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ABSTRACT

This paper assessed the weighted vest load 
arrangement and data normalization method effects 
on ground reaction forces (GRF), joint kinematics, 
and joint kinetics during the landing portion of the 
countermovement jump. Vertical GRF and sagittal 
kinematic data were obtained from 12 males and 12 
females during countermovement jump-landings in 
4 different loading arrangements (unloaded, 10% 
body mass load placed anteriorly, posteriorly, and 
split anterior/posterior). Two methods (body mass 
vs. mass*landing height) were used to normalize 
joint torques to determine whether common mass-
normalization (type A) yielded different results 
than a jump-landing specific mass*landing height 
normalization (type B) in statistical significance. 
Mixed-model analyses of variance (α=0.05) and 
effect sizes (ES) were used to assess differences 
between sexes and loading conditions for each 
normalization method. Results show that for 
normalization A, significant statistical differences 
were found between sexes for peak vertical GRF, 
hip moment, and knee moment. Pooled sex peak 
vertical GRF and hip moments showed significant 
differences when comparing the unloaded with the 
back and front-loaded conditions. For normalization 
B, the peak vertical GRF also showed significant 

differences between men and women but with 
smaller effect sizes. Only the hip moment showed 
significant differences for both normalization 
methods but changed the magnitude of its effect 
sizes. Results suggest that different normalization 
methods could be considered for joint moments 
or GRF depending on the nature of the statistical 
significance of jump height. 

Keywords: Weighted vest load; Lower limb 
kinematics and kinetics; Countermovement jump 
landings

INTRODUCTION

Maximal effort jumping and consecutive landing 
movements require a coordinated set of motions 
between the lower and upper extremities [1], [2]. 
In general, maximal effort sports movements like 
running, cutting maneuvers, and jumping contribute 
to a large percentage of non-contact injuries in 
athletes. Considering that the jumping-landing 
motion is widespread in sports like volleyball, 
basketball, and soccer [3]–[6], different training 
programs seek to improve jump performance while 
also reducing overuse injury risk during landing in 
amateur and professional players [7], [8]. Training 
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programs use different jumping maneuvers to assess 
kinematic and kinetic variables. The most common 
types are the drop vertical jump, the squat jump, and 
the countermovement jump [9]–[13]. Differences 
between the countermovement and squat jump 
have been studied for training programs considering 
muscle slack and force development [14]. The 
countermovement jump has some advantages in 
terms of reliability. It may be easier to perform than 
the drop vertical jump [15], relatively non-fatiguing, 
and requires minimal familiarization [16]. Also, it 
produces greater jump heights than the squat jump 
because the presence of a countermovement action 
facilitates more significant muscular force generation 
over more prolonged periods [2]. The considerably 
better performance for countermovement jump is 
greatly defined by the coordinated movement of the 
shoulder, elbow, hip, knee, and ankle joints [3], [17]. 

Joint displacements and moments of the hip, knee, 
and ankle are of interest when assessing the injury 
risk in non-contact situations [18], [19]. One of the 
most common injuries in athletes in non-contact 
situations is the anterior cruciate ligament (ACL) 
injury. Sex disparity has been reported for ACL injury 
rates. Regardless of sex, the ACL injury is related to 
different instances during the landing phase, such 
as the initial contact with the ground and the instant 
of maximum knee flexion. Injury to the ACL is due 
to the excessive ligament strain that occurs when 
attenuating high-ground reaction forces [20], [21]. 
Hip, knee, and ankle joints significantly contribute 
to energy dissipation when landing. Landing with 
greater hip, knee, and ankle flexion improves energy 
dissipation [22], [23] and reduces the ACL injury risk. 
Literature has reported that ground reaction forces 
(GRFs) increase as external loading is added to the 
system [19], [24] and the lower limb biomechanics 
[25]–[28] and its corresponding differences between 
genders [29]–[32]. 

Of course, performance and injury risk are closely 
related, and both need to be considered when 
developing a training program that induces physical 
performance and neuromuscular adaptation [33]. 
Using an external load is a common practice during 
training to improve jump performance and reduce 
injury risk [34]. The external load can be applied 
to the athletes as a weighted vest (WV) by holding 
dumbbells or using a barbell across the shoulders 
[35]. In the case of athletes’ training and warming-
up protocols, it is common to use a 10-15% body 
weight (BW) to enhance vertical jump height [36], 
[37]. In comparison, in the case of military training, 
it has been reported to use 25 – 100% BW as the 

external load, considering that U.S. soldiers routinely 
carry around 65% to 75% of the soldier’s BW [19], 
[38]. Weighted vests are typically positioned, 
so the load is arranged symmetrically over the 
trunk or upper body [24]. Literature has reported 
changes in posture and gait patterns with different 
loading arrangements [39]–[41], showing fewer 
modifications in biomechanical demand when the 
load is closer to the hip and the body’s center of 
mass [42], [43].

Different loading magnitudes with fixed 
loading arrangements have been studied for 
countermovement jump (CMJ) [44], [45]; however, 
asymmetrical loading causes different lower 
extremities biomechanical demands [46]. Altered 
trunk motions were observed using a weighted vest 
loading (approximately 10% body mass) such that 
half of the mass was added symmetrically over the 
trunk. During landing, increased trunk lean leads 
to greater hip and knee energy absorption and 
subsequent reduction in lower extremities injury 
potential [46]. Given that all jumping actions involve 
a requisite landing, it is reasonable to presume that 
manipulating the load arrangement in a weighted 
vest during countermovement jump landings could 
influence the joint’s mechanical outputs during 
the landing phase. We assume that the peak 
vertical GRF during the landing phase could differ 
depending on the external loading arrangement. 
This investigation focuses on the landing portion of 
a CMJ since greater peak vertical GRF during this 
phase is closely related to lower extremities injury 
risk.

Besides GRF, we will analyze joint moments during 
the landing phase. Considering that each participant 
has a different height, weight, and performance, 
we consider these factors to compare the hip, 
knee moments, and GRF properly. Traditionally, 
two methods have been used, normalizing to body 
mass [47], [48] and normalizing to body mass and 
height [2], [3]. In the case of jumping with external 
loading, literature has reported normalization of joint 
moments with respect to total mass, including the 
external loading [31] and normalizing to total mass 
and jump height [49]. In the case of GRF, previous 
studies have shown how they depend on jump height 
[26], which is another relevant factor to consider 
when normalizing the data from countermovement 
jumps [50]. 

The purpose of this study was, first, to investigate 
knee and hip flexion angles and joint moments for 
different load arrangements (back-loaded, front-
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loaded, split-loaded, and unloaded) of weighted 
vests based on inverse kinematics and inverse 
dynamics analysis in an OpenSim musculoskeletal 
model [51]–[54]. Second, to determine whether the 
effect of these arrangements on the GRF magnitude 
is different between male and female subjects. 
Third, to compare the statistical difference when 
using different normalization methods for joint 
moments and GRF. We hypothesized that there 
would be a significant difference in the magnitude 
of GRFs for the unloaded condition than the other 
conditions due to less weight on the system. Also, it 
was hypothesized that there would be significantly 
different joint flexion angles and joint moments for 
the hip and knee when comparing men and women 
due to the different landing strategies. Finally, we 
expect to find similar statistical differences between 
sex and loading conditions regardless of the 
normalization method.	

METHODS

Participants

G*Power 3.1 software [55], [56] was used to perform 
an a priori t-test for the difference between two 
independent means power analyses with jump height 
data from a previous study [35] to determine the 
necessary sample size. This analysis indicated that 
24 participants were required to achieve a proposed 
effect size of 0.70, a power (1-β) of 0.90, and an alpha 
(α) of 0.05. A sample of 24 healthy adults (26.13 ± 
3.33 years), 12 males (88.75 ± 16.36 Kg; 1.77 ± 0.07 
m), and 12 females (62.67 ± 10.32 Kg; 1.65 ± 0.06 
m) were recruited to participate in this research. The 
participants defined themselves as “recreationally 
active” due to their active participation in recreational 
sports or exercise routines that required jumping and 
landing maneuvers for at least six months before the 
start of this study. None of the participants had any 
condition or injury that would have limited their ability 
to perform maximum effort and had no recent history 
(≤ 1 year) of significant injury to the lower extremities. 
The experimental protocol has been approved, and 
ethical approval has been obtained by Institutional 
Review Board (IRB) with protocol number 864667-
3 at the data collection site. Informed consent was 
provided to the researchers. 

Experimental Protocol

Participants completed a single laboratory session 
where demographic and anthropometric measures 
were first recorded (age, gender, height, mass), 

and a protocol demonstration was provided. 
Clarification of the protocol was provided as needed 
throughout the data collection. Participants were 
given appropriate-sized athletic shoes (Vazee 
Pace v2; New Balance Athletics, Inc., Boston, 
MA) worn during all laboratory activities to control 
potential footwear effects. Participants completed 
a standardized warm-up protocol consisting of five 
minutes of walking and jogging on a treadmill at a 
self-selected pace, followed by the performance of 
five CMJ. All five CMJ attempts were separated by 
approximately 30 seconds and ranged in intensity 
from moderate to maximum.

After completing the warm-up, participants 
performed eight maximum effort CMJ during four 
experimental conditions. Each condition was 
performed with the participants wearing a weighted 
vest (Mir Vest, Inc., San Jose, CA, USA) configured 
in the following ways: zero added mass (Unloaded), 
10% body mass added symmetrically over the 
trunk (Split-loaded), 10% body mass added over 
the anterior aspect of the trunk (Front-loaded), and 
10% body mass added over the posterior aspect 
of the trunk (Back-loaded). The four conditions 
were presented such that the unloaded condition 
was performed first, after which the split-loaded, 
front-loaded, and back-loaded conditions were 
presented in a counterbalanced order, so the load 
arrangements were delivered randomly for each 
participant.

A 10-camera motion capture system (Vicon Motion 
Systems, Ltd., Oxford, UK; 200 Hz) was used to 
obtain three-dimensional kinematic data. Reflective 
spherical markers (14 mm) were adhered bilaterally 
to the participants’ trunk and lower extremities at the 
following locations: acromion process, iliac crest, 
anterior superior iliac spine, posterior superior iliac 
spine, medial and lateral aspects at the knee, and the 
medial and lateral malleoli. Individual markers were 
also placed on the C7 vertebrae, the sternoclavicular 
notch, and the sacrum. Posteriorly, three-marker 
cluster sets adhered bilaterally over the calcaneus. 
Finally, four-marker cluster sets adhered bilaterally 
to the lateral aspect of the thigh and shank. Three-
dimensional GRF data were obtained synchronously 
to the kinematic data using a dual force platform 
system (Kistler Instruments, Corp., Amherst, NY; 
1000 Hz).

Each trial began with the participants standing 
motionless in a two-footed position, with each foot 
on a force platform. For each trial, the participants 
used a self-selected countermovement depth, as 
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depth changes could reflect a response to the load 
arrangements. In addition, participants were free 
to use a preferred arm swing strategy because 
we sought to study mechanics during maximum 
performance jumps. Each foot had to contact a 
force platform when landing, and the participant 
was required to return to a motionless standing 
position. A trial was discarded and repeated in the 
following scenarios: the jump appeared submaximal 
effort, the participant could not land with each foot 
contacting an individual force platform, or could 
not return to a motionless standing position. No 
participant required more than 35 trials to perform 
32 successful trials across the four conditions.

Data Processing

OpenSim platform [57], [58] was used for data 
processing and analysis. The subject-specific 
musculoskeletal models were generated by scaling 
a three-dimensional gait model (Gait 2354) with 14 
segments, 23 degrees of freedom, 54 muscles, 
and no upper extremities [51]–[54]. Note that we 
did not collect upper extremities’ motion data 
in the experimental data collection. Therefore, 
the musculoskeletal model did not have upper 
extremities either. The OpenSim pipeline used in this 
paper includes the scaling, inverse kinematics, and 
inverse dynamics tools available in the software. This 
pipeline was proven valid and effective in previous 
literature [59], where the use of the reduced residuals 
and computed muscle control tools is included. 
The scaling process was done by adjusting each 
participant’s height, weight, and estimated inertial 
properties. After the scaling process, inverse 
kinematics (IK) analysis was conducted. The 
markers from the motion capture data matched the 
virtual markers on the model used. This process 
obtained the joint kinematics by reducing the error 
between the position of the virtual and physical 
markers during the jumping-landing task [60]. The 
joint kinematics and GRF data were used to perform 
inverse dynamics (ID). The weighted vest mass was 
not added to the model as an external load to run 
ID, and it was assumed that it would not change the 
trunk’s inertia or center of mass at the moment of 
obtaining the internal joint moments. We defined the 
flexion moment as positive for knee and hip joints. 
For this process, the GRF data were smoothed using 
a Butterworth filter with a cut-off frequency of 6 Hz. 

The results from IK and ID were then exported to 
MATLAB®, where the jumping-landing motion was 
divided into three global phases. The first phase 
was the time from the onset movement to take-off. 

The second was the flight phase (take-off to ground 
contact). The third was the landing phase [16]. 
Specifically, the vertical GRFs from the right and left 
force plates were summed to represent the overall 
GRF of the system. Then, the first phase was defined 
from the first frame (beginning of the weighting 
phase) until the vertical GRF was less than 5N. The 
second phase was defined one frame after the first 
period until the frame where the vertical GRF was 
greater than 5N. The last phase was defined one 
frame after the ending of the second period through 
the end of motion when the participant returned to a 
standing position. Since the sampling rate differed 
between the force plates and the motion capture 
data, a simple linear transformation was done to 
map the frames obtained from the GRF data to the 
IK and ID data.

Furthermore, the maximum flexion angle and moment 
were obtained for the knee and hip joints, as was 
the peak vertical GRF during the landing phase. The 
peak vertical GRF was calculated from the summed 
vertical GRF data of the two force plates to properly 
represent the total GRF acting on the body’s center 
of mass [31]. For the kinematics analysis, only the 
right limb data was used since it has been shown that 
asymmetries in sagittal joint angular displacements 
and vertical GRF are unlikely [49], [61], [62]. 

As stated, previous studies have used participant 
body mass or body mass times standing height 
[2], [3], [47], [48] to normalize the joint moments’ 
and GRF data during landings with added mass 
from consistent heights [63] or when samples are 
pooled by sex [64]. However, as mentioned in the 
introduction, a more appropriate normalization 
approach is needed for jump-landings with and 
without added mass because the fall height before 
impact can differ when accommodating the added 
mass or a novel mass arrangement. As such, we 
used two normalization approaches to determine 
whether the results of the study change by way of 
data normalization. We define normalization A as 
the method where the joint moments and GRF are 
normalized to the participants’ systems mass [31]. 
On the other hand, normalization B is defined as 
the joint moment, and GRF values are normalized to 
the system mass multiplied by landing height [49]. 
Landing height values were obtained in a previous 
study [65].

Statistical Analysis

Mean values and standard deviation (SD) were 
calculated across trials per participant for each 
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loading condition. Five mixed-model factorial 
analyses of variance (α=0.05) were carried out 
in IBM SPSS Statistics software (v29; IBM Corp., 
Armonk, NY), with sex as the between factor and 
loading condition as the within factor. If a significant 
interaction was detected, an independent sample 
t-test was used to assess sex differences for each 
loading condition. Also, a paired-sample t-test was 
used to evaluate differences between any pair 
of loading conditions among males and females. 
The Sidak adjustment was used to compare the 
main effects when no significant interaction was 
detected. The Shapiro-Wilk test was used to assess 
the normality of the data. To identify the presence of 
a meaningful effect [66], Cohen’s d effect sizes (ES) 
were obtained to normalize the magnitudes of the 
mean differences. The ES values were interpreted 
using Sawilowsky’s [67] scale (very small: ES<0.2, 
small: 0.2≤ES<0.5, medium: 0.5≤ES<0.8, large: 
0.8≤ES<1.2, very large: 1.2≤ES<2.0, and huge: 
ES≥2.0). The statistical process was conducted 
identically for both normalization methods.

RESULTS

No significant interactions were detected for hip 
(p=0.265) and knee flexion angles (p=0.226). 
Neither normalization A nor B showed significant 
interactions for the peak vertical GRF (p=0.550, 
p=0.405), hip (p=0.678, p=0.497), and knee 
(p=0.828, p=0.723) moments. Consequently, main 
effects were assessed for differences between 
sexes with pooled load condition data and among 
loading conditions with pooled sex data.

Sex effects

Sex data are presented in Table 1. Large sex 
differences were detected, with greater peak 
vertical GRF (p=0.006, ES=0.92) and greater hip 
moments for normalization A (p=0.006, ES=1.04) in 
men compared to women. A medium difference was 
detected for knee moment, with a greater magnitude 
displayed by men versus women for normalization A 
(p=0.009, ES=0.66). A medium significant difference 
was found for peak vertical GRF (p=0.045, ES=0.62) 
in the case of normalization B. No significant 
differences between men and women were found 
for hip (p=0.673, ES=0.18) and knee flexion angles 
(p=0.781, ES=0.11) or hip (p=0.404, ES=0.30) and 
knee (p=0.150, ES=0.34) moments for normalization 
B when collapsed across loading conditions.

Load Condition effects

Load condition data are presented in  For 
normalization B, a medium difference was found for 
the hip moment (p=0.027, ES=0.71) between the 
back-loaded and unloaded conditions. Similarly, 
large and medium differences were detected for 
the knee moment between the back-loaded and 
front-loaded conditions (p=0.029, ES=0.62) and 
when comparing the back-loaded and split-loaded 
conditions (p=0.009, ES=0.86).

Table 2. Considering that the effect size quantifies 
the size of the mean differences between two 
variables, it is calculated only for the pair of loading 
conditions that showed a significant difference. 
Significant differences were detected for the peak 

Table 1. Differences between Men and Women

Variables
Men Women

Mean SD Mean SD p ES
Hip Flexion Angle 72.34 32.20 67.74 20.45 0.673 0.18
Knee Flexion Angle 98.28 16.15 96.73 12.82 0.781 0.11
Normalization A
      Peak Vertical GRF* 23.21 6.14 18.39 4.67 0.006 0.92
      Hip Moment* 4.51 2.11 2.75 1.35 0.006 1.04
      Knee Moment* 2.47 1.10 1.92 0.54 0.009 0.66
Normalization B
      Peak Vertical GRF* 47.70 11.16 54.67 12.26 0.045 0.62
      Hip Moment 9.32 4.37 8.15 3.89 0.404 0.30
      Knee Moment 5.08 2.36 5.72 1.52 0.150 0.34

Note: Units of measurement for Peak Vertical GRF for Normalization A (N Kg-1), Normalization B (N Kg-1 m-1), hip and 
knee flexion angle (°), hip and knee moments for Normalization A (N m Kg-1), Normalization B (N m Kg-1) m-1); Mean: 
average across participants; SD: ± one standard deviation; p=statistical probability; ES = Cohen’s d effect size; * sig-
nificant difference between men and women (p<0.05).
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vertical GRF when collapsed across sex. Notably, 
this only happened for normalization A where large 
and medium loading condition differences were 
detected, with greater peak vertical GRF for the 
unloaded condition when compared to the back-
loaded condition (p=0.001, ES=1.09) and the front-
loaded condition (p=0.028, ES=0.71), respectively. 
In the case of the hip joint, there are large and medium 
significant differences with a greater moment for the 
unloaded condition in contrast with the back-loaded 
condition (p=0.004, ES=0.81) and the front-loaded 
condition (p=0.006, ES=0.50), for normalization A. 
For normalization B, a medium difference was found 
for the hip moment (p=0.027, ES=0.71) between the 
back-loaded and unloaded conditions. Similarly, 
large and medium differences were detected for 
the knee moment between the back-loaded and 
front-loaded conditions (p=0.029, ES=0.62) and 
when comparing the back-loaded and split-loaded 
conditions (p=0.009, ES=0.86).

DISCUSSION

This study aimed to determine whether using 
different load arrangements as a WV during the 
landing phase of a countermovement jump alters 
the GRF, kinematic and kinetic variables for the hip 
and knee joints in men and women. Following our 
first hypothesis, we observed a greater magnitude 
in the peak vertical GRF when compared to the 
unloaded with the back-loaded and front-loaded 
conditions but only for normalization A. There was 
no significant difference between the unloaded and 

the split-loaded condition, possibly because there 
was no need to accommodate an asymmetric mass 
and inertial characteristics, as it is better distributed 
over the participant’s trunk [31]. In agreement with 
previous work [49], the peak vertical GRF was 
smaller in the presence of an additional load as 
lower jump heights were achieved. In the case of our 
study, we found a similar behavior for all the loading 
arrangements (back-loaded, front-loaded, and 
split-loaded) compared to the unloaded condition. 
Other studies also show this behavior because an 
increased system mass reduces the maximum jump 
height [38], [68]. Previous studies have reported a 
5-10% increase in GRFs [63], [69], [70] in the case 
of drop jump landings, where jump height does not 
need to be considered for normalization since the 
landing height is fixed. When comparing male to 
female jumpers, it has been reported that females 
withstand higher GRF due to lesser lower limb 
stiffness [25], which is the opposite of our results. 
It has to be considered that previous studies have 
reported differences in vertical jump heights for 
females when compared to male jumpers [65], [71], 
so that factor motivated us to take two strategies at 
the time of normalizing the data. 

For the case of sex differences, we can see in Table 
1 that including the jump height as a normalization 
factor (normalization B) causes no significant 
difference in either the hip moment or the knee 
moment. This change in the significance is caused 
by the fact that jump height shows a huge significant 
difference (p<0.001, ES=2.22) when comparing 
men and women [65]. On top of that, the effect 

Table 2. Differences between Loading Conditions

Variables
Back-loaded Front-loaded Split-loaded Unloaded

Mean SD Mean SD Mean SD Mean SD p
Hip Flexion Angle 66.66 29.53 71.75 27.22 72.50 26.13 69.26 26.03 0.172
Knee Flexion Angle 97.92 14.29 99.51 15.98 98.23 13.75 94.34 14.40 0.091
Normalization A
      Peak Vertical GRF†‡ 18.85 4.71 19.94 6.69 20.44 6.07 23.98 5.12 <0.001
      Hip Moment †‡ 2.93 1.23 3.42 1.89 3.70 1.84 4.46 2.45 0.001
      Knee Moment 2.18 0.64 1.94 0.46 1.92 0.49 2.74 1.43 0.001
Normalization B
      Peak Vertical GRF 48.30 8.93 50.42 13.44 50.57 13.85 55.50 11.45 0.083
      Hip Moment † 7.38 2.78 8.47 3.96 8.93 4.25 10.16 5.08 0.008
      Knee Moment §¶ 5.57 1.23 4.94 0.86 4.70 0.84 6.38 3.43 0.013

Note: Units of measurement for Peak Vertical GRF (N Kg-1), hip and knee flexion angle (°), hip and knee moments for 
Normalization A (N m Kg-1), Normalization B (N m Kg-1 m-1); Mean: average across participants; SD: ± one standard 
deviation; p=statistical probability; † significant difference between unloaded and back-loaded conditions (p<0.05), 
‡ significant difference between unloaded and front-loaded conditions (p<0.05), § significant difference between 
front-loaded and back-loaded conditions (p<0.05), ¶ significant difference between split-loaded and back-loaded 
conditions (p<0.05).
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sizes reduced considerably since the standard 
deviation in both cases increased. As shown in 
Figures 1, 2, and 3, the data for sex difference is 
more dispersed in the case of normalization B when 
compared to normalization A. Besides the increase 
in standard deviation, in almost all cases for both 
loading and sex conditions, the effect of outliers is 
increased for normalization method B. This change 
in the magnitude and significance of this difference 
shows that in the case of comparing sex with the 
pooled loaded condition, landing height should be 
considered for the normalization. 

In the case of loading condition, Table 2 shows a 
different trend than the sex differences. For the case 
of hip moment, we can still see a significant difference 
for both normalization methods when comparing the 
back-loaded and unloaded conditions. Similar to the 
case of sex differences, the effect size got reduced 
for normalization B. Interestingly, for normalization 
method B, we can now find medium and large 
significant differences for knee moment. Similarly, 
in comparison between sexes, we can still see an 
increase in the standard deviation for normalization 
B, which is consistent with the fact that jump height 
is a dispersed variable among participants. Unlike 
the previous case, for loading conditions with pooled 

sex comparison, the differences are only small and 
very small [65]. This contrast makes us believe that 
there should be further consideration when using 
or not the landing height as a normalization factor. 
One factor to consider could be the magnitude and 
significance of the variable that is being analyzed. 
We can relate this statistical significance of landing 
height to the difference in mechanical energy for the 
variable being analyzed with or between factors like 
sex and external loading [30], [72]. 

When exploring the differences among loading 
conditions and sex (Tables 1 and 2), it was evident 
that there was an increase in the GRF with a higher 
peak hip flexion moment [73]. Previous literature 
demonstrated increased knee flexion angle during 
landing for men compared to women in loaded and 
unloaded cases, but our results in Table 1 did not 
show a significant difference for this parameter [22], 
[70]. Previous studies have reported greater energy 
absorption and lesser ACL injury risk with greater 
knee flexion. Given what was stated previously and 
the fact that the female landing strategy appears 
ligament dominant [29], there may be an excessive 
ligament strain and, consequently, increased ACL 
injury risk in females [20], [21].

Figure 1. Hip Moment in Sex and Loading Arrangement Conditions for Normalization A and B.
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Our second hypothesis was partially supported 
since there were significant differences for knee 
and hip joint moments but not for flexion angles. 
This response could be different if the participants 
were asked to jump at a maximum speed instead 
of jumping to reach a maximum height [26]. On 
the other hand, the added mass to the system was 
thought to produce a higher biomechanical demand 
that could cause a movement solution during the 
landing phase in response to the addition of an 
external stressor [74], [75]. The smaller relative 
GRF did not show this accommodation strategy, 
but it has to be considered that load and jumping 
height affects the biomechanical demand [49]. For 
that reason, we could be looking at a higher joint 
moment for men compared to women and for the 
unloaded condition compared to the other loading 
arrangements. Anyhow, since the joint flexion angle 
is not statistically significant, these joint moments 
should be analyzed from a different perspective 
where muscle activity and energy absorption 
strategies are considered [1], [35], [46]. A training 
program designed to improve jump performance 
with external loading must consider that increasing 
maximal strength relative to body mass improves 
explosiveness in lower body movements [76]. With 
this idea in mind, the percentage of body weight 

added to each athlete should be personalized 
based on their joint strength. Assuming that maximal 
strength and maximal functional strength are known 
quantities, heavier-weighted vests could be used 
with stronger athletes. 

From an ergonomics standpoint, loaded and 
unloaded jumping could cause loss of stature, 
muscular fatigue, and injuries in the lower back 
due to repeated impacts [77], [78]. In terms of 
injury risk, a limitation of this study was the lack of 
tracking for kinematic and kinetic data for the ankle 
joint because its behavior contributes to the landing 
mechanics, and the ankle sprain is another relevant 
injury in non-contact situations. Consecutive studies 
could analyze the same kinematic and kinetic 
variables over the countermovement jump phases, 
including the flight time and maximum jump height 
[79]. Another limitation to note is the small sample 
size, which was convenient for doing a study with 
five likely correlated dependent variables. Another 
factor to consider is that participants were free to 
perform the arm swing in the most comfortable 
strategy. Even when the arm swing modifies the 
countermovement jump kinematic variables [80], 
it is suggested to complete the jump without an 
arm swing [81]. The mentioned effects are only 

Figure 2. Knee Moment in Sex and Loading Arrangement Conditions for Normalization A and B.
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preliminary evidence to hypothesize the injury risk 
in lower extremities, but they should be explored 
and confirmed with future studies. Additionally, 
prospective studies could consider the effect of 
analyzing the differences between dominant and 
non-dominant limbs. It has been reported that the 
injury risk varies with kinematic and kinetic variables 
in the lower extremities, with higher ACL injury risk in 
the non-dominant leg for athletes [82]–[84]. 

CONCLUSION

This study showed vertical GRF, knee, and hip 
moments adjustment to front-loaded and back-
loaded arrangements during the countermovement 
jump. Large differences for peak GRF were observed 
to be greater for men when pooled loading condition 
data and for the unloaded condition when pooled 
sex data, using a standard mass normalization. 
With either pooled sex or loading condition, we did 
not see a significant difference in the peak hip and 
flexion angles during landing. To properly compare 
joint moments, it is necessary to pick a suitable 
normalization method that considers the statistical 
significance of the variables being compared. Our 
results suggest that considering jump height as a 
normalization factor is appropriate when comparing 

sex since it shows a significant difference with a great 
magnitude between men and women. However, 
the small differences in jump height for different 
loading arrangements propose a normalization that 
only considers the participants’ system mass. The 
different added load arrangements may be used 
in different ways depending on the user’s needs 
in terms of performance. The load accommodation 
strategy should be considered to allow for 
appropriate energy absorption and reduce the injury 
risk in the lower limb. 
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