Journal of Applied Biomechanics, 2017, 33, 153-159
https://doi.org/10.1123/jab.2016-0179
© 2017 Human Kinetics, Inc.

3
Human Kinetics @
ORIGINAL RESEARCH

Vertical Jump Biomechanics Altered With Virtual Overhead Goal

Kevin R. Ford, Anh-Dung Nguyen, Eric J. Hegedus, and Jeffrey B. Taylor
High Point University

Virtual environments with real-time feedback can simulate extrinsic goals that mimic real life conditions. The purpose was to
compare jump performance and biomechanics with a physical overhead goal (POG) and with a virtual overhead goal (VOG).
Fourteen female subjects participated (age: 18.8 + 1.1 years, height: 163.2 = 8.1 cm, weight 63.0 = 7.9 kg). Sagittal plane trunk,
hip, and knee biomechanics were calculated during the landing and take-off phases of drop vertical jump with different goal
conditions. Repeated-measures ANOVAs determined differences between goal conditions. Vertical jump height displacement
was not different during VOG compared with POG. Greater hip extensor moment (P < .001%*) and hip angular impulse (P <
.004*) were found during VOG compared with POG. Subjects landed more erect with less magnitude of trunk flexion (P =
.002*) during POG compared with VOG. A virtual target can optimize jump height and promote increased hip moments and
trunk flexion. This may be a useful alternative to physical targets to improve performance during certain biomechanical testing,

screening, and training conditions.
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Vertical jump tasks are routinely performed in many team
and individual sports. For example, women’s basketball players
jump between 41-49 times, depending on their position, during
each game.! Additionally, greater jump height is advantageous for
improved performance in these sports. Therefore, training pro-
grams are often designed with the aim to improve vertical jump
performance. Plyometric training has been identified as an effective
modality that improves vertical jump performance.>~ While differ-
ent measurement devices are used to assess jump height, the use of
extrinsic (externally focused) motivation often results in improved
performance.’>”” However, some devices or feedback that could
be used to motivate improved performance may result in altered
mechanics. For instance, when a target is positioned directly over-
head as an extrinsic motivator, the focused attention or reaching for
the target may modify joint kinematics and kinetics.” Additionally,
some devices may result in a more erect trunk position that alters
lower extremity joint moments and performance.3?

The use of an extrinsic physical overhead goal improves drop
vertical jump (DVJ) performance in female athletes by promot-
ing greater knee extensor moments.'? Ford et al'® concluded that
a goal or target should be considered not only during testing but
also during training protocols to encourage maximal jump height.
An external attentional focus has also been explored by Wulf and
Dufek?® during a maximum vertical jump, with instructions to focus
on the rungs of a device placed above the subjects compared with
an internal focus of the height of their fingers. Greater vertical
jump height was identified during external focused compared with
internal focused trials.?
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As the use of technology in healthcare continues to evolve, the
use of virtual environments and biofeedback may be an efficient
and useful technique in sports performance and rehabilitation
applications to both simulate immersive environments and provide
detailed physiological or biomechanical data to the individual.!.1?
Modifications of environment with simulated targets and goals may
provide improved ability to deliver externally focused motivation.
However, maximum performance with external feedback, simulated
virtually, has not previously been compared with physical external
feedback motivation. Therefore, the first purpose of this study
was to compare center of mass displacement during drop vertical
jumps during 2 external feedback goal conditions: with a physical
overhead goal (POG) and with a virtual overhead goal (VOG). We
hypothesized that jump height would not be different during the 2
goal conditions. The second purpose was to determine the biome-
chanical differences of lower extremity joints and trunk kinematics
during the goal conditions. We hypothesized that differences would
exist between conditions.

Methods

Subjects

Fourteen female subjects participated in this study (age 19.3 = 1.2
years, height 163.2 = 8.1 cm, mass 63.0 + 7.9 kg). Informed writ-
ten consent was obtained from each subject in accordance with
the protocol approved by the institutional review board. Inclusion
criteria consisted of current or past participation on a competitive
basketball, soccer, or lacrosse team at the high school level or higher.
Subjects were excluded if they had current injuries that would limit
sport participation.

Instrumentation

Data were collected on a 3-dimensional motion analysis system
consisting of 14 digital high-resolution cameras positioned through-
out the laboratory (Raptor-12, Motion Analysis Corporation, Santa
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Rosa, CA). Cameras were calibrated based on manufacturer’s
recommendations. Two oversized force platforms were embedded
level to the laboratory floor and time-synchronized to the motion
analysis system (BP600900, AMTI, Watertown, MA).

Procedures

Subjects wore standard athletic apparel that allowed for 43 retrore-
flective markers!! to be placed directly on the skin with double-sided
tape. Markers were secured to the sternum, sacrum, left PSIS, C7, 3
locations on the upper back, and bilaterally on the shoulder, upper
arm, elbow, wrist, anterior superior iliac spine (ASIS), greater tro-
chanter, midthigh, medial and lateral knee, tibial tubercle, midshank,
distal shank, medial and lateral ankle, heel, posterior lateral foot,
anterior lateral foot, and toe. A static trial was collected in which
the subject was instructed to stand still in the anatomical position
with foot placement standardized. The static trial was used to model
the segment coordinate systems and define each tracking marker.

The mass and inertial properties for each segment were based on
sex-specific parameters from de Leva.!? The subject’s height and
body mass were included in each model.

Each subject performed standing countermovement vertical
jumps to define the target jump height used during the DV trials.?
Countermovement jumps were repeated and the height of the
overhead goal was adjusted until the maximum standing counter-
movement jump allowed the subject to touch the target with only
their fingertips. This target height was used for the physical target
and programmed as the height of the virtual target. Each subject
performed 3 trials of the DVJ. The DVIJ consisted of the subject
starting on top of a 31-cm box with their feet positioned 35 cm apart
and arms held comfortably at their side. They were instructed to
drop directly down off the box, land on both feet, and immediately
perform a maximum vertical jump, raising both arms as if they were
jumping for a basketball rebound.!'* Overhead goal conditions were
randomized between subjects. During the POG condition (Figure
1), the DVJ was performed with a physical target (fitLight trainers,

Figure 1 — Drop vertical jump was performed with a physical overhead goal (top) and virtual overhead goal (bottom). Note: Screen image was simu-

lated to illustrate actual display.
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FITLIGHT Sports Corp., Ontario, Canada) mounted at the previ-
ously determined maximum countermovement height that illumi-
nated green if touched. Participants were instructed to jump as high
as possible while focusing on hitting the physical target. The VOG
condition involved a DVJ with subjects watching a real-time model
of their reflective markers which formed a virtual stick figure within
the motion analysis software as they performed the task (Figure 1).
A round virtual target was programmed within the motion analysis
scene and positioned at the same previously determined maximum
countermovement height. Subjects were instructed to view the 95 ft?
screen directly in front of them and, when jumping, reach upward
toward the target. The wrist marker vertical position was tracked in
real-time and if it reached the same height as the virtual ball, a green
light was illuminated on the screen, indicating the target height was
achieved in a similar manner to the physical goal condition (Cortex/
Biofeedtrak, Motion Analysis Corp., Santa Rosa, CA).

Data Analysis

Marker trajectories were filtered at a cutoff frequency of 12 Hz with
a low-pass fourth-order Butterworth filter (Visual3d, C-Motion,
Inc., Germantown, MD).!5 Hip, knee, and ankle sagittal plane joint
angles were calculated for the nondominant side.'® Trunk sagittal
plane flexion and extension was calculated based on the 3-marker
cluster positioned on the posterior thorax and calculated referenced
to the laboratory coordinate system.!” Data were analyzed during the
stance phase of the initial DVJ landing. Stance phase was defined
from initial contact (unfiltered vertical ground reaction force first
exceeded 10N) to toe-off (unfiltered vertical ground reaction force
fell below 10N). The vertical position of the body center of mass
(COM) was used to further subdivide the stance phase into a landing
phase (COM moving downward) and takeoff phase (COM moving
upward until takeoff).'8 Joint angles were calculated for trunk, hip,
and knee at initial contact and maximum during the landing phase.
By convention, joint flexion was defined as a positive angular value.

The ground reaction force was filtered through a low-pass
fourth-order Butterworth filter at a cutoff frequency of 12 Hz to
minimize possible impact peak errors.'>?° Motion and force data
were used to calculate lower extremity joint moments using inverse
dynamics.?! By convention, internal sagittal plane knee and hip
moments are described in this article as positive extensor moments.
Peak extensor moments were calculated during the landing phase
of each trial and averaged.

Angular impulses were calculated for the hip and knee as
the integral of the moment curves during the entire stance phase.
Angular impulse was used as an indicator of joint moment magni-
tude and duration. Joint power was also calculated for each lower
extremity joint as the joint moment times the angular velocity.??
Specifically, the power curves were integrated during the landing
phase to represent energy absorption (negative joint work) through
eccentric muscle contractions.??

The participant’s COM was used to calculate vertical jump
displacement following take-off. Specifically, the vertical jump
displacement was computed as the difference between the body
COM maximum vertical jump height and the standing height COM.

A repeated-measures ANOVA (P < .05) was used to determine
differences in vertical jump height, trunk angular kinematics, and
nondominant hip and knee kinematics and kinetics between goal
conditions (POG, VOG). An adjusted p-value technique was used
with the multiple comparisons.?*?* Briefly, the Benjamini and Hoch-
berg technique utilizes a sequential Bonferroni type procedure to
control for false discovery rate (* indicates statistically significant
difference following adjustment to p-value). Cohen’s d effect sizes
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were calculated for each statistical comparison. Interpretations of
effect sizes were operationally defined as trivial (< 0.20), small (>
0.20 to < 0.50), medium (= 0.50 to < 0.80), and large (> 0.80).%

Results

Performance measures of maximum jump height during the DVJ
were not statistically different between the virtual and physical
target conditions (P = .733, effect size 0.018). Specifically, the
COM displacement from standing to maximum vertical displace-
ment was 40.8 £ 5.7 cm and 40.7 + 5.6 cm during VOG and POG
conditions, respectively.

Peak hip extensor moment (Figure 2) was significantly greater
during the virtual target condition compared with the physical
target (Table 1, P < .001%, effect size 0.457). Similarly, the joint
moment impulse at the hip was also significantly greater during
the VOG compared with POG (P = .004%*, effect size 0.313). Hip
energy absorption was not statistically different between conditions
following the adjusted p-value procedure but had a similar small
effect size as the joint moment impulse (Table 1, P = .047, effect
size 0.357). Knee kinetic variables were not different between goal
conditions (Table 1).

Greater trunk flexion was found, at both initial contact (P =
.018%, effect size 0.374) and maximum (P = .002%, effect size 0.832)
during the VOG compared with POG condition (Figure 3, Table 2).
In addition, increased hip flexion (Figure 2) at initial contact was
found during VOG compared with POG (P = .014%*, effect size
0.268). Maximum hip flexion angle was not statistically different
between conditions (Table 2). Furthermore, kinematic differences
between goal conditions were not statistically significant at the
knee (Table 2).

Discussion

The purpose of this study was 2-fold: to compare the COM displace-
ment during jumping with 2 types of external goal conditions and to
determine biomechanical differences between the goal conditions.
We supported our first hypothesis and found that differences in
vertical jump height were not present when subjects jumped with
the extrinsic motivation of either a physical or virtual target. This
finding is important when considering that an external goal has
been previously determined to increase performance of a vertical
jump task.!0

External focus is characterized by attention to the outcome of
the task, as opposed to internal focus, where attention is shifted to
the body movements necessary to complete a task. In this study,
both the POG and VOG served as external foci, as participants
were given an external goal and received immediate feedback on
the success of their performance. This is consistent with recent
studies that clearly support the use of an external focus for both
task instructions and feedback. Specifically, both vertical jump and
horizontal jump performance have been improved with externally
focused attention.>®2¢ Improved performance through adoption
of externally-focused attention relates to the constrained-action
hypothesis.?’ An internal focus of attention may constrain or inter-
fere with complex movements and reduce performance while an
external focus may allow self-organization of motor tasks through
automatic control processes.?’” Additionally, an external focus may
enhance movement efficiency, as muscle activation is decreased
in lifting and jumping tasks while performance either remains the
same or increases compared with an internal focus.?®?® External
focus has also been used in rehabilitation following injury to elicit
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Figure 2 — Hip and knee joint angles, moments, and powers during the ground contact phase of the drop vertical jump for the physical overhead goal
(POG) and virtual overhead goal (VOG) conditions.

Table 1 Hip and knee kinetic variables

Goal Condition

Variable POG VOG P-value Effect Size
Peak joint moment (Nm)
Hip 83.6 153 90.7 £ 15.8 <.001* 0.457
Knee 98.7+259 99.6 +20.1 .862 0.039
Joint moment impulse stance phase (Nm-s)
Hip 244 £8.5 272+94 .004* 0.313
Knee 339+ 11.6 343115 .679 0.035
Energy absorption (J)
Hip -13.0£9.6 -16.5+10.0 .047 0.357
Knee —65.6+22.5 —66.5+22.1 .673 0.040

Abbreviations: POG = physical overhead goal; VOG = virtual overhead goal.

* Statistically significant difference following adjusted p-value (Benjamini and Hochberg technique).
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Figure 3 — Trunk flexion/extension angle during the ground contact phase
of the drop vertical jump for the physical overhead goal (POG) and virtual
overhead goal (VOG) conditions.

Table 2 Joint angles

Goal Condition

Variable POG VOG P-value Effect Size
Initial contact (°)
Trunk 252+112 29+09.1 .018* 0.374
Hip 326+6.9 343+58 .014* 0.268
Knee 25.1+£89 27.1+10.2 278 0.209
Maximum (°)
Trunk 360+7.8 42.7+83 .002* 0.832
Hip 652+9.8 67.7+9.7 .079 0.256
Knee 88.7+11.0 933+15.6 .146 0.346

Abbreviations: POG = physical overhead goal; VOG = virtual overhead goal.

* Statistically significant difference following adjusted p-value (Benjamini and
Hochberg technique).

safer movement patterns by modifying hip and knee kinematics.!2-3
However, improvements from externally focused attention may not
translate to all tasks. In a recent 9-week plyometric training study,
the externally focused group improved countermovement perfor-
mance but not drop jump performance compared with participants
that trained with an internal focus of attention.?®

Our use of a virtual target was developed to determine if
modifications in performance and biomechanics would exist
specifically between the physical target and virtual target. Ver-
tical jump height was not statistically different between the 2
externally focused targets, which may warrant further research on
the use of virtual targets and feedback. Previous studies indicate
that virtual environments and real-time biofeedback have direct
implications for both rehabilitation and injury prevention.!!-31-34
Ford et al'! recently used real-time biofeedback through exter-
nally focused attention to modify knee abduction angle and
moment during double leg landings. Specifically, a decreased
knee abduction angle and moment were found with a single
bout of targeted biofeedback that used a double leg squat task.
In addition, virtual environments have been used in patients to
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create real-life scenes that intentionally influence lower extremity
movement biomechanics.?!

Our second hypothesis was partially supported. Differences
were present among several biomechanical variables, primarily at
the trunk and hip in the different jumping conditions. Clearly, the
trunk is in a more erect posture (large effect size) with a physical
overhead goal, compared with a virtual goal. Considering that the
placement of the physical overhead goal was directly overhead, this
likely forced participants to modify their trunk and hip kinematics
compared with the VOG condition, where the virtual external target
was displayed on a screen in front of them. Whether a mirror or addi-
tional type of video system would elicit similar alterations should
be investigated. Similar hip kinematic alterations were found with
decreased hip flexion in male athletes during a countermovement
with the trunk inclination angle manipulated experimentally to limit
trunk flexion.® Likewise, greater jump height has been shown to be
related to an increase in trunk flexion during the countermovement
phase of a vertical jump.3

Greater trunk and hip flexion at initial contact appears to
provide a more optimal posture to absorb the landing with the hip
musculature, as hip moments were greater during virtual compared
with physical target condition. In addition, while not statistically dif-
ferent, a trend toward greater hip energy absorption (P =.047, effect
size 0.357) was also present during virtual compared with physical
target conditions. Previous studies have generally reported increased
hip energy absorption during soft compared with stiff landings.3¢-37
Furthermore, greater hip extensor moments during landings have
been observed with the trunk in a more flexed position compared
with a more upright trunk position.’® This is consistent with the
current study where the hip joint moment peak and impulse were
increased 8.5% and 11.5%, respectively, between the 2 target condi-
tions. This result highlights the potential to use virtual environments
to promote kinematic and kinetic changes during landing activities.

Kinetic changes throughout stance (during the landing and
takeoff phases) in the hip are likely a result of increased activation
of the hip musculature. During the takeoff phase of a DVJ, individu-
als typically use a proximal to distal muscle activation pattern to
generate energy. This is based on evidence® that reports a proximal
to distal muscle activation pattern during a countermovement jump,
with lower extremity muscle activation initiated at the hip, followed
by the knee and then ankle during the takeoff phase. This is a result
of the role of the hip to first decelerate the trunk and then get the
trunk in a more vertical position before the knee extensors can
activate. Furthermore, the timing pattern between the hip and knee
was greater during a countermovement jump compared with a squat
jump, where the hip and trunk were more in a flexed position.*® This
suggests that greater hip muscle activation is needed during tasks
that position the trunk and hip in a flexed position. The positive
relationship between greater trunk flexion and greater hip extensor
muscle activation was also observed in studies that examined other
functional tasks including a forward lunge*® and running.*! Greater
hip muscle activation and hip extensor energy generation were
consistently observed with greater trunk and hip flexion.

In conclusion, jump height was not different during both
externally focused conditions. Importantly, the results indicate that
with an optimized jump height, the virtual target also promoted
increased hip moments and trunk flexion. Increased trunk flexion
and hip extensor activation is typically encouraged during knee
injury prevention training. The use of a virtual target may be a
useful alternative to physical targets to improve performance during
certain biomechanical testing, screening, and training conditions,
and should be further investigated.
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