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Abstract: This study aimed to investigate the effect of additional loads and sex on countermovement
jump (CMJ) joint kinetics during the entire take-off impulse in males and females. Twelve female
and 13 male sport students performed vertical countermovement jumps without and with additional
loads up to +80% of body mass using a straight barbell. Ground reaction forces and body kinematics
were collected simultaneously. A significant increase was found for peak ankle power, whereas
knee and hip peak power decreased significantly as additional load increased in both males and
females. Joint work increased in each joint as additional load increased, although significance was
observed only in the hip joint. Peak power of each joint (22–47%) and total hip work (61%) were
significantly higher for males than females. Relative joint contributions to total joint work (“joint
work contribution”) remained stable as additional loads increased, whereas meaningful differences
were found in the magnitudes of joint work contribution between males and females. CMJ joint
kinetics and joint work contributions were distinctly influenced by additional load and sex. Hence,
these differences should be considered when prescribing loaded jumps for training or testing.

Keywords: joint power; joint work; vertical jumps; barbell load; jump performance; sex differences;
joint work contribution; relative joint contribution

1. Introduction

Vertical countermovement jumps (CMJs) are frequently used in strength training and
performance testing because they are simple, sport-specific, reproducible, and diagnos-
tically valuable [1–3]. Maximizing mechanical power is crucial for improving athletic
performance [4,5], and loaded jumps are frequently used to achieve this. Specifically, jump-
ing with additional loads of 20–30% body mass appears to maximize explosive strength
across a training cycle [1], and this exercise has the advantage of simple implementation
versus weightlifting derivatives [6].

Furthermore, CMJs without and with additional load (up to 80–100% of body mass)
are used to quantify an athlete’s performance level by investigating parameters such as
jump height, force, and power [7–10]. Lower body power output originates from a complex
combination of lower-limb joint contributions [11]. McErlain-Naylor et al. [12] investigated
CMJ kinetic and kinematic parameters and found that joint kinetics (especially knee and
ankle peak joint power) substantially determine CMJ performance.

Increasing additional load during jumping implicitly changes the total power output
by increasing force and decreasing velocity [13]. Moreover, CMJ load increases concentric
phase duration, net impulse, and mean force during the propulsive and braking phase
of the jump, among other kinematic and kinetic variables [1,14]. While the relationship
between load and global kinetics (i.e., net impulse, center of mass power, etc.) is well
understood [1,14], the influence of load on CMJ joint kinetics is not thoroughly investi-
gated. Previous studies [15–20] found that additional load affects joint kinetics, but the
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findings were inconsistent. Some studies reported increased lower-limb joint work [16],
whereas others reported decreases in this variable [15]. Joint power appeared unaffected or
decreased with increasing load [15,16,20]. However, individual characteristics and load
conditions might explain these inconsistencies. Some studies used weighted vests and
applied moderate loads up to 35 kg with straps close to the center of mass [15–17], while
others used straight barbells and added heavy loads up to 90% of the one-repetition max-
imum [18–20]. Discrepant findings might be caused by different positions of additional
loads. It has been shown that load position (e.g., straight versus hexagonal barbell) has
meaningful effects on body kinematics and kinetics [21]. Straight barbells are perhaps
the most commonly used loading modality in strength training and performance testing.
Studies investigating joint kinetics using straight barbells and heavy additional loads only
studied male athletes [18–20]. These studies did not report joint work, which could help to
obtain a holistic picture of the effect of load on relative joint work contributions.

Moreover, while male and female CMJ joint kinetics and the relative joint work
contributions differ [15], studies have not yet reported female joint kinetics during CMJs
with heavy loads. This jeopardizes the validity and effectiveness of CMJ parameter selection
if adhering to recommendations made from research gathered on males. This appears
to be a systematic problem; only about 63% of sports science research includes female
participants, and 3% of the studies cover females exclusively [22]. It may be erroneous to
apply evidence-based information derived from males to females, since female strength
and performance differ substantially owing to hormonal fluctuation, anthropometrics,
and training history opportunities [23–25]. Hence, a holistic picture of the effects from
heavy barbell loads on joint kinetics in males and females is still missing. This may have
implications for training prescription and test selection.

Therefore, we aimed to investigate the effect of additional loads using a straight barbell
on CMJ joint kinetics during take-off in males and females. We hypothesized that there
would be significant effects of (i) additional load on CMJ joint kinetic values, (ii) sex on
joint kinetic values, and (iii) sex on joint work contributions.

2. Materials and Methods
2.1. Participants

Twelve female (age: 24.9 ± 2.4 years, body mass: 60.6 ± 8.2 kg; body height: 1.66 ± 0.05 m)
and 13 male (age: 25.2 ± 3.9 years, body mass: 74.9 ± 6.0 kg; body height: 1.79 ± 0.08 m)
sport students volunteered to participate in this study (based on an a priori power analysis
with power of 0.9, p = 0.05, effect size 0.25, two groups, and five conditions; due to an
injury, one female participant had to be excluded and could not be replaced on time). The
participants were physically active and conducted strength training regularly (≥2 h/week)
at least for the last 2 years. Participants were informed about the experimental procedure,
aims, and potential risks, and they were excluded if they had a lower-limb injury in the
previous 6 months, cardiovascular disorders, or any reported pain that hindered vertical
jumping with additional loads.

2.2. Design

A cross-sectional design was used to determine cohort-dependent effects of additional
loads on joint kinetics during CMJ take-off. Participants attended two countermovement
jump sessions. The first one was used as a familiarization session at least 48 h prior to
the test session. Then, participants performed the test session of CMJ with progressive
load conditions.

At the beginning of the test session, participants performed a supervised warm-up,
including 10 min of low-intensity treadmill jogging, dynamic stretching, and core stability
exercises. A specific warm-up was completed including five squats with +60% of body
mass, three CMJs without additional load, and three CMJs with +40% of body mass. For
the CMJ testing, participants executed four CMJs with five different load conditions each:
+0%, +20%, +40%, +60%, and +80% of body mass as additional load in increasing order.
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Breaks of 1–2 min between jumps of the same load condition and resting time of 4 min
between load conditions were provided. Participants were instructed as follows: “step on
the force plates, stand still, and then jump as high as possible”. CMJs were unconstrained
on the basis of previous findings demonstrating higher reliability for jumps performed
without controlled countermovement depths [26].

2.3. Data Collection and Analysis

Ground reaction forces (GRFs) were measured using two separated force plates (AMTI,
Advanced Mechanical, Technology Inc., MSA-6 MiniAmp, Watertown, MA, USA) with a
sampling rate of 1000 Hz, which was downsampled to 200 Hz. Simultaneously, kinematics
were recorded using a full body marker set (Cleveland Clinic Marker Set) and a 12-camera
infrared motion capture system (Qualisys AB, Göteborg, Sweden) with a sampling rate of
200 Hz. No markers were placed on the barbell. GRF and marker trajectories were low-pass
filtered using a second-order, zero-lag Butterworth filter, with cutoff frequencies of 30 Hz
for GRF and 6 Hz for marker trajectories.

Jump height was calculated by integrating the GRF from the propulsive phase [27].
Total system load was recorded from a static position before the CMJ was initiated. The
start of the CMJ was defined as the timepoint when the GRF fell below 20 N of the total
system load. The best performance (maximum jump height) out of the four jumps at each
load condition was used for further analysis.

Segment positions and orientations were determined using an inverse kinematics
algorithm (V3D; C-Motion, Rockville, MD, USA). The definitions of the joint angles are
shown in Figure 1. Moments of inertia and centers of gravity of each segment were derived
by modeling the segments as geometric solids according to Hanavan [28]. Segment masses
were defined according to the values provided by Dempster [29].
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Figure 1. Schematic representation of the joint angle definitions.

An inverse dynamics approach was used to calculate net forces and net moments of
the hip, knee, and ankle joints (V3D; C-Motion, Rockville, MD, USA). Net joint power was
obtained by multiplying the joint moments with the respective angular velocity. Total joint
work was derived by integrating the absolute values of joint power over time [15]. Leg
symmetry was established by calculating the leg symmetry index (mean and peak GRF),
which was 3.1% and 3.2% respectively, on average across all conditions and participants.
Hence, all joint kinetic parameters were determined from the right leg. The contribution
of each joint to total work, which we consider “joint work contribution”, was defined as a
percentage of the overall total lower extremity joint work (sum of hip, knee, and ankle).

2.4. Statistical Analysis

All data are presented as group means and standard deviations (SD). A one-way
mixed ANOVA (sex) with repeated measures (load) was performed to evaluate the main
effects (Bonferroni) of load, sex, and their interaction using IBM SPSS Statistics (version
26.0; SPSS Inc, Chicago, IL, USA). Pairwise comparisons were conducted separately for
males and females for each load condition (+0%, +20%, +40%, +60%, +80%) by post hoc
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analyses (LSD). Effect size (η2) was calculated for the main effects. Significance level was
set to α = 0.05. Effect size was interpreted as small (<0.1), medium (<0.6), or large (>0.14)
according to Cohen [30].

3. Results

The statistical main effects of load, sex, and their interaction are presented in Table 1.
Joint kinetics, relative joint contributions, and jump heights are presented in Figures 2–5.
Statistical results of the pairwise comparisons for all load conditions can be found in the
Appendix A (Table A1). Joint angles at the lowest position of the CMJ are presented in the
Appendix A (Table A2).

Table 1. Statistical analysis aims (i) and (ii)—main effects of load, sex, and their interaction.

Load Sex Load * Sex

Parameter p (F) η2 p (F) η2 p (F) η2

Jump height (m) <0.001 * (631.0) 0.965 <0.001 * (28.5) 0.553 <0.001 * (20.6) 0.472
Peak power ankle (W·kg−1) <0.001 * (27.0) 0.539 0.020 * (6.3) 0.215 0.527 (0.7) 0.030
Peak power knee (W·kg−1) <0.001 * (11.7) 0.336 0.022 * (6.1) 0.208 0.616 (0.6) 0.025
Peak power hip (W·kg−1) 0.028 * (3.8) 0.142 <0.001 * (20.2) 0.467 0.846 (0.2) 0.008
Total work ankle (J·kg−1) <0.001 * (153.0) 0.869 0.387 (0.8) 0.033 0.796 (0.3) 0.014
Total work knee (J·kg−1) <0.001 * (33.1) 0.590 0.060 (3.9) 0.145 0.126 (2.0) 0.081
Total work (J·kg−1) <0.001 * (43.5) 0.654 <0.001 * (45.3) 0.663 0.098 (2.0) 0.081

* Significant difference.
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3.1. Load

Jump height decreased significantly with increasing additional load in males and
females. Post hoc pairwise comparisons revealed significant differences in jump height for
each pair of the load conditions in both cohorts.

Each kinetic parameter was significantly affected by load: peak ankle power increased
significantly in males and females, whereas maximal knee and hip power slightly decreased
with increasing additional loads. Peak ankle power was different for females at all load
conditions above 20% additional load, whereas, in males, significance was observed at
the lowest and highest loads (Figure 3). In females, significant pairwise differences of
peak knee power were found between the load condition pairs 0:40%, 0:60%, and 0:80%,
whereas, in males, each pair was significantly different except for 20:40%, 40:60%, 40:80%,
and 60:80%. Pairwise comparisons of peak hip power revealed significant differences
between the 0:60% and 0:80% load conditions in females, but nothing in males. Total ankle
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joint work increased significantly with increasing additional loads in females and males
(Figure 4).
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Pairwise comparisons of total ankle joint work revealed significant differences between
each pair in females, as well as in males. Total knee work increased in both cohorts with
increasing additional load. Pairwise comparison of the total knee work revealed several
significant differences (except for 20:40%, 40:60%, and 60:80%) in females, whereas, in
males, only one pair (60:80%) was not significant. Total hip work increased as additional
load increased in males and females. Pairwise comparisons revealed significant differences
for most load conditions (except 60:80%) in females. In comparison, males’ pairwise
comparison of total hip work showed no significant differences for the pairs 0:20%, 40:60%,
and 60:80%.

3.2. Sex

Sex significantly affected jump height, peak joint power (ankle, knee, hip), and total
work in the hip joint. Effect sizes ranged from medium to large (0.033 to 0.633) (Table 1).
Males’ pooled jump height over all load conditions was 47.9% higher than females’ jump
height. Peak power was higher in males than in females, with 22.2% (η2 = 0.215) difference
in the ankle joint, 24.5% difference in the knee joint, and 47.5% difference in the hip
joint. Total work was greater in males than in females with 18.6% higher knee joint work
(p = 0.58) and about 61% higher hip joint work.

3.3. Joint Work Contribution (Relative Joint Contributions to Total Work)

For both males and females, the relative contribution of the joints remained stable over
all load conditions (Figure 5). However, relative joint contributions to total joint work were
substantially different between sexes across all load conditions. The hip joint contribution
was higher in males (38%) than in females (30%) over all load conditions on average. The
relative ankle and relative knee joint contributions were higher in females (ankle: 24%,
knee: 46%) than in males (ankle: 19%, knee: 43%).

4. Discussion

The purpose of this study was to provide a holistic picture of CMJ joint kinetics among
males and females across different load conditions. Joint kinetics and jump height were
affected by load and most parameters by sex, whereas an interaction effect was found only
for jump height. Furthermore, while joint work contribution was hardly affected by load, it
was substantially different between sexes.

4.1. Load

The relative increase in ankle and decreases in knee and hip peak joint power with
additional load diverge from previous similar studies. Moir and colleagues [19] and Feeney
and colleagues [16] found a decrease in joint power for all three lower-limb joints, whereas
others reported no influence of additional load on joint power [15]. However, Fain, Seymore,
Lobb, and Brown [15] used relatively light weight vests (up to 35 kg) compared to Moir and
colleagues [19] and our study, which used heavy barbell loads up to 85% of one-repetition
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maximum. This could explain the discrepancies in joint power. However, none of the
mentioned studies reported an increase of ankle peak joint power. We speculate that this
difference stems from the type of vertical jump used, since Moir and colleagues [19] utilized
squat jumps (SJ) and participants performed CMJs in the current study. CMJs generally
have higher take-off velocities, resulting in larger jump heights than in squat jumps [31].
Moreover, biarticular muscles (rectus femoris and gastrocnemius) transfer energy from the
proximal to distal joints (intersegmental mechanical energy transfer) [32]. This effect is
possibly enhanced due to the additional load, which could have contributed to the observed
increase in ankle joint power. Hence, future interventions could investigate maximizing
ankle joint power to improve lower body power in athletes who frequently perform such
explosive movements under load.

Joint work significantly increased in the ankle, knee, and hip joint as additional load
increased; these findings are in line with previous studies [15–17]. Our results with heavy
barbell loads reflect similar joint work values, even though these other studies applied
relatively low additional loads via weighted vests. It is unknown if similar trends exist for
loaded jumps using alternative modalities such as a hexagonal barbell or a Smith machine.

4.2. Sex

Males jumped 47.9% higher, on average, than females across all load conditions. We
found significantly higher peak joint power for males at the ankle, knee, and hip joint, while
joint work was significantly higher only in the hip joint. Previous studies found similar
results confirming higher joint kinetics for males than for females [15,17]. Specifically, hip
joint work showed the biggest difference between males and females. Moreover, this was
the only joint kinetic parameter which was close to a significant interaction effect between
load and sex (p = 0.98); the effect of increased additional load on hip joint work was greater
in males than in females. We also observed different body kinematics between males
and females. Males had a greater hip angle than females at the deepest position of the
CMJ (males = 98◦ ± 4◦, females = 90◦ ± 4◦), resulting in a more forward trunk position
versus females. Hence, males had a greater range of motion at the hip joint. Consequently,
the hip extensors of females may not contribute to the same extent as those of males to
overall jump performance. It is known that trunk position has a substantial effect on CMJ
performance and joint kinetics (e.g., knee joint power) [33], and studies have observed
that females perform CMJ with additional load with a less inclined trunk. This could be
attributed to weaker trunk stability in females, which is partly supported by reports of
lower muscular trunk endurance in females than in males [34]. Differences in hip joint
work might explain some of the large sex differences in jump height. Moreover, jump
height was the only parameter with an interaction effect between sex and load; trunk angle
and hip work could contribute to this diverging trend. The result of a higher relative ankle
joint work contribution in females than in males is in line with previous findings [15]. It
was speculated that females might use the spring mechanics of the ankle soft tissue more
efficiently than males [15,35]. Moreover, it has been shown that females store elastic energy
in the ankle joint better than males and may use the elastic properties of the soft tissue more
efficiently in the eccentric phase of the CMJ [36,37]. Moreover, the higher relative ankle
and knee joint contribution in females compared to males might be due to a redistribution
of work between joints. This may be a result of the reduced relative hip joint contribution
in females.

4.3. Joint Work Contribution

Since relative joint contributions to total joint work were stable as additional load
increased, joint work contribution appears to be minimally unaffected by additional load in
males and females (Figure 5). Consequently, by adding additional loads in jump exercises,
the ankle, knee, and hip joint are affected in a similar way; thus, the structures around these
joints can be developed in a jump training regime accordingly.
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Relative joint contribution magnitudes obtained in the present study differ from
previous findings; we found higher knee and hip joint and lower ankle joint contributions
compared to Fain, Seymore, Lobb, and Brown [15]. Since load placement affects body
kinematics and kinetics [21], these disparities might reflect methodological differences in
additional load selection (weighted vests versus straight barbells).

We found meaningful differences between males’ and females’ joint work contri-
butions. Females’ ankle and knee joint contributions were relatively higher than males,
whereas hip joint contribution was lower. The higher knee joint contribution in females
might be explained, as discussed above, by the different trunk inclinations between males
and females. This assumption is supported by previous findings showing increased knee
joint power due to decreased trunk inclination [33]. This indicates higher knee joint load in
females than in males due to increased torques occurring in females’ knee joints. Hence,
practitioners and coaches should be aware of these effects when utilizing heavy additional
loads with females.

4.4. Limitations

To fully understand the underlying mechanisms which determine joint kinetics and
joint work contributions between males and females, a larger investigation of full-body
kinematics is required. Additionally, studying muscle activation could further explain hip
joint work contribution differences between males and females. Although we assumed
leg symmetry on the basis of previous findings [38], this aspect could be addressed in
future research by evaluating inter-limb differences in joint kinetics. We speculate that
the standardization of additional loads relative to body mass might have influenced our
findings. Standardizing loads relative to the one-repetition maximum or relative to lean
body mass could elucidate differences between males and females [39] by reducing the
effect of known differences in relative strength and lean mass characteristics. Nevertheless,
since performance testing commonly uses body mass scaling [40,41], we believe that our
current findings can be generalized across many domains.

5. Conclusions

CMJ joint kinetics during take-off are affected by additional loads in males and females.
Moreover, we conclude that males and females exhibit different and distinct joint work
contributions characterized by the near-significant interaction effect between load and sex
for hip joint work, the differences in relative joint contributions, and the discrepant hip
joint angles at the lower CMJ position. Females’ loaded CMJ performance might be limited
by weaker core stability resulting in decreased relative hip joint contribution compared
to males. Additionally, knee joint load is higher in females compared to males due to the
more upright trunk position when jumping with additional barbell loads. Hence, similar
additional barbell load leads to different joint loading and joint contribution between males
and females, which has to be considered when designing training regimes, strength testing,
and rehabilitation programs.
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Appendix A

Table A1. The p-values from the post hoc pairwise comparison of the load condition pairs (A:B).

Parameter p-Values—Load Condition Pairs (% of Body Mass)

Female 0:20 0:40 0:60 0:80 20:40 20:60 20:80 40:60 40:80 60:80

Jump height 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Peak power ankle 0.298 0.019 0.001 0.000 0.024 0.000 0.000 0.003 0.000 0.022
Peak power knee 0.066 0.039 0.031 0.027 0.466 0.490 0.203 0.911 0.304 0.122
Peak power hip 0.548 0.251 0.033 0.032 0.592 0.248 0.177 0.170 0.108 0.807
Total work ankle 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.000
Total work knee 0.022 0.002 0.001 0.001 0.091 0.022 0.013 0.530 0.009 0.072
Total work hip 0.005 0.001 0.000 0.000 0.014 0.001 0.003 0.001 0.003 0.270

Male
Jump height 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Peak power ankle 0.616 0.346 0.035 0.002 0.275 0.019 0.000 0.057 0.001 0.003
Peak power knee 0.041 0.003 0.007 0.000 0.068 0.004 0.005 0.291 0.069 0.717
Peak power hip 0.732 0.111 0.093 0.115 0.206 0.155 0.162 0.515 0.520 0.933
Total work ankle 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Total work knee 0.002 0.000 0.000 0.000 0.001 0.000 0.001 0.042 0.040 0.495
Total work hip 0.281 0.001 0.000 0.000 0.001 0.000 0.000 0.057 0.002 0.428

Table A2. Mean ± SD joint angles at the deepest countermovement position.

Joint Load Condition (% of Body Mass)

Female 0% 20% 40% 60% 80%

Hip (◦) 95.0 ± 8.6 91.9 ± 10.4 89.2 ± 10.5 88.0 ± 9.9 84.1 ± 9.6
Knee (◦) 98.6 ± 10.3 96.8 ± 11.8 95.1 ± 10.5 94.2 ± 10.5 89.6 ± 9.6
Ankle (◦) 101.7 ± 4.0 100.5 ± 4.1 99.8 ± 4.5 99.1 ± 4.6 97.7 ± 4.1

Male
Hip (◦) 102.7 ± 5.0 99.4 ± 5.3 98.8 ± 4.9 97.2 ± 6.6 92.5 ± 6.0
Knee (◦) 101.0 ± 7.6 103.0 ± 7.2 103.6 ± 6.6 102.0 ± 6.1 99.2 ± 7.0
Ankle (◦) 96.5 ± 5.4 96.6 ± 6.0 96.1 ± 5.4 95.6 ± 5.7 95.7 ± 5.6

◦ = degree.
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