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ABSTRACT

This study compares force profiles during multi-joint isokinetic leg exten-
sions with the knee-hip extension phase of the countermovement jump (CMJ)
in 12 long jump athletes. Isokinetic leg press movements were performed at two
different velocities (0.1 m/s and 0.7 m/s), and CMJs were measured on dual force
plates. Force profiles were analyzed using Statistical Parametric Mapping to
assess the temporal dynamics of force generation. Additionally, bilateral force
differences between the legs for each condition were examined. The results in-
dicate that isokinetic conditions (0.1 m/s and 0.7 m/s) differ significantly from
the vertical jump in terms of force profiles. Furthermore, significant differences
were observed between the force profiles at the two isokinetic speeds. In con-
trast, bilateral force differences showed high variability and no significant dif-
ferences, suggesting that side-to-side force production is highly variable. These
findings highlight that movement velocity during isokinetic exercises influences
force-generation patterns differently than it does in dynamic, explosive move-
ments like the CMJ. The high variability in bilateral differences suggests the
complexity of force production in athletes, warranting further research. This
study provides novel insights into the temporal structure of force production and
the importance of movement velocity in the transferability of strength training
to dynamic, sport-specific movements.
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Mock et al., 2022a; Monajati et al., 2019).

In sports biomechanics and movement
science, understanding the dynamics of force
production across various motor tasks is es-
sential—not only for assessing athletic per-
formance but also for injury prevention and
rehabilitation. Isokinetic dynamometry and
vertical jump tests, such as the countermove-
ment jump (CMJ), are widely used methods
for assessing lower limb strength and pow-
er. Each of these tests imposes distinct neu-
romuscular demands and involves different
movement patterns and levels of coordination
(Guilhem et al., 2011; Mackala et al., 2013;

While these methods are predominantly
used in sports contexts, they are gaining in-
creasing relevance in therapeutic settings — for
example, in monitoring rehabilitation prog-
ress, detecting muscular imbalances, and guid-
ing therapeutic decision-making (Buckthorpe,
2019). The ability to produce force during
multi-joint, functional movements is a key in-
dicator of recovery and functional readiness in
clinical populations (Mengis et al., 2025).

Previous research has largely focused on
discrete outcome measures such as peak torque,
jump height, or maximum force to evaluate
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strength or bilateral asymmetries (Bishop et
al., 2022; Impellizzeri et al., 2007; Menzel et
al., 2013; Newton et al., 2006). However, this
reductionist approach may overlook potential-
ly important information contained in the tem-
poral structure of force production. Moreover,
correlations between performance across dif-
ferent tasks appear inconsistent, with, for in-
stance, the relationship between jump height
and isokinetic leg extension strength varying
depending on the angular velocity used during
testing (Mock et al., 2022a; Mock & Wirth,
2019). This raises questions about the com-
parability and transferability of test outcomes
across different assessment modalities.

With respect to bilateral asymmetries, find-
ings across studies also remain inconclusive.
Several investigations report weak or no as-
sociations between measures of asymmetry
derived from isokinetic testing, jump perfor-
mance, or resistance exercise tasks (Kozinc
et al., 2021; Mock et al., 2023; Newton et al.,
20006), and even within isokinetic assessments,
asymmetry magnitudes and directions often
vary across speeds and joint angles (Mock &
Wirth, 2024). These inconsistencies compli-
cate the interpretation of test results in both
performance and rehabilitation contexts.

Given this background, this study aims to
advance our understanding of multi-joint force
production and the manifestation of bilateral
asymmetries by applying Statistical Paramet-
ric Mapping (SPM) to the analysis of continu-
ous force-time profiles.

METHODOLOGY

This study investigates the differences be-
tween the force profiles of multi-joint isokinet-
ic leg extensions at two linear velocities and
vertical jumping, for total force and each leg
individually. In Addition, the trajectories of
directed bilateral differences between the legs
were compared for all three movement tasks.

Subjects

Twelve competitive track and field ath-
letes (m =6, f= 6, age 23.5 + 4.6 years, height
179.8 £ 5.3 cm, body mass 68.8 £ 9.0 kg) vol-
unteered to participate in this cross-sectional
study. Each subject was informed of the ex-
perimental risks involved in the research and
signed an informed written consent form. The
experimental protocols and procedures were
approved by the Institutional Review Board
(Nr. 2015-236b) and conformed to the stan-
dards set by the Declaration of Helsinki.

Exercise protocol

Multi-joint isokinetic leg extensions were
performed bilaterally using the ISOMED2000
isokinetic leg press device (D&R Ferstl
GmbH, Hemau, Germany) with a measuring
rate of 200 Hz. The movement start was set
to 85 degrees of knee flexion, with the move-
ment end at 170 degrees (180 degrees is full
extension). Movement start and end were de-
termined during a contracted condition of the
involved muscles. The multi-joint isokinetic
force profiles were determined at movement
velocities of 0.1 m/s and 0.7 m/s for the left
and right leg. These velocities were chosen
because they had previously been used to
investigate force performance and to show
different relationships with jumping, sprint-
ing, and squatting 1RM, as well as different
knee-angle trajectories (Mdck & Wirth, 2019;
Mock et al., 2022a; Mock et al., 2022b). The
slow condition was measured first, followed
by the fast condition, as recommended by
Perrin (1993) for isokinetic testing. For each
movement velocity, 5 attempts with an in-
ter-repetition rest of at least 30 s were mea-
sured after an individual warmup consisting
of several trials with the respective measure-
ment velocity. The participants started each
attempt individually with no command given
by the examiner. Mock et al. (2022) reported
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reliabilities for the investigated linear veloci-
ties of ICC =.921 for 0.1 m/s and ICC =.970
for 0.7 m/s, respectively.

On a double force plate system (Model
KiJump, Kistler, Winterthur, Switzerland)
with a measuring rate of 500 Hz, 5 Coun-
termovement Jumps (CMJ) were performed.
The jumps were performed using a counter-
movement from an upright starting position
to a knee flexion of about 90°, with hands
fixed at the hips and the upper body kept as
upright as possible. This prevents support
from swinging the arms or extreme torso pro-
pulsion. Wirth et al. (2016a) stated test-retest
reliability of ICC = .93 for this test.

For the CMJ, data points from the ze-
ro-crossing after the eccentric movement
phase, indicating the start of the concentric
movement phase, to the maximum force val-
ue, indicating full extension of the knee and
hip joints, were selected. For the isokinetic
leg extensions, the entire concentric move-
ment phase was analyzed because it approxi-
mates the same range of motion (RoM) of the
knee joint.

Data analysis

Data analysis was conducted in a Jupy-
ter Notebook using Python (3.0). Firstly, the
repetitions with the greatest maximum force
values were identified from the force profiles
of the three movement tasks. For the CMJ,

right leg — left leg
*k

data points from the minimum force value, in-
dicating the start of the concentric movement
phase, to the maximum force value, indicating
full extension of the knee and hip joints, were
selected. For the isokinetic leg extensions, the
entire concentric movement phase was ana-
lyzed because it approximates the same RoM
in the knee joint. The extracted force curves
had a varying number of data points due to
differences in data collection methods and in-
terindividual variability in force profiles. All
arrays for a condition were interpolated to a
common total length using the NumPy library
as a prerequisite for the SPM analysis. To de-
termine deviations in force profiles across
different measurement conditions (leg press
at 0.1 m/s, leg press at 0.7 m/s, CMJ), the
data were analyzed using the spmld Python
library. The Shapiro-Wilk test was used to test
for normal distribution of the series and indi-
cated sufficient resemblance to a normal dis-
tribution. Seven different SPM-RMANOVA
comparisons were computed for this purpose:
Comparison of absolute right leg forces, right
leg forces normalized to maximum force, left
leg forces, left leg forces normalized to max-
imum force, bipedal absolute forces, bipedal
forces normalized to maximum force, as well
as the directed bilateral difference between
the legs calculated according to Mock &
Wirth (2024) as:

100 (1)

directed bilateral dif ference =

To identify statistical differences among
force-profile constellations, significant SPM-
RMANOVA effects were further examined us-
ing post hoc paired ¢ tests across all group pairs
(1vs.2,2vs.3,and 1 vs. 3). Bonferroni correc-
tion was applied to adjust for multiple compar-
isons. Statistical significance was set at p <.05.

stronger leg

RESULTS

The SPM-RMANOVA found significant
differences in force profiles among slow/fast
1sokinetic leg extensions and CMJ across their
respective analysis conditions (right leg, right
leg normalized by maximum force, left leg,
left leg normalized by maximum force, both
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legs, both legs normalized by maximum force).

Force profiles of directed bilateral difference (Table 1).

did not differ, as SPM RMANOVA revealed

Table 1. Bonferroni-Corrected SPM-RMANOVA Results for Force Profiles and Directed Bilat-

eral Differences.
. . . ) . )
Condition F Comparison t interval 1 (interval 1) interval 2 (interval 2)
Slowgﬁis VS 3880 6.5-734%  <.001 Ins|
Rightleg  7.965 fa“gﬁs]”s' 4000 7.8-63.1%  <.001  89.9-100%  <.0l
slow press vs. Ins|
fast press
Slowgﬁisvs' 4016 79-60.7%  <.001  81.6-100% <.001
(nlsﬁgnl:fd) 8.473 fa“gﬁsfvs' 4.025 13.5-450%  <.05  745-100% <.001
slow press vs. Ins|
fast press
Slowé’ﬁ;”s' 4107 1.6-82.0%  <.001  92.2-100%  <.01
Leftleg 8391 fa“gﬁsj”s' 4037 74-599%  <.001  833-100% <.001
Sl"f‘:sf;iisss"s' 4286 48.4-574%  <.001 58.1-86.8% <.001
Slowglfﬁs"s' 4206 5.1-68.7%  <.001 863-100% <.001
(noeriglede n 8.726 faStg\‘j{SJSVS' 4105 11.0-44.1% <.001  73.7-100% <.001
SIOf‘;st;erZSSSVS' 4311 78.7-86%  <.001 Ins|
Slowgﬁis VS 3950 5.0-84.6%  <.001 Ins|
Both legs ~ 7.905 fa“gﬁsjsvs' 3.965 0.4-70.1%  <.001  94.0-100%  <.05
SI"f;VSfIr)erZSS;’S' 3.949 54.7-80.5%  <.001 Ins|
Slowgg/‘[’;”& 3969 7.4-713%  <.001  85.1-100%  <.001
fast press vs.
Both legs P 3.990 10.1-54.0% <.001  73.9-100% <.001
(normalized) 8.279 CMJ
Sl"f‘:sflrfrzsss"s' 3532 66.7-78.1%  <.001 Ins|
Bilateral
difference 8.790 [ns|

Note. Reported p values indicate significant differences between measurement conditions identified by post hoc

SPM paired t tests.

Figure 1 illustrates the force profiles and

the significantly different intervals between SPM post hoc testing.
slow/fast isokinetic leg press and CMJ in their

respective analysis conditions as suggested by
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Figure 1. Force Profile Differences Between Slow/Fast Isokinetic Leg Extensions and Coun-
termovement Jumps Across All Analysis Conditions.

Note. Significant force-profile intervals identified by SPM post hoc testing are indicated by solid and dotted lines.
Analysis conditions included right leg, left leg, both legs, normalized force conditions, and directed bilateral dif-
ference. No significant differences were found for directed bilateral difference.
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DISCUSSION

This study used SPM to advance our under-
standing of continuous multi-joint force pro-
duction during isokinetic leg press exercise.
This approach allows for a more nuanced in-
terpretation of how force develops throughout
the movement and whether asymmetries occur
consistently over time and across tasks. Such
insights could improve the diagnostic value of
functional tests in physiotherapy and support
more informed decisions about which assess-
ment tools are most appropriate for specific
clinical or rehabilitative purposes.

The study revealed significant differences
in the force profiles of isokinetic multi-joint
leg extensions and the corresponding move-
ment phase of vertical CMJs. Additionally,
the isokinetic leg press conditions demonstrat-
ed clear differences between the tested linear
velocities. No significant differences were
observed in the bilateral asymmetry profiles
across conditions, and no systematic lateral-
ization bias was expected due to the balanced
sample design.

The absence of a dominance-related bias is
supported not only by the even distribution of
preferred take-off legs in the sample but also by
previous research suggesting that even in tasks
requiring unilateral take-off, asymmetries in
the contralateral leg may not manifest. This
might be attributed to the bilateral nature of
preparatory actions, such as the approach run
in jumping tasks, which engage both limbs and
potentially reduce unilateral bias (Chaitidou
& Panoutsakopoulos, 2023). However, further
evidence is needed to clarify the role of leg
dominance in complex functional movements
and its relevance for clinical assessments.

Prior research has identified significant
correlations between isokinetic leg-press peak
force and CMJ height, with stronger associa-
tions observed at higher leg-press velocities
(Mock et al., 2022a). The present findings

refine this understanding by revealing that
time-resolved sections of the force-time curves
differ considerably between vertical jumping
and isokinetic leg press movements, particu-
larly under the slower-velocity condition. This
supports the notion that mechanical similarity
and movement velocity play important roles in
determining the degree of transfer between as-
sessment modalities. Such findings emphasize
the need to consider the dynamic structure of
a movement, not just discrete metrics such as
peak force or torque (Nelson et al., 2018).
Interestingly, the similarity in force-time
profiles between vertical jumping and fast
isokinetic leg pressing resembles patterns ob-
served in the barbell back squat under heavier
loads, as reported by Kubo et al. (2018). This
resemblance may partly explain why high-load
squat training shows better transfer to jump
performance than isolated machine-based ex-
ercises. Previous research suggests that the
dynamic and coordinative demands of squats
may align more closely with those of athlet-
ic movements, leading to superior functional
adaptations (Wirth et al., 2016a; Wirth et al.,
2016b; Mock et al., 2022a). From a therapeu-
tic perspective, this highlights the relevance
of selecting exercises not only for their ability
to generate strength but also for their biome-
chanical similarity to the target activity. It also
underscores the potential limitations of certain
machine-based exercises when used in later
stages of rehabilitation or return-to-play prepa-
ration (Wirth et al., 2016a; Wirth et al., 2016b).
Considering the distinct force-time char-
acteristics observed in this study, squats and
other dynamic multi-joint movements may
provide more favorable stimuli when the reha-
bilitation goal is to restore explosive strength
or to prepare for return to sport. In contrast,
the leg press may remain particularly useful in
the early rehabilitation stages, as it allows for
controlled loading and the isolation of specific
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muscle groups while minimizing joint stress
and compensatory patterns (Steinkamp et al.,
1993).

Moreover, the observation that higher isoki-
netic testing velocities produced force profiles
more similar to those of the CMJ supports the
idea that velocity-specific training may en-
hance the transferability of strength gains to
dynamic movements. This finding is particu-
larly relevant for late-stage rehabilitation and
performance training, where explosive power,
neuromuscular coordination, and task-specific
force production become essential. Selecting
higher movement speeds in isokinetic training
protocols might therefore facilitate improved
outcomes in tasks such as sprinting, jumping,
or change-of-direction maneuvers (Dowson et
al., 1998; Newman et al., 2004).

Regarding bilateral differences, this study
found no significant differences across con-
ditions. The large variability and overlap ob-
served in asymmetry values across all condi-
tions align with prior research indicating low
consistency in bilateral comparisons across
testing modalities and velocities (Mock &
Wirth, 2024). This variability complicates the
interpretation of asymmetry data and suggests
that such differences may be highly individ-
ual and task-dependent. Menzel et al. (2013)
similarly concluded that isokinetic and jump
performance loaded on separate factors, indi-
cating limited shared variance and thus limit-
ed predictive power across tests. These results
suggest that bilateral asymmetries in multi-
joint strength expression may not generalize
across assessment approaches and should be
interpreted in the context of the specific test
used (Mock et al., 2023).

From a therapy standpoint, the findings of
this study hold several important implications
for both assessment and intervention. The ob-
served differences in force-time characteristics
between CMJ and isokinetic leg press move-

ments emphasize the importance of exercise
specificity in both training and rehabilitation.
When the clinical or athletic objective is to
improve explosive strength, neuromuscular
timing, and dynamic stability, exercises that
closely replicate the biomechanical and coor-
dinative demands of the target activity—such
as the countermovement jump—should be
prioritized. In contrast, machine-based move-
ments like the leg press provide controlled en-
vironments that are especially useful for isolat-
ed strengthening, early load progression, and
targeted rehabilitation, for example, following
surgery or in cases of acute injury (Steinkamp
etal., 1993).

Furthermore, when assessing or addressing
bilateral asymmetries, clinicians and practi-
tioners should be cautious in interpreting data
derived from isolated tests. Given the task-spe-
cific nature of asymmetry expression, it is rec-
ommended that multiple assessments be used
to gain a comprehensive view of inter-limb
differences. This is particularly relevant in re-
turn-to-sport decision-making or in evaluating
compensatory strategies post-injury (Mdck et
al., 2023).

Future studies should continue to explore
the underlying neuromechanical mechanisms
that shape force-time characteristics across
different movement tasks and velocities. In
particular, research into muscle activation pat-
terns, intermuscular coordination, and neural
control may provide deeper insight into how
to optimize training adaptations and rehabilita-
tion strategies. By linking detailed biomechan-
ical data with clinically meaningful outcomes,
future work may contribute to more individu-
alized, effective, and phase-specific rehabilita-
tion protocols.

As with every research, several limitations
need to be kept in mind when interpreting this
study. First, the sample of 12 athletes was rel-
atively small, making the results somewhat ex-
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ploratory. However, the training status of the
participants as competitive national and inter-
national athletes was very high, highlighting a
strength of the sample. Additionally, joint an-
gles were not directly measured. Instead, the
knee angle at the turning point was visually
inspected in the CMJ, which could introduce
measurement errors. In the isokinetic leg press,
only the starting and ending joint angles were
set, without assessing the full range of motion
during the movement. Furthermore, the study
did not account for individual differences in
movement patterns, which could influence
force profiles. Future research should address
these limitations by incorporating larger sam-
ple sizes, direct joint-angle measurements, and
a more detailed analysis of movement patterns
across diverse athletic populations.

CONCLUSIONS

In conclusion, this study demonstrates that
multi-joint isokinetic leg extensions exhibit
distinct force profiles compared to ballistic
movements such as the CMJ. The results show
that movement velocity significantly affects
force profiles during isokinetic exercises, with
higher velocities more closely resembling the
dynamic patterns of CMJ. However, the study
found no clear pattern in directed bilateral
force differences across conditions, suggesting
that side-to-side variability in force generation
is high and task dependent.

These findings emphasize the importance
of considering movement velocity when in-
terpreting force production. The variability in
bilateral asymmetries highlights the need for
caution in interpreting side-to-side differences.
Future research should investigate the under-
lying mechanisms influencing these asymme-
tries to better inform training and rehabilita-
tion practices.
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