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Biomechanical Analysis of the Countermovement Vertical Jump: Optimising Performance Efficiency and Minimising Landing Injury Risk.
1. Introduction
Vertical jumps are essential in sports like Basketball; they form the basis of explosive movements like rebounds and blocks (Debanne et al., 2024; McInnes et al., 1995). From a biomechanics perspective, the movement requires coordination across multiple joints, with performance determined by kinematics (joint angles and velocities) and kinetics (ground reaction forces). The mechanics follow Newton’s second law (F=m x a) and depend heavily on the stretch-shortening cycle, where elastic energy is stored and released in tendons during the eccentric-concentric transition (Bartlett, 2007, p. 254; McGuigan et al., 2023). 

1.1 Aim
This study investigates the biomechanics of the countermovement jump (CMJ) in a recreational basketball player using a force plate and video analysis. The focus is on evaluating jump efficiency and key performance variables (jump height, rate of force development), and on identifying landing mechanics that can increase injury risk, in particular the ACL and the patellofemoral joint (McGuigan et al., 2023; Lockie et al., 2021). 

This study will first outline the methods for data collection using a force platform (Kistler BioWare), including participant details and the protocol. Results will present force-time data (impulse, peak power) and joint angle observations from video analysis software (Dartfish). The discussion will then interpret these findings biomechanically, critically comparing them with the published literature on elite CMJ performance and injury predictors (Suchomel et al., 2019; Menzel et al., 2014).

2. Methods
2.1. 	Participants
One male athlete from the Carmarthen Kings Basketball Team volunteered for testing (age: 19, BW: 79.1kg; Height: 179cm; See Appendix One). He reported no current injuries or medical conditions that would prevent maximal effort jumping.
2.2. Protocol and Standardisation
The athlete performed three maximal CMJs, with 60 s of rest between trials to minimise fatigue (Suchomel et al., 2019). The athlete stood with their hands out in front (rather than on their hips) to isolate lower-body mechanics. Before each jump, he was instructed to descend into a self-selected countermovement, aiming for roughly 90° knee flexion before exploding upwards as high as possible while keeping his trunk vertical. A brief dynamic warm-up preceded testing. Jump height was calculated using the impulse-momentum method from force plate data, with results averaged across the three trials rather than selecting the best attempt. 
2.3. Data Collection
Jumps were performed on a Kistler Force platform (Force platform FP8 2003, Her, Kokkola, Finland), which measures the Ground Reaction Force of the Jump. This is measured with a sampling rate of 1000 Hz via Kistler BioWare Software (standard CMJ sampling; Kistler, 2022). Variables extracted included peak vertical GRF (BW-normalised), net impulse, flight-time-derived jump height, and rate of force development (McGuigan et al., 2023).  

Two-dimensional kinematic analysis was conducted using an iPad (A2602, Apple Inc.) video (30 fps) processed in Dartfish Express (Version 12), positioned in the sagittal plane. Markers are placed on: anterior superior iliac spine (ASIS), Lateral femoral condyle (knee), lateral malleolus (ankle). Angles are measured from 4 key points: at the bottom of the countermovement, take-off, Initial contact, and Peak landing flexion. 
2.4. Statistical Analysis
Data from all three trials are averaged as ± standard deviation (SD). The average of all three trials was used for analysis to account for natural trial-to-trial variability. 
3. 
Results
Three CMJ trials produced consistent kinetic data (Table 1, Appendix B). Average jump height was 29.8 ± 0.7 cm, supported by a takeoff velocity of 2.41 ± 0.03 m/s and peak power output of 3727 ± 109 W (47.1W/kg). Peak concentric GRF averaged 2.31 ± 0.27 x BW, with trial 3 producing the highest result of 2.62 x BW; this is consistent with typical team-sport ranges of 2.0 – 3.0 x BW (Moolton et al., 2021). Flight time was highly consistent at 500 ± 6 ms, suggesting that this athlete maintains stable neuromuscular control across attempts. 

Table 1.  Kinetic Performance Metrics from Force Plate Analysis (n=3 trials)
	Metric (unit)
	Trial 1 
	Trial 2
	Trial 3
	Average ± SD

	Jump Height (cm)
	30.13
	30.15
	28.98
	29.8 ± 0.7

	Takeoff Velocity (m/s)
	2.43
	2.43
	2.38
	2.41 ± 0.03

	Peak Force (N)
	1718
	1619
	2026
	1788 ± 211

	Peak Force (xBW)
	2.22
	2.09
	2.62
	2.31 ± 0.27

	Maximum Power (W)
	3698
	3634
	3847
	3727 ± 109

	Relative Power (W/kg)
	46.7
	45.9
	48.6
	47.1 ± 1.4

	Flight Time (ms)
	503
	504
	493
	500 ± 6

	Contraction Time (ms)
	833
	938
	743
	838 ± 98


BW = Body weight (775.9 N for 79.1kg athlete; F = m x g where g = 9.81m/s2) (Bartlett, 2007, p. 23). Relative power indicates explosive strength capacity. 








[image: ]Figure 1. Representative vGRF-time curve (Trial 2; full report Appendix B, Figure B1). 
 Figure 1: Vertical ground reaction force (vGRF) during Trial 2 CMJ. Peak contraction force 1619 N (2.09 x BW) at ~0.6 s; flight phase duration 504 ms; landing peak ~1300 N (1.68 x BW). Kistler force plate, 1000 Hz sampling. Complete three-trial analysis in Appendix B. 

Sagittal Kinematics from Trial 2 (Appendix A Figures 1-10) demonstrated standard CMJ patterning for an athlete in basketball (Table 2). The Baseline standing posture shows a Hip flexion angle of 91.6°, Knee flexion of 89.6° and plantar flexion angle of 86.0° (Figures A1-A2). Upon movement to the deepest part of the countermovement of 0.40m, the measured angles at the joints are the Knee flexion 89.6°, Hip flexion 95.1° and ankle dorsiflexion 113.9° (figure A3-A4). 

Upon the concentric phase of the CMJ, coordinated extension was featured: Hip Flexion 99.6°, Knee 75.7° (near full, ankle plantarflexion 72.0° at takeoff (Figures A5-A6). Landing initiated at knee 89.6°, Hip flexion 81.3° (Figures A7-A8), peaking at 63.4° at the knee and 50.0° with limited excursion (26.2° knee range), indicating a stiff absorption strategy (Figures A9-A10). 



Table 2. Sagittal Plane Joint Kinematics at Key CMJ Phases (Trial 2)
	Phase
	Hip Angle (°)
	Knee Angle (°)
	Ankle Angle (°)
	Centre of Mass Drop (m)

	Standing Baseline
	91.6
	82.2
	86.0
	-

	Bottom of Counter Movement
	95.1
	89.6
	113.9
	0.40

	Takeoff
	99..6
	75.7
	72.0
	-

	Initial Contact (Landing)
	81.3
	89.6
	133.1
	-

	Peak Landing Flexion
	50.0
	63.4
	64.6
	-



Discussion
Performance analysis: Moderate Jump Height
The calculated mean CMJ height for the athlete is 29.8 cm (47.1 W/kg), indicating moderate explosive power for a recreational athlete, which subsequently falls below the elite basketball threshold of 35-45cm (Bygate-Smith et al., 2025). This aligns with McErlain-Naylor et al. (2014), who report team sport males averaging 32-38cm, where proximal-distal sequencing optimises impulse (Appendix A5-A6). The athlete's shallow counter-movement depth (0,40 m, knee 89.6) limits stretch-shortening cycle (SSC) utilisation; however, the takeoff velocity of 2.41 m/s supports decent propulsion. Markovic et al. (2018) found that deeper CMJs (>0.50 m, knee ~100) boost height by 5-10 cm via increased net impulse, though shallow depths elevate RSI (reactive strength index) in some cohorts – a critical limitation for non-elites. 

Table D1: CMJ Depth vs Performance (Literature Comparison)
	Study
	CM Depth (m)
	Knee Flexion (°)
	Jump Height Gain (%)

	Markovic et al. 2018
	0.20 > 0.60
	60 > 120
	+ 12%

	Athlete (Trial 2)
	0.40
	89.6
	Baseline

	Elite Benchmark (Bygate-Smith et al., 2025)
	>0.50
	100-110 
	+8 - 15%



Recommendation: Add deep CMJ drills (3x8, 2x/week) targeting 100° knee Flexion to enhance SSC efficiency (see Appendix D: Training Visual).

Countermovement Technique Critique
This athlete showed minimal knee flexion (89.6°) versus the optimal 100-110° for power maximisation at the bottom of the CM (Kibler et al., 2015). With this minimal strategy, the athlete reduces their maximal flight time efficiency (500ms) despite consistent contraction (839 ms) (Appendix B). The primary study by Suchomel et al. (2020) contradicts: shallower angles (<90°) inflate RSI but compromise absolute height in non-elites; this is due to a 15-20% drop in elastic energy storage. On the contrary, McMahon et al. (2018) support individual preference, noting that self-selected depths yield 5% higher reliability in recreational athletes. 

Figure D1: Optimal vs Athlete CM Depth
[image: ]
Practical Fix: Cue “Sit Back deeper” during the 4-week plyo block (Pechlivanos et al., 2024); monitor via weekly CMJ tests (Target +3 cm height) (Sun et al., 2025). 

Landing Mechanics & PFJ/ACL Risks
The landing data is where things get more concerning from an injury-prevention standpoint. Peak knee flexion of just 63.4° combined with GRF of 2.31 x BW likely increased patellofemoral joint stress (Bisseling et al., 2007). Van der Worp et al. (2014) showed that stiff landing patterns of >2.5 x BW GRF with knee flexion less than 70° elevate patellofemoral joint loading rates by almost 30%, which is in correlation with jumper’s knee in volleyball populations. In comparison, Edwards et al. (2014) found that a verbal cue to athletes to “land softer” reduced forces by 24% and increased knee flexion angle, thereby extending impact time by 0.1 seconds. For the ACL, the athlete's initial landing flexion of 89.6° should provide some protection, as the high-risk threshold is generally considered greater than 60° (Gong et al., 2023). However, when fatigue is considered, landing mechanics can deteriorate, leading to asymmetries. 

Table D2: Landing Risk Threshold
	Risk Factor
	Athlete Value
	Safe Threshold
	Reference

	Peak GRF
	2.31 x BW
	<3.0 x BW
	Lockie et al., (2021)

	Knee Flexion (Peak)
	63.4°
	>80°
	Edwards et al., (2014)

	Landing Excursion 
	26.2° knee range
	>40°
	Puddle & Maulder (2013)


Injury Prevention: Drop jump landings (3x10, soft focus) + hip mobility. Reduces PFJ risk by 20-30% per meta-analysis (Ramirez-Campillo et al., 2022). 

Training Recommendations Visual Guide
Table D3: 4-week CMJ Optimisation Plan (Athlete – Specific)
	Week
	Drill
	Sets/Reps
	Key Cue
	Expected Gain

	1-2
	Deep CMJ
	4 x 6 
	“Knee to 100°”
	+2 cm height

	3-4
	Soft Landings
	3 x 8
	“Absorb >0.3s”
	-15% GRF Peak

	Daily 
	Hip Bridge 
	3 x 12
	Glute Activation
	Improve Sequencing


References: Pechlivanos, 2024, Ramirez-Campillo, 2024, Contreras, 2020. 
Figure D2: Weekly Schedule Infographic (Monday: Strength, Wednesday: Plyos, Sat: test CMJ – See Appendix E).
Quantities: Load 60-80% 1RM Squats; progress GRF <2.0 x BW. Monitor via app  (e.g., MyJump) (Shenfield et al., 2021; Balsalobre-Fernandez et al., 2024; Peng et al., 2024).

Limitations & Future Work
Single-trial kinematics limit reliability (ideal ≥ 3-5 CMJs plus 3D motion capture). A minimum of three valid CMJ trials is recommended to account for variability, with 3D motion capture regarded as the gold standard for multi-planar landing risk assessments (Cormack et al., 2008; Walker, 2025; Hewett et al., 2016). Future research into fatigue-induced protocols with running or jumping and re-test CMJ mechanics to quantify asymmetry changes, as in the past, fatigue has been shown to increase the knee joint asymmetry and can lead to potential injury when completing CMJs (Gao et al., 2022; Gokeler et al., 2014)

Conclusion
The athlete is to target Depth/Landing interventions. Plyometric training programmes for this athlete that emphasise deeper counter-movements and softer landings can improve CMJ performance by up to 10% while reducing the risk of lower-limb injury (Markovic, 2007; Ramirez-Campillo et al., 2022). 
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Appendices:
Appendix A: Raw Dartfish Analysis Screenshots
	Figure: Name
	Image

	Figure A1: Standing Angles
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	Figure A2: Standing Measurements
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	Figure A3: Bottom Countermovement Angles
	[image: ]

	Figure A4: Bottom Countermovement Measurements
	[image: ]

	Figure A5: Takeoff Angles
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	Figure A6: Takeoff Measurements
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	Figure A7: Initial Contact Angles
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	Figure A8: Initial Contact Measurements
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	Figure A9: Peak Landing Flexion Angle 
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	Figure A10: Peak Landing Flexion Measurement
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Appendix B: Full Kistler BioWare Force Plate Report
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Figure B1: Ground Reaction Force Curve Graph



Appendix C: Complete Data 
Figure C1: Subject Full Body Scan
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[image: ]Figure C2: Raw Data Results



Appendix D: Deep CMJ Drill infographic
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Appendix E: Weekly CMJ Training Schedule
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Appendix D: Deep CMJ Drrill (4-week plan)

&
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Target knee flexion: ~100°

Prescription

2x/week
3x8 reps (optional: 4x6)
Rest60-90's

Stop if pain

Coaching cues

 Sit back and down
* Knees track over toes
® Land softly—absorb for >0.3 s

Progression (Weeks 1-4)

Week 1-2 bodyweight | Depth | Power
add light load | Consistency | Depth . Power

load (2-5kg) | Consistency | Depth | Power

Week 3 add Consistency | Depth [ Power

height focus | Consistency | Depth | Power

Link to measures
Measure: knee angle at bottom (Dartfish) +
jump height (force plate)
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Figure D2: Weekly CMJ
Training Schedule

Monday Wednesday Saturday

|||—-|||

Strength session - Plyometric session Testing -3
- Back squat - DeepCMJ4 x6 CMJs on force
3-4x5@60-80% (knee ~100°); plate; aim:
1RM; accessories: Soft landings +3 cm height;
hip bridge 3 x 12 3x 8 (absorb>0.3s) GRF <2.0 x BW

Quantities based on 60-80% 1RM strength guidelines and
CMJ monitoring recommendations





