carrier’s side, and maintain alignment of
their neck with the spine by keeping their head up and straight.
To take the ball carrier to the ground, the instructional manual
outlines that the tackler should use a strong leg drive and use
the ball carrier’s momentum. Tackle height in accordance with
previous research (18) is recommended in the Tackle Safe pro-
gram (14) and defines “torso contact” as “green zone” (hip
area), “orange zone” (midtorso, between the top of the pelvis
and the base of the chest/pectorals), and “red zone” (upper
torso, base of the chest/pectorals to the line of the shoulders).
In this study, the tackle heights associated with each tackle
type were the hip area (DNRL), midtorso (DTS), mid/upper
torso (SPL), and upper torso (SNRL), respectively (Table 1).

Table 1 details the categorization of each of the tackle types,
and how, when, and why a tackler would use each tackle type
within a game are explained in detail. The purpose of the two
smother tackle types (SPL, SNRL) is to wrap up ball carriers to
prevent offloading of the ball, to prevent the ball carriers from
using their forearm/ball as a defensive strategy to bump off the
tackler, and to control the ball carrier when taking the tackle to
the ground to slow the play-the-ball. The two variants of the
smother tackle in this study differ from one another in the
way the tackler engages in contact to wrap up the ball and ball
carrier, and should be used by tacklers when they are on the
ball-carrying side of the ball carrier. In contrast, the strategy
when performing the two dominant tackle instructions (DTS,
DNRL) is to bring the ball carrier to the ground to enable the
tackler and defensive team a longer duration to get back onside
for the next play of the ball. The key differences between these
dominant strategies are contact height and the angle of the
force application by the tackler (Table 1). Figure 1 outlines a
tackle matrix that describes when tacklers should execute a dom-
inant tackle (i.e., when the tackler is on the non—ball-carrying side
of the ball carrier) or a smother tackle (i.e., when the tackler is on
the ball-carrying side of the ball carrier) in a game situation.

Data collection. A full-body retroreflective marker set
(39) was placed on both the tackler and the ball carrier par-
ticipants on each of their heads, forearms, upper arms, hands,
trunk, pelvis, thighs, shanks, and feet. A 15 Oqus 700+ camera
optoelectronic motion capture system (300 Hz; data collection
volume, 10 m x 10 m x 6 m) using Qualisys Track Manager
software (version 2018.1; Qualisys AB, Goteborg, Sweden)
recorded the full-body 3D kinematic of both participants for
each tackle trial. To adhere to the Nyquist sampling theorem,
the sampling rate in this study was determined by spectral
analysis (40) of 3D head linear and angular acceleration in-
dicating that the median frequency in which 99% of the data
occur below was 49 Hz.

Visual 3D software (version 6; C-Motion, Germantown,
MD) was used to undertake the 3D data analysis. The raw
kinematic data were interpolated with a cubic spline and then
filtered by an 18-Hz cutoff frequency, zero-phase fourth-order
low-pass Butterworth digital filter before calculating kinematic
variables. An 18-Hz cutoff frequency was determined by per-
forming a residual analysis (40) of the raw 3D position of head
markers, with a median frequency of 12 Hz (range, 9-14 Hz)
reported from the analysis. The segmental masses and inertial
properties were modeled as per the protocol of Schaefer et al.
(39). To calculate joint and segment angles, a local Cartesian
coordinate system was used (x axis mediolateral; y axis anterior—
posterior; and z axis superior inferior directions).

Three stages of the tackle were identified, in the following
order of appearance: (i) two steps before contact (step 2); (ii)
one step before contact (step 1); and (iii) at contact, between
the tackler and the ball carrier. These stages were defined ac-
cording to the procedures outlined by Edwards and colleagues
(30). The tackler’s joint angles (ankle, knee, hip, lumbopelvic
(lumbar segment relative to the pelvis segment), thoracolumbar
(lumbar segment relative to the thoracic segment), trunk—
pelvis (trunk segment relative to the pelvis segment)) and
segment angles (thigh segment, pelvis segment, and trunk seg-
ment relative to the laboratory coordinate system) at each of
these three sequences were reported. The resultant center of
mass velocity at the time of precontact (defined as the maxi-
mum value before contact) and at contact was used to define
the approach speed and speed at contact of each player.

Statistical analysis. Of the 600 trials collected across all
15 participants, there was a total of 455 (75.8%) successful tri-
als included in the statistical analysis. Unsuccessful trials were
identified by the expert coach during the data collection as at-
tempts where the tackler did not adhere to the tackling instruc-
tion guidelines outlined in Table 1. Final categorization of the
trials as successful or nonsuccessful (n = 145) was reviewed
together by two authors (the expert coach and the biomechan-
ics expert) who made their decision based on viewing the Vi-
sual 3D software animation of each trial. These unsuccessful
trials were then excluded from the final analysis. The successful
trials were used to calculate the means and SD for all variables
across the four tackling instructions when engaging in the
dominant and nondominant shoulder side for joint angles,
segment angles, approach speed, and speed at contact.
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TABLE 1. Categorization of the tackling instruction.

Tackle Information Smother Tackle

Dominant Tackle

Tackle Type SNRL SPL

DTS

DNRL

Tackle objectives Prevent the ball carrier offloading the ball and/or wrap up the ball and ball
carrier together to (i) prevent the ball carrier using his forearm/ball as a
defensive strategy to bump off the tackler and (ii) control the ball carrier
when taking the tackle to the ground to slow the play-the-ball.

Contact area on the ball
carrier as defined by
Tierney and Simms (18)

Tackler makes contact with  Shoulder

Tackler torso position (in the Upright/partially bent at waist*
sagittal plane) as defined
by Stokes et al. (36)

Tackle engagement
description

Upper torso (base of chest/pectorals  Mid/upper torso (base of the chest)
to line of the shoulders)

Chest/pectoral region
Partially bent at the waist

Tacklers use their chest and wrap
both arms around the ball carrier
as defined by Fuller et al. (37).

Tacklers use their pectoral on the
ball carrier’s forearm and ball to
wrap up both the arms around
the ball carrier
(i.e., tackler right pectoral, ball
carrier’s right forearm/ball).

Tacklers lower the vertical height of
their body position and then
perform a vertical pop-up action
to reorient the motion of the ball
carrier into an upward direction.

Tacklers position their heads within Tacklers position their heads
the ball carrier's shoulder when outside the ball carrier’s shoulder
engaging in contact and may not ~ when engaging in contact.
avoid the ball carrier using his
forearm/ball to bump the tackler

Tackle execution description Tacklers position themselves
underneath the ball and then
execute the tackle.

Tackler head position

away.

Gaze direction as per Up and forward, gaze focused on  Up and forward, gaze focused on
Hendricks et al. (38) ball carrier ball carrier

When to use tackle Not specified Ball carrier is holding ball on same

(ball-carrying side) side as tackler (i.e., ball in the

right hand of ball carrier, tackler
is to the left side with respect to
the ball carrier, and performs the

tackle with his right side).

By placing ball carriers on their back, it
enables the defensive team a longer
duration to get back onside for next
play. This tackle also aims to move
the ball carrier laterally instead of
driving the ball carrier backward to
allow defensive teammates to assist
in the tackle.

Midtorso (top of the pelvis and base of
the chest/pectorals)

Shoulder
Partially bent at the waist

Tacklers use their shoulder to engage in
contact with the ball carrier’s
abdomen (i.e., midtorso; tackler right
shoulder, ball carrier's non—ball-
carrying side).

Tackler moves the ball carrier in a
backward and upward direction
during the tackle and places the ball
carrier on his back at the completion
of the tackle.

As the tackle is executed on the non—
ball-carrying side, the tackler's head
is away from the ball carrier's
forearm, which avoids the ball carrier
using his forearm/ball to bump the
tackler away.

Up and forward, gaze focused on ball
carrier

Ball carrier is holding ball on the
opposite side as tackler (i.e., ball in
the left hand of ball carrier, tackler is
to the left side with respect to the ball
carrier and performs the tackle with
his right side).

By placing ball carriers on their back, it
enables the defensive team longer
duration to get back onside for the
next play. This tackle also aims for
the tackler to dip under the
ball-carrying side of the attacker and
drive the attacker backward to be
dominant in the tackle.

Hip area (base of the pelvis to the top of
the pelvis)

Shoulder
Fully bent at the waist

Tacklers use their shoulder to engage in
contact with the ball carrier's lower
torso.

Tackler moves the ball carrier in
backward direction during the tackle
and places the ball carrier on his
back at the completion of the tackle
as defined by King et al. (13).

Tacklers duck their heads before contact
and may end up beside or in front of
the ball carrier depending on the
movement of the ball carrier before
the contact.

Down, gaze pointing toward the ground
(not the ball carrier)
Not specified

Traffic light system defined Red zone Amber/red zone
by the Tackle Safe
program (14)

Revised traffic light system Orange zone—tackler
as per this study’s finding Orange zone—ball carrier

Green zone—tackler

Red zone—ball carrier

Amber zone Green zone

Red zone—tackler
Green zone—ball carrier

Green—tackler
Orange zone—ball carrier

*Dependent on the vertical height of the ball carrier and tackler, and where the ball carrier is holding the ball.

A series of mixed general linear models were performed using
IBM SPSS (version 26.0, IBM SPSS Statistics for Windows;
IBM Corp., Armonk, NY) to determine if any significant changes
(P <0.05) occurred within the means of any outcome variable(s)
between the four tackling instruction (DNRL, DTS, SNRL
and SPL). There was one repeated-measure factor (step 2, step
1, contact) and four subject factors of participant (n = 15), in-
struction or tackle type (n =4), dominant shoulder side (n = 2),
and count (n =5). The “instruction” factor represented the four
different tackling technique instructions. The “dominant shoul-
der side” factor defined whether the tacklers contacted the ball
carrier’s torso with their dominant or nondominant shoulder
side. The “count” factor defined one of the five trials performed
per condition (e.g., five trials performed for DNRL using the
dominant shoulder side). Participant and count were included
as factors to account for the different number of successful trials
per person within each tackle type. To determine if any signifi-
cant changes (P < 0.05) occurred within peak approach speed
or speed of contact between the four tackle types, there were

five subject factors, namely, participant (z = 15), instruction
(n=4), dominant shoulder side (n = 2), count (n = 5), and player
role (n = 2). The “player role” factor defined whether the speed
was of the tackler or the ball carrier.

Each analysis was performed with three different repeated
covariance types (compound, heterogenous compound symme-
try, and unstructured). As outlined by Burnham and Anderson
(41), the scaling criterion values were calculated using the Akaike
information criterion from each covariance type model, and
the model that was selected resulted in the minimization of
the scaling criterion value. If the scaling criterion value was
<10 between the two models, the model with the less complex
structure was chosen.

The Akaike information criterion negated the requirement
to satisfy the normality of distribution and sphericity assump-
tions for each variable. Main effects of instruction, dominant
shoulder side, and the repeated measure variable (three stages
of the tackle) and their respective two-way and three-way interac-
tions were performed, and pairwise contrast types were adjusted
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for multiple comparison using the least significant difference.
The tackler’s rear lower limb was defined as the foot that made
foot-ground contact at step 2, and the lead lower limb was defined
as the other foot that made foot-ground contact at step 1.

The successful trials analyzed for the peak resultant head
acceleration variables ranged from 428 to 439 of the pool of
455 successful cases. For each angle variable across each of
the three time points (step 2, step 1, contact), there were a pos-
sible 1365 cases that were inputted in the mixed model general
linear analysis. This led to cases included in the analyses rang-
ing from 1228 to 1360 for joint angles and 1296 to 1359 for
segment angles. Missing kinematic data occurred in some tri-
als because there were fewer than three retroreflective markers
tracking the relevant segment(s) because of marker(s) becom-
ing occluded or unadhered to the body from body contact in
the tackle and/or the tackler’s sweat.

RESULTS

Participant characteristics. The participants played
both rugby codes (rn = 5), only rugby league (n = 2), or only
rugby union (n = 8). The highest level of competition played
was national (rn = 1), followed by state (n = 2), regional (n = 3),
and club rugby (n = 9). Playing experience was 12.7 + 6.3 yr

(range, 4-30 yr) with both forwards (n = 8) and backs
(n =17) included in the sample.

Peak resultant head accelerations. The DNRL (i.e.,
hip area) tackle type resulted in significantly higher peak resul-
tant linear and angular head accelerations for the tackler than
the other three tackle types (Table 2). For the ball carrier,
DNRL produced the smallest peak linear and angular head
accelerations. The SPL (i.e., mid/upper torso tackle type)
produced lower peak resultant angular head accelerations for
tacklers but higher head accelerations for ball carriers, com-
pared with both SNRL and DTS. The ball carriers’ peak resul-
tant linear head acceleration was higher during SPL compared
with the SNRL and DTS.

Kinematics at the time of step 2, step 1, and con-
tact. Table 3 shows the means and SD of the sagittal plane an-
gles of various joint and segment angles for the tackler during
these four tackle instructions. For each tackle instruction, the
tackle is divided into three phases (step 2, step 1, and contact),
and the dominant and nondominant sides are compared for
each tackle type. Supplemental Figure 2 (Supplemental Digital
Content 2, http://links.lww.com/MSS/C570) provides a graphical
representation of the mean of all the successful trial across 15
participants for the joint and segment angles from pretackle
(0%) to posttackle (100%) across the four tackle instructions,

TABLE 2. Peak resultant head accelerations (mean + SD, median (95% Cl), and mixed general linear model of the main effects and interactions) of the tackler across the four tackling instructions.

SPL SNRL DTS DNRL
Peak Head Acceleration DoMm ND DOM ND DOM ND DOM ND
Tackler angular (rad-s%) 331 + 1347 379 = 2057 337 + 1897 365 + 2157 321 + 1367 321 = 1107 420 £ 180 410 £ 167
262 (276-392) 262 (276-392) 341 (319-438) 327 (305-434) 283 (284-390) 305 (282-386) 406 (364-475) 437 (351-466)
Tackler linear (g) 391430 4.4 +20%° 44 +19%¢ 5.1+26% 45+167 47 +1.7% 62+23 59+21
3.6 (3.4-4.8) 4.0 (3.5-5.0) 4.0(3.9-5.5) 45 (4.5-6.0) 45 (4.1-5.5) 42 (4.2-5.6) 6.0 (5.5-6.9) 6.0 (5.1-6.6)
Ball carrier angular (rad-s2) 300 + 163%” 299 + 118" 214 + 99%¢ 214 + 96%¢ 259 + 105%° 303 + 155 168 + 76 164 + 89
273 (252-343) 270 (251-344) 217 (179-269) 204 (173-263) 254 (216-309) 307 (250-342) 156 (126-214) 138 (122-209)
Ball carrier linear (g) 5.0 +2.0%° 52 +17%0 37+16%° 39+133° 41+15% 48+19%° 30+11 29+11
47 (4.4-5.6) 5.2 (4.6-5.9) 3.7 (3.34.4) 40 (3.4-4.5) 40 (3.5-4.7) 47 (41-5.3) 2.9 (2.5-35) 2.7 (24-34)
95% CI
Effect F P Post Hoc P Lower Upper
Tackler head angular acceleration
Instruction F3a00=7.2 0.000 DNRL higher peak head angular acceleration than DTS 0.000 112 45
DNRL higher peak head angular acceleration than SPL 0.003 20 96
DNRL higher peak head angular acceleration than SNRL 0.013 11 97
Tackler head linear acceleration
Instruction F3400=25.9 0.000 DNRL higher peak head linear acceleration than DST 0.000 1.6 0.8
DTS higher peak head linear acceleration than SPL 0.001 0.3 1.0
DNRL higher peak head linear acceleration than SPL 0.000 14 2.3
DNRL higher peak head linear acceleration than SNRL 0.000 0.6 15
SNRL higher peak head linear acceleration than SPL 0.001 1.2 0.3
Ball carrier head angular acceleration
Instruction F3431=52.5 0.000 DNRL lower peak head angular acceleration than DTS 0.000 89 135
SNRL lower peak head linear acceleration than DTS 0.000 34 83
DNRL lower peak head angular acceleration than SPL 0.000 152 107
DNRL lower peak head angular acceleration than SNRL 0.000 75 31
SNRL lower peak head linear acceleration than SPL 0.000 52 100
Ball carrier head linear acceleration
Instruction F3.430 = 65.6 0.000 DNRL lower peak head angular acceleration than DTS 0.000 1.1 1.8
DTS lower peak head angular acceleration than SPL 0.001 1.2 0.3
SNRL lower peak head linear acceleration than DTS 0.009 0.1 0.8
DNRL lower peak head angular acceleration than SPL 0.000 2.5 1.8
DNRL lower peak head angular acceleration than SNRL 0.000 1.3 0.7
SNRL lower peak head linear acceleration than SPL 0.000 0.8 16

DOM, dominant-side shoulder engagement; ND, nondominant-side shoulder engagement.
Statistically significantly different from DNRL.

bStatistically significantly different from SNRL.

“Statistically significantly different from DTS.

INERTIAL HEAD ACCELERATIONS IN A TACKLE

Medicine & Science in Sports & Exerciseg 1565

>
2]
o
—
m
)
v
)
=
prs
N
m
n



http://links.lww.com/MSS/C570

n
L
O
p
—
)
n
@)
I,
—_
o
a
<

and a supplemental video provides an animation video of these
tackle instructions by a single participant (Supplemental Digital
Content 3, Supplemental Video, successful tackles exemplars,
http://links.lww.com/MSS/C571). The mixed general linear
model of the main effects and interactions of these angles are
shown in Supplemental Tables 1-7 (upper joint angles in Sup-
plemental Tables 14 and lower joint angles in Supplemental
Tables 5-7; Supplemental Digital Content 1, results of the mixed
general linear model of the main effects and interactions for the
tacklers, http:/links.lww.com/MSS/C569). The means and SD of
frontal and transverse joint angles (Supplemental Tables 8 and 9,
Supplemental Digital Content 1, the tackler’s frontal and trans-
verse angles, http:/links.Iww.com/MSS/C569) and segment an-
gles (Supplemental Tables 10 and 11, Supplemental Digital
Content 1, the tackler’s lower limb segment angles (Table S10)
and the tackler’s torso segment angles (Table S11), http://
links.lww.com/MSS/C569), and the results of the mixed general
linear model (Supplemental Tables 12—16, Supplemental Digital
Content 1, results of the mixed general linear model, http://links.
Iww.com/MSS/C569) are also in the supplemental section.

There were numerous differences in sagittal plane kinemat-
ics between the different types of tackle instruction. Some of
key findings are summarized hereinafter.

The SPL technique displayed the least head flexion at all
stages of the tackle (overall, step 2, step 1, contact), trunk—pelvis
flexion (overall, step 2, step 1, contact), thoracolumbar flexion
(overall, step 2, step 1, contact), lumbopelvic flexion (overall,
step 2, step 1, contact), lumbopelvic left lateral flexion (con-
tact, step 2, step 1, contact), lead hip flexion (contact, step 2,
step 1, contact), and rear hip flexion (overall, step 1, contact)
when compared with the DNRL and DTS techniques.

The DNRL technique displayed the greatest head flexion
(overall, step 2, step 1, contact) and trunk—pelvis flexion (over-
all, step 1, contact) of all techniques. When compared with the
DTS, the DNRL also displayed greater thoracolumbar flexion
(overall, step 2, step 1, contact) and lead hip flexion (overall,
contact, step 1).

Player speed. The ball carriers ran with a consistently
higher approach speed and speed at contact than the tacklers
(Supplemental Table 17, Supplemental Digital Content 1,
resultant center of mass velocity of the tackler, http://links.
Iww.com/MSS/C569). Peak approach speed for the tackler
revealed a significant main effect of tackle type and player
role. The tackler’s approach speed was faster in the DNRL
tackle compared with all other tackle types, and the SNRL
was faster than SPL and DTS. The ball carrier’s approach
speed was slower in a DNRL than DTS and SPL, and the
SNRL was slower than DTS. However, at contact, ball car-
riers’ speed was significantly faster when being engaged in
the tackle with their nondominant shoulder side than their
nondominant shoulder side.

DISCUSSION

This 3D biomechanical study examined a large data set of
successful front-on, one-on-one, torso tackles. This study finds

that both tackle height and the technique used by the tackler to
engage in contact with the ball carrier’s torso can alter head
impact kinematics for both the tackler and the ball carrier.

The key outcome of this study is that the lowest torso contact
height (i.e., contact at the hips), which is traditionally thought
to be safest and is instructed as the green zone in coaching
manuals (14) (DNRL), produces the highest linear and angular
head acceleration for the tackler and the lowest linear and an-
gular head acceleration for the ball carrier. Tackles that contact
at the midtorso (above the hip area but below the pectorals;
DTS) or the area delineating the mid and upper torso (SPL)
produce lower peak head accelerations in tacklers but higher
accelerations in ball carriers. Given that head injury has been
more likely found in tacklers (19) and may be the result of ex-
cessive head acceleration, this finding suggests that traditional
thinking about optimal tackle technique, as instructed, may
need to be reevaluated, at least from the perspective of the
tackler, with the midtorso being the recommended target
contact height. Specific findings and their implications are
described hereinafter.

Inverse relationship between peak head accelera-
tion between the ball carrier and tackler. Consistent
with the literature (25), this study found that the ball carrier’s
peak linear and angular head acceleration increases as the con-
tact height in the tackle increases, such that the highest peak
linear and angular head acceleration during front-on tackles
occurs for upper torso contact. Importantly, however, the
opposite was found for tacklers, because the highest peak
linear and angular head acceleration was observed for hip
area contact (DNRL) and decreased when contact was the
mid (DTS) and mid/upper torso, particularly when the tack-
ler was instructed in the SPL method (Table 3). Considering
that most head impact injuries are sustained by a tacklers
rather than ball carriers (10,19,34), tackling technique rec-
ommendations that reduce head impact acceleration forces
for tacklers may need to be considered as per the current study
methods. This recommendation must, however, be evaluated
as a trade-off between tackler and ball carrier heads, because
they display reciprocal peak head accelerations depending
on the tackle height. Our suggestion is that the modified tackle
techniques described here (Table 1, see the revised traffic light
system) might produce the best overall risk outcome, with the
lowest head accelerations for tacklers and moderate accelera-
tions in ball carriers.

Challenging the injury safety assumptions of the
NRL tackle safe tackle color zones based on contact
height. The Tackle Safe program (14) recommends a green
zone (lower torso) tackle height, which, from the perspective
of the ball carrier, agrees with our findings and is in accor-
dance with previous research on the influence of tackle height
on ball carrier head kinematics (18). It also identifies an orange
zone (midtorso) and finally the red zone (upper torso) (14).
Our findings challenge the safety assumptions of these color
zones for the tackler. We find that the green zone (i.e., DNRL)
had the highest tackler peak linear and angular head accelera-
tion when tackling front-on, followed next by the orange zone
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(i.e., DTS), and then the orange/red zone (i.e., SPL) and red
zone (i.e., SNRL) with the lowest tackler head accelerations.

Dominant tackles have the highest head accelera-
tions for the tacklers: recommended that, when
tacklers execute dominant tackles, they contact
the ball carrier mid, not hip area. Within a team’s defen-
sive strategy, a tackler will engage with the ball carrier’s lower
torso (i.e., green zone) to execute a “dominant tackle.” A dom-
inant tackle is defined when the ball carrier is moved backward
and, by the completion of the tackle, is taken to the ground
(13). This study suggests that the tackler’s inertial head accel-
eration can be decreased when performing a dominant tackle
by the tackler engaging at the mid (DTS; i.e., orange zone)
rather than the lower (DNRL; i.e., green zone) torso of the ball
carrier. By executing this slightly higher torso contact height at
the midtorso, the tackler also adopts a more optimal “head-up
and forward” gaze focus on the ball carrier before contact (i.e.,
less head flexion) as well as a straight back posture (i.e., less
thoracolumbar flexion than in the DNRL technique). This
DTS technique variant aligns better with coaching recommen-
dations (42), as well as injury risk and tackle performance ev-
idence associated with the head (42—44) and a straight back
(44,45) posture.

Upright tackles increase the risk of head injury:
how altering the way the tackler engages in contact
with the ball carrier can reduce the injury risk in
smother tackles. Applying an intervention to lower the le-
gal height of the tackle in professional rugby has not been
found to alter concussion incidence (9). The issue is that only
considering one variable (i.e., tackle height) may be too sim-
plistic, and the biomechanical characteristics of the tackle
and the associated risk for concussion are far more complex.
The present study finds that, for similar tackle heights (SNRL,
SPL), the way the tackler was instructed to engage in contact
with the ball carrier when executing a smother tackle can sig-
nificantly alter the head impact. The upper (SNRL) and mid/
upper (SPL) torso tackles performed in this study are often
known as a “smother tackle,” because tackler uses his chest
for contact while wrapping his arms around the ball carrier
(37). The SPL instruction significantly reduced peak head lin-
ear acceleration compared with the SNRL, DTS, and DNRL.
This is important because linear head acceleration can still
cause brain angular acceleration without angular head acceler-
ation when a mild deceleration of the head is applied (46).
When the tackler executes the SPL technique, a more optimal
head-up and forward (i.e., less head flexion) and straight back
posture (i.e., less thoracolumbar flexion, lumbopelvic flexion)
was attained, compared with the SNRL technique.

Importantly, our mid/upper torso contacts in the SPL in-
volved tacklers moving at relatively slow speeds and under
careful instruction of an expert coach in a controlled environ-
ment. The point of contact between the tackler’s chest/pectoral
region and the ball carrier’s body was approximately the height
of the sternum (i.e., intersection between the mid and upper
torso), not higher. The tackler started from a very low position
and then executed a vertical pop-up action at the last moment.

When engaging in contact, the tackler used his pectoral on the
ball carrier’s forearm and ball to wrap up both the arms around
the ball carrier and then reorient the motion of the ball carrier
into upward direction via the pop-up action. This tackle also
then moves the ball carrier laterally instead of driving the ball
carrier backward to allow defensive teammates to assist in the
tackle. Most importantly, the tackler always positions his head
outside the ball carrier shoulder when engaging in contact with
the ball carrier.

These technical cues in contact height and the way the tack-
ler engages in contact may be essential for the lower resultant
head accelerations and also might reduce the tackler’s risk of
contact with high-risk body parts (head, elbow, and shoulders)
of the ball carrier. These contact types, particularly head-to-
head contacts during higher contact tackles when tacklers are
upright, have been found to increase the risk of head injury
(10,19,27,47). Therefore, there is a potential tradeoff between
the slightly higher torso contact we find that reduces head ac-
celeration in this study and the real-world risk of such higher
contact tackles leading to high-risk head contacts and thus a
greater risk as found in other studies.

Player speed. Ball carriers and tacklers typically engage
in a tackle at a slow speed (define as walking or jogging into
the tackle) (37), and the tackle speed was performed by both
players in the current study. Whether the ball carrier or tackler
approaches a front-on tackle with faster speed in elite rugby
union remains contentious (48,49), because nearly half of the
time the ball carriers are at a higher speed than the tackler
(49). This study observed that the ball carriers ran significantly
faster approaching the tackle and were faster at contact, despite
standardizing approach distance between the players in an at-
tempt to limit the confounding effect of player speed (10,34).
This is likely to reflect the time required for the tacklers to set their
body position and execute the chosen tackle technique, whereas
the only focus of the ball carrier was to oppose the actions of the
tackler. These demands on the tackler are likely to have also con-
tributed to the player’s speed differing between the various tech-
niques, when approaching the tackle but not at contact. Both
NRL torso instructions (SNRL, DNRL) were performed with
a faster peak approach speed by the tackler than either variation
of the tackling techniques (SPL, DTS), which is most likely a
reflection of the familiarity of the traditional tackling technique
rather than the variations in tackling techniques.

In contrast, in the traditional tackling types, the ball carrier
approaches the tackler at a slower speed than in the tackling
technique variants. These speed differences may contribute
partly to our observed kinematic findings, particularly the re-
ductions in head acceleration for the upper torso tackles, which
were variations on the typical technique and thus performed at
lower tackler speeds, potentially with greater caution and un-
familiarity. This may in turn have implications for real-world
application, because the relatively faster speeds, higher inten-
sities, and greater unpredictability of tackles during match
play may change head kinematics for any given contact height
and tackle technique. Further research may be required to
confirm this possibility.
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How a tackler modifies his body position to engage
in different torso tackle heights is not reflected by his
hip and knee flexion. Video analysis framework defines
body position before contact as upright, medium, or low, differ-
entiated by knee and hip flexion, and body height (38). This
study found that knee flexion was similar across all four tackle
techniques. Hip flexion did not differentiate when changing the
torso tackle height (i.e., SNRL vs DNRL). The 3D definition of
hip flexion in this study was thigh segment relative to the pelvis
segment. This contrasts with the definition of hip flexion in 2D
video analysis, where it is assessed by the thigh relative to the
trunk (the pelvis and thorax treated as a single segment). When
identifying how the tacklers executed the lower torso height in
the DNRL technique compared with the SNRL technique, the
tacklers did not alter their knee or hip flexion; however, tacklers
increased their trunk—pelvis joint angle by lowering their trunk
segment relative to the ground. In these participants, the tack-
lers only decreased their tackle height by increasing their trunk
flexion, not their knee or hip flexion. As such, caution is war-
ranted on how researchers quantify body position before and
at contact.

Understanding linear versus angular head accel-
eration. Acceleration of the skull causes rapid deformation
of brain matter that is thought to be the likely cause of concus-
sion (46). This makes intuitive sense because the impulsive
forces (incurred through a rapid acceleration and deceleration)
applied either directly or indirectly to the head during a tackle
transfer forces through the head to the brain. Those forces can
result in a concussion by placing strain on tether points within
the brain, which may lead to axonal stress, neuroinflammation,
and a neurometabolic cascade (21). This study observed that
head linear acceleration was significantly different between
all tackling instructions, and angular acceleration only differed
in the DNRL. Because of anatomical constraints of these tether
points on the brain, when the skull decelerates, the brain’s cen-
ter of mass will continue to move but the tethering will cause
the brain to rotate (46). This is why brain angular acceleration
can occur with only linear acceleration of the skull when a
mild deceleration of the head is applied (46), and thus, both
head linear and angular accelerations are important to mea-
sure. Reducing the magnitude of inertial head kinematics of
a single tackle or across hundreds of tackles will both achieve
and make tackling safer regardless of either concussion injury
mechanism of either an acute event (i.¢., direct head impact) or
subconcussive impacts (i.e., indirect head impact). Recent at-
tempts have been made to accurately quantify and monitor a
player’s in-game exposure to direct and indirect head impacts
in collisions sports via accelerometry (50,51). These devices
use linear acceleration magnitude threshold of >5g (52) or >10g
(50,51,53) to identify an impact event. These thresholds are well
above this current study’s average peak linear acceleration
magnitude reported but are not too dissimilar to a recent
in-game study of professional rugby league players tackling
(linear (median, 7.1g; Q1, 5.2¢g; Q3, 9.9¢) and angular acceler-
ation (median, 0.6 krads %; Q1, 0.4 krad's> '; Q3, 0.9 krad's 2)).
Caution is advised when comparing different methodological

approaches of measuring (54) and filtering (24) head impact
data (i.e., head inertial kinematics), and another confounding
issue is the ambiguous threshold of head impact data (i.e.,
head inertial kinematics) that may cause concussion. It is rec-
ommended that future observational or interventional research
investigating different tackle types measure both 3D head lin-
ear and angular accelerations using 3D motion capture and
wearable sensors simultaneously to clarify our understanding
of this relationship. The unsuccessful tackles are considered
as a subset of all tackles in this study and should be the subject
of future research to explore in detail if there is a risk that,
when the tackler is deemed to incorrectly execute the tackle,
it produces undesirable inertial head kinematics. This may
have implications for the global head injury risk in dynamic
situations where tacklers do make errors, and should be a
subject of future research.

Limitations. Because of limitations to the current study,
these results can only be considered as preliminary and require
replication in larger sample sizes. Categorization of the unsuc-
cessful tackles by the two experts and the expert coach poten-
tially leading the participants when instructing the techniques
in this study is likely to create a risk of bias because some tack-
ling techniques may produce higher inertial head kinematics
when unsuccessful. Future research should thus explore tackle
success in different tackle types, with a focus on outcomes
when tackles are unsuccessful.

Our findings may not translate to tackles involving more
than one tackler, differing approach direction, playing position
or experience, player skill level, age, or tackles that are com-
pleted by taking the ball carrier to ground. Furthermore, the
artificial laboratory environment (as opposed to game environ-
ment) may have influenced the ball carrier’s and the tackler’s
ability to perform the various tackle techniques. The study only
investigated a slow tackle speed; therefore, it remains unknown
if altering tackling speed before contact changes tackling
technique. Furthermore, the experimental tackles were not
completed to the ground, and that could further reduce the
generalizability of findings to actual game play. The study de-
sign does not enable any further investigation of the durability
of the behavioral modification (i.e., the robustness of the various
tackle techniques) over longer periods of time, or the trans-
fer of the behavioral modification to match play conditions.
Injury history in the subjects was not recorded, so secondary
analyses could not be conducted to determine if previous in-
jury influenced any of the participants’ motion.

CONCLUSIONS

Head inertial accelerations can be modified in a front-on,
one-on-one tackle, at slow speed within a single session by in-
structing tacklers to change the torso contact height on the ball
carrier and modifying the way they engage in player contact.
The inclusion of a tackle-specific coaching instruction training
program to alter the impulse forces to the head (i.e., head iner-
tial kinematics) during the tackle may be a viable concussion
reduction strategy.
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