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Hop tests were traditionally designed to assess functional 
performance in an injured leg.1,23 These tests contrast 
with so-called “analytic” tests such as isokinetic 

dynamometry, which typically examine the force output for 
single joints alone.35 The claimed advantages of these analytic 
or “isolated” tests are their ability to more closely describe the 
function of the individual components of the kinetic chain; 
however, their weakness lies in their inability to correlate fully 
with performance tasks required of athletes during their sport.2 
Clinicians may prefer the relative simplicity of functional tests 

such as single-leg hop for distance or height over dynamometry, 
which requires expensive instrumentation. Additionally, 
dynamometry may be argued as less “functional,” especially 
since the correlation between, for example, knee strength and 
hop height or hop distance is unclear. In addition, isokinetic 
dynamometry tests muscle force generation parameters in a 
nonweightbearing position in contrast to hop tests. To make 
clinical inferences, we must understand the relative 
contributions of the different components of the kinetic chain to 
performance. It has been argued that the horizontal hop is 
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Background: Single-leg vertical and horizontal hop tests are commonly used to assess performance of healthy athletes and 
as a measure of progress during rehabilitation from knee injury. It is unclear if they measure similar aspects of leg function, 
as the relative joint contributions of the hip, knee, and ankle joints during propulsion and landing are unknown.

Hypothesis: The proportion of work done by the hip, knee, and ankle will not be the same for these 2 jump types and 
will vary for propulsive and landing phases.

Study Design: Cross-sectional cohort study.

Level of Evidence: Level 3.

Methods: Twenty physically active participants completed instrumented single-leg hop analysis in both vertical and 
horizontal directions. Joint peak power, work generated or absorbed, and percentage contribution of each joint during 
propulsive and landing phases were compared between tasks using paired t tests.

Results: Vertical hop was performed with roughly similar contributions of the hip, knee, and ankle for both propulsion 
(31%, 34%, 35%, respectively) and landing (29%, 34%, 37%, respectively). Horizontal hop distance was mostly (87%) 
determined by the hip and ankle (44% and 43%), but landing was mostly (65%) performed by the knee with lesser 
contribution from the hip and ankle (24% and 11%). Propulsive phase showed a proximal-to-distal temporal sequence for 
both hop types, but landing was more complex.

Conclusion: Performance during vertical and horizontal hops (jump height and jump distance, respectively) measures 
different aspects of hip, knee, and ankle function during the propulsive and landing phases.

Clinical Relevance: Assessment of knee joint function during rehabilitation should not be done using a horizontal hop. 
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simply an inclined vertical hop and can therefore be used 
interchangeably as a performance metric.16,28 Similarly, there 
exist little data, mostly presented for bilateral tasks11,14,37 to 
inform the relative contributions of the different joints in the 
propulsive and landing phases of these tasks. In a clinical 
setting, 2-leg performance tasks allow the possibility of off-
loading the injured leg and masking any deficits. As such, when 
prescribing these tasks for testing or even training purposes, the 
clinician is not able to accurately ascertain the relative 
contribution of the hip, knee, and ankle.

These hop tests are used widely in a clinical setting because 
of their ease of administration and the use of the uninjured leg 
as a reference for comparison.12 Single-leg landing tasks are 
more representative of biomechanics during multidirectional 
sport-specific activities because of the significantly greater  
forces generated, especially the eccentric demands of the 
posterolateral hip musculature during the deceleration phase.33 
Horizontal hop and vertical hop can be classified similarly as 
having a propulsive and a landing phase. Ostensibly, the main 
difference lies in the direction of the hop. Practitioners need to 
understand the relative contribution of individual joints to 
performance to allow clinical reasoning and decisions regarding 
strength and coordination.

Accordingly, we sought to measure the individual 
contributions of these 3 joints during single-leg hop for distance 
(horizontal hop) and height (vertical hop) in a group of healthy 
athletic adult males. Specifically, the purpose of this study was 
to identify, compare, and interpret specific lower limb 
biomechanical differences or similarities between a vertical and 
horizontal hop during the propulsive and landing phase to 
inform clinicians about which task may be more appropriate for 
assessing or training specific functional characteristics.

Methods
Study Design

A cross-sectional design was used with the aim to evaluate 
lower limb biomechanical differences between vertical and 
horizontal hop tests. This single-session laboratory-based study 
was conducted between January and March 2019, at Aspetar 
Orthopaedic Sports Hospital. Ethical approval was obtained 

from the local ethics committee (F2017000227 Anti-Doping Lab 
Qatar) and all participants gave written informed consent.

Reporting of the present study followed the STROBE 
(Strengthening the Reporting of Observational Studies in 
Epidemiology) statement for cross-sectional studies.39

Participants and Eligibility Criteria

A convenience sample of 20 male adults was recruited to 
participate in the study. All participants (Table 1) were healthy 
physically active individuals, participated in sports at least 3 
times per week, had not suffered a back or lower extremity 
injury within the previous 6 months, and had no history of 
surgery to either lower extremity.

Procedures
Equipment, Participants’ Preparation, and Markers Set

All participants were evaluated at the same location by the same 
examiner (physical therapist with more than 15 years of 
experience) and wore athletic shorts and standard shoes. Data 
pertaining to age, gender, height, and body mass were recorded 
and body mass index was calculated (kg/m2). Limb dominance 
was determined by asking the participants with which limb they 
would prefer to kick a ball.36

In total, 42 reflective markers were placed according to a 
full-body Plug-in-Gait marker-set, extended with additional 
anatomical markers on the sacrum and the medial malleoli and 
3 marker clusters laterally on each thigh and shank.8 The 
motion data acquired from the participant were static 
anatomical poses and dynamic trials. During all trials, marker 
motion was captured with a 14-camera motion capture system 
(250 Hz; Vicon). During the dynamic trials, ground reaction 
forces (GRFs) were collected synchronously with marker 
trajectories using 5 in-ground force plates (1000 Hz; Kistler).

Testing Protocol

All participants initially performed a 7-minute warm-up session, 
including running, side running, deep squats, and double leg 
jumps. A physical therapist gave a verbal description and 
demonstrated both testing procedures/tasks. Subsequently, 
participants could practice until they felt comfortable with the 

Table 1.  Participant characteristics (N = 20)

Mean ± SD Range

Age, y 28.9 ± 3.6 19.5-34.3

Body mass, kg 76.1 ± 7.4 55.5-90.4

Height, cm 178 ± 6 167-192

Body mass index, kg/m2 24.1 ± 1.7 19.9-26.9

Tegner activity scale 7.4 ± 1.0 6-9
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tasks, while verbal feedback was provided. Vertical and 
horizontal hops were evaluated in a random order in terms of 
side testing to avoid potential bias.

For both tests, participants stood on a force plate, placed their 
hands over their hips, and followed a standardized procedure. 
For the vertical hop they started from an upright single-leg 
standing position before countermoving to a self-selected depth 
as fast as possible, then jumped vertically with maximum effort 
and landed on the same leg. For the horizontal hop, they were 
instructed to stand on 1 leg and jump horizontally as far as 
possible, landing on the same leg on another force plate. A 
successful trial required participants to land inside the borders 
of the force plate and to hold the final landing for at least 2 
seconds. Data were collected for both legs, and 4 successful 
trials were used for analysis.

Data Processing

A standard inverse dynamics analysis was used to calculate the 
internal moments at the hip, knee, and ankle joints.41 Kinematic 
and kinetic variables were calculated for hip, knee, and ankle 
joints for both limbs and tasks. The variables of interest were joint 
power, joint work, and percentage work contribution of each joint.

Data were processed in Visual 3D (C-Motion, Inc). Marker 
trajectories and GRFs were low-pass filtered using a zero-lag, 
fourth order, Butterworth filter with the same cutoff frequency 
of 15 Hz, a procedure consistent with published 
recommendations.3

All data were extracted at 2 phases. Propulsive phase was 
defined as 0.4 seconds prior to takeoff until takeoff, and landing 
phase from initial contact to peak knee flexion. Toe-off and 
initial contact were expressed as the point when vertical GRF 
became less than 20 N and more than 20 N, respectively.

Power was calculated as a scalar product of joint angular 
velocity and net joint moment. Work generation was calculated 
as net joint power integrated over time, during the propulsive 
phase, in regions with positive internal power and work 
absorption during the landing phase in regions with negative 
internal power. The contribution of each joint was determined 
as percentage of the sum of all 3 lower limb joints during each 
phase.30 Power and work were normalized by body mass. 
Ensemble average curves were produced for power outcomes, 
and individual work percentage calculations were made. 
Preliminary between-limb statistical testing in all parameters of 
interest indicated no significant differences; therefore, dominant 
and nondominant limbs were combined in the analysis.

Statistical Analysis

Descriptive statistics were used to summarize the characteristics 
of the participants and the measurements. Data were checked 
for normality using Shapiro-Wilk tests, analyzed using SPSS 
(Version 23.0), and statistical significance was set at P < 0.05. 
The mean of all 4 trials for each participant, for each task, was 
used to test task differences.

Data were analyzed by using paired-samples t tests, and 
Cohen d effect sizes (ESs) were calculated.6 The ES values of 

0.2, 0.5, and 0.8 were identified as the lower thresholds for 
small, moderate, and large effects, respectively. Pattern analyses 
were performed using spm1d (parametric hypothesis testing)  
(V 0.3; www.spm1d.org). Data processing and statistical 
parametric mapping were performed with MATLAB (R2018a; 
Mathworks Inc).

Results

Significant differences in joint power, work, percentage 
contribution, and temporal sequences of each joint were noted 
between the 2 hopping tasks for both propulsion and landing 
(Figures 1-3 and Table 2).

Peak Power and Work Contribution to Tasks
Within-Task Differences in Propulsion

In the horizontal hop, peak ankle power was significantly 
greater than both hip (d = 3.23) and knee (d = 5.38) peak 
power, and hip peak power was significantly greater than knee 
(d = 3.15) peak power (all P < 0.001). Work generation from the 
hip and ankle joint did not differ (P = 0.436) but was 
significantly greater than knee work (d = 4.43 and d = 4.40, 
respectively; P < 0.001).

In the vertical hop, peak ankle power was significantly greater 
than both hip (d = 1.54; P < 0.001) and knee (d = 1.38;  
P < 0.001) peak power; however, no significant differences were 
evident between hip and knee peak power (P = 0.111). Work 
generation from the knee joint did not differ significantly from 
both hip (P = 0.128) and ankle (P = 0.764) work contribution. 
Ankle joint work contribution was marginally greater than that 
of the hip joint (d = 0.42; P < 0.05).

Within-Task Differences in Landing

In the horizontal hop, peak knee power absorption was 
significantly greater than both hip and ankle peak power 
absorption (d = 1.49 and d = 3.18, respectively; P < 0.001), and 
hip peak power absorption was significantly greater than ankle 
peak power (d = 1.58; P < 0.001). The work contribution of the 
knee joint in landing was significantly greater than both the hip 
and the ankle (d = 3.59 and d = 5.22, respectively; P < 0.001) 
joint contribution, and the hip joint work contribution was 
significantly greater than the ankle (d = 1.99; P < 0.001) joint 
work contribution.

In the vertical hop, peak power absorption did not differ 
between the ankle and hip (P = 0.747); however, peak knee 
power absorption was less than both the hip (d = 0.60;  
P < 0.05) and ankle (d = 0.90; P = 0.001). The work contribution 
from the ankle joint did not differ from either the hip  
(P = 0.193) or the knee (P = 0.925) work contribution. Knee 
joint work contribution was marginally greater than that of the 
hip joint (d = 0.34; P < 0.05).

Between-Task Differences in Propulsion

The total work in propulsion was significantly greater in 
horizontal compared with vertical hop (d = 0.53; P = 0.007). 
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Peak hip and ankle power were significantly increased (d = 1.16 
and d = 2.27, respectively; P < 0.001) in horizontal compared 
with vertical hop. Conversely, peak knee power generation was 
significantly less in horizontal compared with vertical hop with 
a very large ES (d = 2.12; P < 0.001).

The relative work contribution of hip and ankle joint in 
propulsion was significantly higher (d = 1.85 and d = 1.52, 
respectively; P < 0.001), while the work contribution of the 
knee joint was significantly lower (d = 2.69; P < 0.001) in 
horizontal compared with vertical hop (Table 2, Figure 3).

Between-Task Differences in Landing

The total work in landing was significantly greater in the 
horizontal compared with vertical hop (d = 0.97; P < 0.001). 
Peak hip power absorption was moderately higher in horizontal 
compared with vertical hop (d = 0.46; P = 0.027), while knee 
peak power was substantially higher in horizontal compared 
with vertical hop (d = 3.48; P < 0.001). Peak ankle power 
absorption was higher in vertical compared with horizontal hop 
with a large ES (d = 1.05; P < 0.001).

The ankle joint work contribution in landing was greater in 
the vertical compared with horizontal hop (d = 2.69; P < 0.001). 
The knee joint had a larger and significantly greater work 
contribution in horizontal compared with vertical hop  
(d = 2.76; P < 0.001) (Table 2, Figure 3).

Discussion

The results of the present study indicate that the vertical and 
horizontal hop do not measure the same constructs of lower 
limb function. This contention is also supported by previous 
research,22,32 which showed a relatively low correlation (0.63-
0.71) between vertical and horizontal hop, suggesting that these 
2 tests measure different constructs of function.

To our knowledge, there is limited evidence explaining 
quantitatively the relative contributions of kinetic variables to 
these single-leg functional tests. There is some research 
examining contributions of the different joints during bilateral 
tasks.11,14,29,37 However, comparing the current work with these 
findings shows large differences in relative joint contributions. 
We suggest that bilateral and single-leg tasks are not 
comparable and likely involve different motor strategies.

Knee Strength and Jump Performance

Despite both vertical and horizontal hop tests displaying high 
test-retest reliability (0.88-0.99),4,5,7,10,27,38 the validity of the tests 
remains inconclusive. Statistically significant correlations have 
been documented between quadriceps strength and horizontal 
hop performance10,15,21,26,40; however, closer scrutiny of the 
underlying data may change our clinical interpretation of these 
findings. Specifically, a correlation of r = 0.36 (isokinetic 

Figure 1.  Average work done (J/kg) for the individual participants (filled dots) along with the associated boxplot and probability 
distribution of the work done for the propulsive and landing phases of each of the 3 joints, for both tasks. For the propulsion phase, 
increasing work is positive, whereas for the landing phase increasing work (absorption) is negative. Note especially the greatest 
absorption work being done by the knee during landing from the horizontal hop, whereas during propulsion the knee is the lowest 
contributor. In contrast, for the vertical hop, the contributions of the 3 joints are roughly similar (at about 1/3 of the total work) 
during both propulsion and landing.
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quadriceps peak force compared with horizontal hop distance)21 
is associated with 12.96% variance explained (r2). This matches 
the present data closely (12.9% contribution of the knee to 
horizontal hop). Similarly, other researchers reported that 
aspects of knee strength can explain 13% to 25% of the variance 
of horizontal hop performance.21,25,31 Conversely, stronger 
correlations have been reported between knee extension 
strength and vertical hop height ranging from 0.51 to 0.71,9,19,26 
which corresponds to 26% to 50% of the variance explained, 
respectively. These data appear in line with the results of the 
present study showing the knee joint accounting for 
approximately a third of the total work done.

Spatiotemporal

In both tasks, hip, knee, and ankle joints worked sequentially to 
perform these explosive movements. Peak power was observed 
earliest in the hip, then moved distally to the knee, and finally, 
the ankle during the propulsive phase. During landing, things 
were not so simple. After landing from the vertical hop, the 

ankle first absorbed with the hip and knee following roughly at 
the same time. When landing from the horizontal hop, the hip 
and ankle initiated the absorption for a short time but most of 
the work was done by the knee joint, which continued until the 
end of the landing phase (Figure 2).

Implications for Clinical Testing

During the horizontal hop, the knee joint contributed little to the 
propulsive phase, suggesting that knee joint function is poorly 
estimated by measuring single-leg hop distance. Previous 
research has shown off-loading of the anterior cruciate ligament–
reconstructed leg despite symmetrical horizontal hop distance.42 
A recent systematic review18 concluded that measuring only hop 
distance is insufficient to fully assess knee function after anterior 
cruciate ligament reconstruction, and this assumption seems 
plausible given the relative contribution of the knee joint in 
energy generation at the task. It has been suggested that patients 
may adopt compensation strategies to shift the work from the 
knee. Therefore single-leg hop performance is a measurement of 

Figure 2.  Mean (± SD cloud) of net joint power (W/kg) at the hip, knee, and ankle for the vertical (blue line) and horizontal (red 
line) hop, during propulsive and landing phases. Data were time-normalized as a percentage (0%-100%) of each phase. Horizontal 
bars/gray shading indicate significant differences between the vertical and horizontal hop. For the propulsion phase, the peaks in 
activation occurred in a proximal to distal sequence (see upper panel) whereas for landing, there was no similar clear temporal 
sequence.
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Figure 3.  Percentage work contributions from the hip (gray), knee (turquoise), and ankle (teal) joints during horizontal and vertical 
hops, for the propulsive (left) and landing (right) phase. During the vertical hop, each joint contributes approximately 1/3 of the total 
work, both in propulsive and landing phases. For the horizontal hop, the hip and ankle predominantly drive the movement with a 
total of 87% while knee joint contributes 13%. Conversely, during landing the knee joint is the main work absorber, performing 
65% of the total work.

Table 2.  Differences in spatiotemporal, peak power, work, and joint contribution between vertical and horizontal hopsa

Propulsion Landing

  Horizontal Vertical P d Horizontal Vertical P d

Peak power, W/kg Hip joint 14.32 ± 2.27 11.36 ± 2.84 <0.001 1.16 −27.67 ± 9.62 −22.28 ± 13.85 0.027 0.46

  Knee joint 6.91 ± 2.43 12.11 ± 2.48 <0.001 2.12 −43.16 ± 11.19 −17.01 ± 3.84 <0.001 3.48

  Ankle joint 24.85 ± 4.24 16.17 ± 3.41 <0.001 2.27 −14.78 ± 6.68 −21.38 ± 5.84 <0.001 1.05

Joint work, J/Kg Hip joint 2.10 ± 0.42 1.36 ± 0.38 <0.001 1.85 −1.01 ± 0.32 −1.06 ± 0.53 0.594 NA

  Knee joint 0.62 ± 0.25 1.49 ± 0.39 <0.001 2.69 −2.78 ± 0.66 −1.22 ± 0.46 <0.001 2.76

  Ankle joint 2.04 ± 0.40 1.51 ± 0.31 <0.001 1.52 −0.48 ± 0.22 −1.21 ± 0.33 <0.001 2.69

  Total work 4.77 ± 0.78 4.35 ± 0.78 0.007 0.53 −4.27 ± 0.85 −3.49 ± 0.74 <0.001 0.97

Joint work, % Hip joint 44.3 ± 6.6 31.2 ± 5.7 <0.001 2.13 23.9 ± 6.8 29.2 ± 9.6 0.001 0.65

  Knee joint 12.9 ± 4.5 34.1 ± 6.4 <0.001 3.89 64.7 ± 5.8 34.3 ± 9.3 <0.001 4.04

  Ankle joint 42.8 ± 4.5 34.7 ± 4.9 <0.001 1.72 11.4 ± 5.4 36.5 ± 12.1 <0.001 2.87

NA, not applicable.
aValues are presented as mean ± SD. Values for propulsion phase are positive, and for landing they are negative.
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total lower extremity function and is not indicative of 
performance at a particular joint.24 Future research could 
examine relative work contributions of the different joints 
comparing injured and uninjured legs independent of hop 
distance and assist in clinical reasoning during rehabilitation.

During vertical hop, all 3 joints contributed roughly equally 
during the propulsive phase. Accordingly, dysfunction in any 
one of them may relatively equally affect hop performance 
(maximum height). Vertical hop height might therefore be more 
sensitive to knee asymmetry than the horizontal hop 
performance. The higher knee joint contribution in the vertical 
compared with horizontal can explain the delay in athletes 
achieving 90% hop height symmetry after anterior cruciate 
ligament reconstruction.34

These 2 tasks are potential screening tools for the ability to 
generate or absorb power across lower limb joints. 
Incorporation of multijoint power testing during the propulsive 
and landing phases of vertical and horizontal jumps might lead 
to identification of asymmetries in lower limb joints and to more 
targeted intervention during rehabilitation.

Clinical Implications

A systematic review identified the single-leg hop for distance 
tests as the only “clinician-friendly” tests that discriminated knee 
function after anterior cruciate ligament reconstruction.13 We 
suggest that the hop for distance performance measure—
distance hopped—is mostly a reflection of the hip and ankle. 
Vertical hop has a higher performance contribution from the 
knee and may better reflect knee function than horizontal hop.

Identifying at a joint-level power absorption and generation 
during a functional task may be clinically useful in providing more 
specific information to guide the design of better targeted training. 
For example, the current data for healthy adults can be used as a 
comparison for an injured athlete and then used to direct training 
to a specific joint and mode of contraction. This may allow earlier 
identification and correction of inappropriate compensatory 
strategies in injured athletes’ rehabilitation. Importantly, the current 
data are for male patients only. Knee ligament injury has a higher 
burden in female patients, and may be related to biomechanical 
differences in gait, hopping, or jumping.17,20

Limitations

These tests were performed on healthy recreational athletes in a 
controlled laboratory environment that is not indicative of the 
environment (surface, perturbations), intensity (recreational vs 
competitive athletes), or sport demands (complex multiplanar 
movements) during game situations. Importantly, it is not 
known if similar patterns exist after injury. Also, the recruitment 
of only male participants means these results are not applicable 
to their female counterparts. Inverse dynamics analyses have 
limitations and cannot account for the effects of co-contraction, 
biarticular muscles, or elastic energy storage and return.

Conclusion

There is little similarity in physical demands between vertical 
and horizontal jump. The current study shows performance on 
a vertical hop to be relatively equally apportioned to the hip, 
knee, and ankle joints. Conversely horizontal hop performance 
is primarily a function of the hip and ankle with a knee 
contribution limited to 13%. We suggest that the horizontal hop 
test distance should be considered a poor discriminator of knee 
function and performance for these reasons. Given the different 
biomechanical demands of each functional task, both can be 
used in lower limb evaluation, but their differences need to be 
understood.
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