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Combined heavy- and light-load ballistic training is often employed in high-
performance sport to improve athletic performance and is accompanied by ad-
aptations in muscle architecture. However, little is known about how training 
affects muscle-tendon unit (MTU) kinematics during the execution of a sport-
specific skill (e.g., jumping), which could improve our understanding of how 
training improves athletic performance. The aim of this study was to investigate 
vastus lateralis (VL) MTU kinematics during a countermovement jump (CMJ) 
following combined ballistic training. Eighteen young, healthy males completed 
a 10-week program consisting of weightlifting derivatives, plyometrics, and bal-
listic tasks under a range of loads. Ultrasonography of VL and force plate meas-
urements during a CMJ were taken at baseline, mid-test, and post-test. The 
training program improved CMJ height by 11 ± 13%. During the CMJ, VL's MTU 
and series elastic element (SEE) length changes and velocities increased from 
baseline to post-test, but VL's fascicle length change and velocity did not signifi-
cantly change. It is speculated that altered lower limb coordination and increased 
force output of the lower limb muscles during the CMJ allowed more energy to 
be stored within VL's SEE. This may have contributed to enhanced VL MTU work 
during the propulsion phase and an improved CMJ performance following com-
bined ballistic training.
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1   |   INTRODUCTION

The ability to jump high following a short ground contact 
time is fundamental to success in many sports and re-
quires high work and power outputs from the lower limb 
muscles. Mechanically, muscle fibers generate maximum 
power output only at ~1/3 of their maximum shortening 
velocity. However, in athletic tasks such as jumping, rapid 
movements are required for optimal performance and 
thus if muscle fibers were required to contract at higher 
velocities, this would reduce the amount of power the 
muscle fibers could produce.1 To enable muscle fibers to 
contract at lower shortening velocities during fast in vivo 
movements, long elastic structures (i.e., series elastic ele-
ment, SEE) in-series with the muscle (i.e., contractile el-
ement, CE) amplify power output of the muscle-tendon 
unit (MTU) by storing and then rapidly releasing energy 
during a stretch-shorten cycle,2 like a catapult. This power 
amplification is crucial for enhancing jumping perfor-
mance, even for squat jumps without a stretch-shortening 
cycle at the MTU level.3

The ability of the SEE to amplify power during jump-
ing is facilitated by the decoupling of SEE and CE length 
changes. A decoupling that involves the SEE undergoing 
the majority of the length change has been typically ob-
served during jumping, 3,4 and can be used to increase 
both SEE and CE power outputs. This is because SEE 
power output increases with the velocity of shortening 
and amount of energy stored, while CE power output is 
maximized at a slower shortening velocity.5 In a maximal 
countermovement jump (CMJ), the SEE stores energy 
during the countermovement and later, using a catapult-
like mechanism, rapidly recoils when the MTU shortens 
to amplify MTU power.3 These SEE kinematics prevent 
rapid shortening of the CE, which consequently enhances 
the MTU's power output.3,6

While our understanding of muscle-tendon interaction 
during an explosive task (such as jumping) is improving, 
we still have limited understanding of how resistance 
training alters MTU kinematics during explosive tasks 
that are crucial for successful sport performance. A popu-
lar type of training adopted by strength and conditioning 
coaches and athletes to enhance jump performance is bal-
listic training. Ballistic training emphasizes the use of low-
load exercises that allow velocity to be maximized toward 
the end of the movement (e.g., medicine ball throws, jump 
squats).7 While this training method is commonly adopted 
in elite athletes,8–10 to our knowledge there are no studies 
that have examined changes in MTU kinematics during a 
sport-specific task in response to ballistic training. There 
has been one study that has investigated muscle architec-
ture changes in response to 5 weeks of sprint and jump 
training and found an increase in resting vastus lateralis 

(VL) and rectus femoris fascicle lengths, but no increase 
in jump height.11 Whether changes in MTU kinematics 
arose from these muscle architecture adaptations during 
a sport-specific task, like jumping, were not explored. 
However, quantifying MTU interaction during sport-
specific tasks before and after ballistic training could pro-
vide important insights into why jumping performance is 
or is not improved following training involving combined 
traditional resistance training and ballistic exercises (i.e., 
multi-modal training).

We therefore aimed to quantify changes in VL MTU 
kinematics during a CMJ during (mid-training) and fol-
lowing a multi-modality heavy- and light-load resistance 
training intervention. We hypothesized that the training 
intervention would increase CMJ jump height due to 
higher ground reaction forces over a similar movement 
time.12 We also hypothesized that ballistic training would 
increase VL's SEE stretch and shortening velocities, but 
not muscle fascicle velocities, during a CMJ. This hypothe-
sis was based on the assumption that higher SEE velocities 
reflect enhanced power outputs, whereas higher muscle 
fascicle velocities do not necessarily reflect enhanced 
muscle power outputs.

2   |   METHODS

2.1  |  Participants

Eighteen healthy males (body mass: 80.1 ± 11.0  kg; 
height: 1.79 ± 0.08 m; age: 25.6 ± 4.0 years; 1-RM 
squat: 126.2 ± 32.9  kg; resistance training experience: 
2.0 ± 1.4 years), who had no pre-existing injuries or re-
cent lower limb injuries, voluntarily participated in the 
study after providing written informed consent. All par-
ticipants could competently perform a back squat and had 
undertaken a minimum of two resistance training session 
per week for the previous 6 months. The study protocol 
was approved by the Bellberry Human Research Ethics 
Committee (Application ID: HREC2016-04-269) and con-
ducted in accordance with the Declaration of Helsinki.

2.2  |  Experimental design

2.2.1  |  Training program

All participants completed a 10-week combined heavy- 
and light-load maximal ballistic training program of the 
lower body. The training program was organized into 
two five-week blocks that were separated by 1 week. 
Participants completed three supervised one-hour ses-
sions per week within each training block. The training 
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program incorporated weightlifting derivatives (i.e., mod-
ified weightlifting exercises that require less skill than 
full weightlifting movements, for example, power clean, 
hang power clean),13 lower-body plyometrics and ballistic 
movements, which were completed under a range of loads 
(Table 1). Progression from block 1 to block 2 was based 
on the principles of periodisation. This included an in-
creasing load for weightlifting derivatives, more complex 
(e.g., progressing from double to split stance) plyometrics, 
and a reduced load for jump squats (thus a presumed shift 
toward loads that produced higher peak positive power 
outputs). Plyometric and ballistic tasks were performed 
with the intent of maximizing jump height.

2.2.2  |  CMJ testing

CMJ testing was performed in the week before the train-
ing program commenced (baseline), during the week 
between block 1 and block 2 (mid-test), and in the week 
following the end of block 2 (post-test) to assess jump per-
formance metrics and muscle fascicle kinematics using 
force plate measurements and ultrasound imaging, re-
spectively. Participants commenced each testing session 
with a general then specific dynamic warmup, which 
included a variety of squat and lunging movements and 
submaximal CMJs with progressively increasing effort. A 
minimum of three unloaded CMJs, with at least 3  s be-
tween each attempt, were then performed while partici-
pants had their hands on their hips and were instructed 
to achieve maximal height. Participants were instructed 
to perform the CMJ with a depth corresponding to an ap-
proximate knee flexion angle of ~85° as this represents a 

common self-selected depth.14 Participants were provided 
with an opportunity to practice jumping with this coun-
termovement depth using feedback provided by a webcam 
(model C270, recording at 30 Hz, Logitech, Switzerland), 
where knee flexion angle was measured using 2D motion 
analysis software (V0.8.15, Kinovea).

2.3  |  Data acquisition procedures

2.3.1  |  Performance and kinetics metrics

The CMJs were performed by participants on a force 
platform (Bertec Corporation) that sampled at 2000 Hz 
(NI USB-6259 BNC, National Instruments), and the data 
were saved using custom software (V.12.0f3, National 
Instruments) for offline analysis. The data were then 
imported into Matlab (The Mathworks, Inc.) where 
custom-written scripts, modified from the method em-
ployed by Wade et al.,15 were used to calculate jump 
height. The modified method to calculate jump height 
first involved cropping vertical force between the start of 
the countermovement (defined as the point where verti-
cal force first dropped below the force of body weight) to 
the instant of take-off (defined as the point where verti-
cal force dropped below 40 N) to minimize integration 
drift errors. The force of body weight was calculated as 
the average force over 20 frames, in a period prior to the 
start of the countermovement while the participant was 
standing still. Net vertical force was calculated from the 
vertical ground reaction force, by subtracting the force 
of body weight, measured prior to each testing session, 
from the vertical ground reaction force. The acceleration 

T A B L E  1   Ten-week combined heavy- and light-load ballistic-training program

Weeks 1–5 Weeks 6–10

Exercise
Sets/
Reps Loadinga Exercise

Sets/
Reps Loading

Days 1 and 3 Days 1 and 3

Power clean 5 × 5 70% 1RM Jump squat 5 × 5 0%1RM (D1)
30%1RM (D3)

Jump squat 5 × 5 40% 1RM (D1), 50% 1RM (D3) Power clean 5 × 4 85% 1RM

Depth jump (5-s between repetition 
recovery)

b Unloaded

Day 2 Day 2

Hang power clean 4 × 5 55% 1RM (of the PC) Hang power clean 5 × 4 70% 1RM (of the PC)

Snatch grip pull 4 × 5 70% 1RM (of the PC) Snatch grip pull 5 × 4 85% 1RM (of the PC)

Plyometric rebound split squat 4 × 3 Unloaded

Abbreviations: 1RM, 1 repetition maximum; D1, day 1; D2, day 2; D3, day 3; PC, power clean.
aLoading refers to the amount of weight placed onto the bar for each activity. In all activities, the load of body weight is present.
bDepth jump volume progressed in the following fashion (sets/reps): Week 6: 3 × 3; Week 7: 3 × 4; Week 8: 4 × 4: Weeks 9 and 10: 5 × 4.
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of the participant's center of mass was calculated by di-
viding the net vertical force by the body mass measured 
prior to each testing session. The acceleration was then 
integrated to identify the participant's velocity at take-
off. Using projectile motion equations and the partici-
pant's velocity at take-off, jump height was calculated as 
the vertical displacement of the center of mass between 
take-off and the apex of the jump. The vertical ground 
reaction force trace was integrated to construct velocity- 
and displacement-time curves. The jump containing the 
highest peak positive (i.e., upward) velocity was then 
used in further analysis.

2.3.2  |  Muscle kinematic measurements

Fascicle lengths of the right leg's vastus lateralis 
(VL) were measured from images obtained via ultra-
sonography during the CMJ. A linear, 96-element, 
multi-frequency ultrasound transducer (LV7.5/60/96, 
Telemed, Lithuania) connected to a PC-based ultra-
sound system (Echoblaster 128, UAB, Telemed) was 
used to capture ultrasound images at a sound fre-
quency of 6  MHz, with a field of view of 60 × 65 mm 
(width × depth), a focus range of 18–26 mm and a frame 
rate of 80 Hz using Echowave II software (Telemed). 
While this single transducer is not able to image com-
plete VL muscle fascicles, this method was shown to be 
as accurate as a dual-transducer approach for assessing 
VL muscle fascicle length changes during a dynamic 
task.16 A 5 V signal was sent from the unit to the same 
AD board as that used to sample force to synchronize 
the ultrasound and force plate data. The transducer 
was positioned on the lateral aspect of the thigh at the 
mid-point between the greater trochanter and lateral 
epicondyle of the femur and was oriented perpendicular 
to the skin and in line with the muscle fascicles. To en-
sure consistent placement of the transducer across test-
ing sessions, the location of the transducer was marked 
on an elastic garment along with relevant anatomical 
landmarks, and multiple images were taken of the in-
strument's location on the thigh. An elastic adhesive 
compression bandage (Coban, 3-M Health Care) was 
used to secure the transducer to the thigh and prevent 
movement of the transducer relative to the skin. These 
procedures have been used before in the investigators' 
laboratory for a variety of actions, including walking17 
and jumping tasks.18

Fascicle length and pennation angle were mea-
sured directly from the ultrasound images with a 
semi-automated procedure in Matlab that uses a 
Lucas-Kanade optical flow algorithm with an affine 
optic flow extension.19 This algorithm (albeit for the 

medial gastrocnemius) has been shown to be reliable 
and in good agreement with manual tracking of fascicle 
lengths during walking and jogging,20 while it has also 
been used to measure changes in lateral gastrocnemius 
and soleus fascicle lengths during CMJs.18 This algo-
rithm tracks movement of user-defined muscle fascicle 
endpoints throughout the captured sequence of images 
within a user-defined region of interest. The fascicle 
length was measured as the calibrated distance between 
the fascicle endpoints while the pennation angle was 
defined as the angle of a line drawn between the two 
muscle fascicle endpoints relative to the horizontal. To 
reduce the error associated with initially defining the 
length and pennation angle of a representative fascicle 
within the ultrasound image field-of-view across testing 
sessions, the coordinates of the fascicle and region of in-
terest defined in the baseline measurements were saved, 
and later overlayed on the ultrasound images captured 
at mid-test and post-test while participants assumed the 
same quiet standing posture. Manual adjustments were 
made to the fascicle endpoints if they were visibly differ-
ent to those defined at baseline.

To calculate muscle-tendon unit (MTU) length, kine-
matic data of the right leg were captured throughout each 
countermovement jump using a four-camera, infrared 
motion analysis system (OptiTrack, NaturalPoint, Inc.). 
Single reflective markers were placed on the right greater 
trochanter, medial and lateral epicondyles of the right knee 
and the medial and lateral malleoli of the right ankle, and 
marker clusters (groups of four markers) were placed on the 
right thigh and shank segments. The motion capture data 
were sampled at 200 Hz using computer software (Motive, 
OptiTrack) and then processed offline (Visual 3D, C-Motion 
Inc.), which allowed fascicle data to be combined and syn-
chronized with the kinematic and kinetic data. Using a 
custom-written script (MatLab, Mathworks), the MTU 
length of VL, normalized to thigh length (NLMTU), was cal-
culated according to the following regression equation:

 where C0, C2, and C3 are correlation coefficients derived 
from Hawkins & Hull.21 β represents the knee flexion angle 
as measured in degrees. To estimate the absolute MTU 
length of VL, the normalized MTU length was multiplied by 
the thigh length of each individual as determined from the 
motion capture data.21

To estimate the length of the SEE (i.e., the length of all 
elastic material in series with the muscle, predominantly 
consisting of the free tendon and aponeurosis; LSEE), the 
following equation was used22:

(1)NLMTU = C0 + C2β + C3β2

(2)LSEE = LMTU − LFAS × cos�
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 where LMTU is the absolute MTU length of the individual as 
calculated from Equation 3 above, LFAS is the fascicle length 
of VL and θ is the pennation angle of VL.

CMJ kinetics and muscle kinematics were analyzed 
within each of the following three phases of the CMJ: (1) 
Unloading phase—from the instant when vertical ground 
reaction force drops below the force of body weight (i.e., 
the beginning of the countermovement) to the instant 
when the ground reaction force is the smallest; (2) Braking 
phase—from the end of the unloading phase to the instant 
where the COM velocity is 0 m/s (i.e., the end of the coun-
termovement), and: (3) Propulsion phase—from the end 
of the braking phase to the instant where maximum COM 
velocity occurs.

Positive impulse was calculated as the area under the 
vertical ground reaction force–time curve within each 
phase. Negative impulse was calculated by multiplying 
the force due to body weight by the same time intervals 
as for positive impulse. Subsequently, the net impulse for 
each phase was calculated by summing the positive and 
negative impulses together.

2.4  |  Statistical analysis

Two-way repeated-measures mixed-effects analyses were 
performed to identify differences in vertical ground reaction 
force, contact duration, net impulse, knee rotation ampli-
tude and velocity, and VL's MTU, SEE, and fascicle length 
change amplitudes and velocities between CMJ testing ses-
sions and CMJ phases (time × phase). One-way repeated 
measures mixed-effects analyses were used to identify dif-
ferences between CMJ testing sessions in CMJ jump height, 
CMJ depth, body mass, mean vertical ground reaction force 
over the three CMJ phases, and total CMJ contact duration. 
The Greenhouse–Geisser (epsilon hat) method was used to 
correct for violations of sphericity as sphericity was not as-
sumed.23 When a significant main effect or significant in-
teraction was identified, Tukey post hoc comparisons were 
performed to determine the specific time point during the 
training period when differences were surprising under the 
assumption of no difference. The alpha level was set at 5%, 
and statistical analysis was performed using commercially-
available software (GraphPad Prism 9.1.2, USA). Data are 
presented as mean ± standard deviation in the text.

3   |   RESULTS

3.1  |  CMJ performance

The ten-week combined ballistic training program sig-
nificantly improved CMJ jump height (F1.90,32.32  =  6.69, 

p  =  0.004) from baseline to post-test (change in jump 
height: 3.2 ± 4.2 cm [95% CI: 0.7 to 5.7], p  =  0.011), but 
not from baseline to mid-test (change in jump height: 
1.0 ± 3.4 cm [−1.1 to 3.1], p = 0.442) or from mid-test to 
post-test (change in jump height: 2.2 ± 3.9 cm [−0.1 to 4.6], 
p = 0.066; Figure 1). CMJ depth also changed significantly 
over the course of the training program (F1.70,28.81 = 6.17, 
p = 0.008), where CMJ depth significantly increased from 
mid-test to post-test (change in depth: 4.1 ± 1.1 cm [1.3 to 
6.8], p = 0.004), but no significant changes occurred from 
baseline to mid-test (change in depth: −1.2 ± 4.5 cm [−3.9 
to 1.5], p  =  0.520) or from baseline to post-test (change 
in depth: 2.9 ± 6.0 cm [−0.8 to 6.5], p = 0.134). Body mass 
did not significantly change over the training period 
(F1.53,26.02 = 0.41, p = 0.612; change in body mass between 
baseline and post-test: ≤0.3 kg).

3.2  |  CMJ kinetics

To jump higher, participants significantly reduced their 
mean vertical ground reaction force (time × phase inter-
action: F2.30,39.09 = 15.49, p < 0.001) during the unloading 
phase (mean mid-test and post-test reduction from base-
line: 68 ± 103 N [5 to 130], (p = 0.032) and 127 ± 78 N [79 to 
174], (p < 0.001), respectively), while significantly increas-
ing their mean vertical ground reaction forces during the 
braking (mean mid-test and post-test increase from base-
line: 75 ± 78 N [27 to 122], (p =  0.002) and 95 ± 64 N [56 
to 133], (p < 0.001), respectively) and propulsion phases 
(mean mid-test and post-test increase from baseline: 
70 ± 88 N [17 to 123], (p = 0.010) and 59 ± 85 N [7 to 110], 
(p = 0.024), respectively; Figure 2). These changes led to 
a significant increase in the mean vertical ground reac-
tion force during the combined unloading, braking, and 
propulsion phases (F1.90,32.21 = 22.64, p < 0.001) from base-
line to mid-test (change in mean vertical ground reaction 
force: 62 ± 59 N [26 to 98], p = 0.001) and from baseline to 
post-test (change in mean vertical ground reaction force: 
82 ± 52 N [50 to 113], p < 0.001).

The total CMJ contact duration significantly decreased 
(F1.85,31.39  =  12.01, p < 0.001) from baseline to mid-test 
(−0.17 ± 0.21 s [−0.30 to −0.04], p = 0.008) and from base-
line to post-test (−0.20 ± 0.19 s [−0.32 to −0.09], p = 0.001) 
due to a significantly faster braking phase (see kinemat-
ics). This resulted in a significantly earlier onset of the pro-
pulsion phase (time × phase interaction: F1.77,30.07 = 12.53, 
p < 0.001) at post-test (0.60 ± 0.08 s [0.09 to 0.30], p < 0.001) 
compared with baseline (0.80 ± 0.19 s). The mean net 
impulse (time × phase interaction: F1.47,24.95  =  6.64, 
p  =  0.009), which was negative during the unloading 
phase, significantly increased (i.e., became more negative) 
from baseline to mid-test (change in mean net impulse: 
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−19 ± 16 N s [−28 to −9], p < 0.001) and from baseline to 
post-test (change in mean net impulse: −26 ± 15 N·s [−35 
to −17], p < 0.001). The mean net impulses, which were 
positive during the braking and propulsion phases, signifi-
cantly increased only from baseline to post-test (change in 
mean net braking impulse: 25 ± 17 N·s [15 to 35], p < 0.001; 

change in mean net propulsion impulse: 16 ± 17 N·s [5 to 
26], p = 0.003).

3.3  |  CMJ kinematics

The knee flexion amplitude (time × phase interaction: 
F2.28,38.91  =  3.16, p  =  0.047) during the unloading phase 
significantly increased from baseline to post-test (change 
in knee flexion amplitude: 7.4 ± 11.4° [0.5 to 14.4], 
p  =  0.034), but not from baseline to mid-test (change 
in knee flexion amplitude: 5.4 ± 9.3° [−0.2 to 11.0], 
p = 0.062). There were no significant changes in knee flex-
ion amplitude during the braking phase from baseline to 
mid-test (change in knee flexion amplitude: −1.6 ± 28.8° 
[−19.0 to 15.9], p  =  0.971) or from baseline to post-test 
(change in knee flexion amplitude: 2.3 ± 23.8° [−12.1 to 
16.7], p = 0.912). During the propulsion phase, the knee 
extension amplitude significantly increased from baseline 
to post-test (change in knee flexion amplitude: 13.0 ± 16.3° 
[3.1 to 22.9], p = 0.010), but not from baseline to mid-test 
(change in knee flexion amplitude: 3.8 ± 21.9° [−9.5 to 
17.0], p = 0.751).

In line with the significant increases in knee range 
of motion during the unloading and propulsion phases 
from baseline to post-test only, significant time × phase 
interactions were identified for both VL's MTU length 
change amplitude (F3.19,54.22 = 3.53, p = 0.019) and SEE 
length change amplitude (F3.03,51.48  =  3.33, p  =  0.026; 
Figures 3,4). For the unloading phase, the SEE lengthen-
ing amplitude increased significantly between baseline 

F I G U R E  1   (A) Individual vertical jump heights (open circles, n = 18) and B) mean paired differences (point estimate ±95% confidence 
interval [CI]) between countermovement jumps performed at baseline, mid-test (Mid), and post-test (Post) of the 10-week combined ballistic 
training program. Solid lines link the same participant. * and a 95% CI that does not cross zero indicates a significant difference between 
baseline and post-test (p = 0.011), whereas “ns” and an overlapping 95% CI with zero indicates no significant difference between baseline 
and mid-test (p = 0.442) and mid-test and post-test (p = 0.066). Tukey post hoc comparisons controlled the family-wise error rate at 5% and 
were computed with individual variances.
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and post-test (change in SEE lengthening amplitude: 
9.1 ± 13.4 mm [0.9 to 17.2], p = 0.028) and between base-
line and mid-test (change in SEE lengthening ampli-
tude: 7.4 ± 11.9 mm [0.2 to 14.6], p  =  0.044). However, 
a significant increase in the MTU lengthening ampli-
tude was not identified (mean mid-test and post-test 
change from baseline: 6.7 ± 13.3 mm [−1.3 to 14.7], 
(p = 0.112) and 8.6 ± 15.0 mm [−0.4 to 17.7], (p = 0.064), 
respectively). In the propulsion phase, both MTU and 
SEE increased their shortening amplitudes between 
baseline and post-test (change in MTU shortening am-
plitude: 9.5 ± 10.3 mm [3.3 to 15.8], p  =  0.003; change 
in SEE shortening amplitude: 10.8 ± 15.2 mm [1.6 to 
19.9], p  =  0.020). However, VL's muscle fascicles did 
not lengthen or shorten significantly more during the 
respective unloading or propulsion phases, or during 
the braking phase (main effect of time: F1.88,31.90 = 0.78, 
p  =  0.458; time × phase interaction: F2.38,40.47  =  1.07, 
p = 0.362).

A significant time × phase interaction effect was found 
for both contact duration (F3.07,52.21 = 5.64, p = 0.002) and 
knee flexion velocity (F3.14,53.40 = 12.56, p < 0.001). Despite 
a significant increase in knee flexion amplitude during 
the unloading phase from baseline to post-test, there 
was no significant difference in the unloading duration 
(−0.04 ± 0.11 s [−0.10 to 0.03], p = 0.335), and therefore, 
knee flexion velocity during this phase significantly in-
creased from baseline to post-test (change in knee flex-
ion velocity: 45.1 ± 53.8°·s [12.5 to 77.6], p  =  0.007). In 
line with these changes, VL's MTU velocity (time × phase 
interaction: F2.59,43.95 = 5.88, p = 0.003) and SEE velocity 
(time × phase interaction: F2.74,46.62 = 5.43, p = 0.004) also 
significantly increased during the unloading phase from 
baseline to post-test (change in MTU lengthening veloc-
ity: 54.4 ± 69.0 mm·s [12.7 to 96.2], p  =  0.010; change in 
SEE lengthening velocity: 51.9 ± 67.0 mm·s [11.4 to 92.4], 
p = 0.012; Figure 5).

As the braking phase duration significantly decreased 
from baseline to mid-test (0.12 ± 0.16 s [0.02 to 0.22], 
p = 0.015) and from baseline to post-test (0.16 ± 0.12 s [0.08 
to 0.23], p < 0.001), the knee flexion velocities during this 
phase also increased; albeit the increase was only signif-
icant from baseline to post-test (mean mid-test and post-
test increase from baseline: 32.9 ± 68.7°s [−8.7 to 74.4] 
(p = 0.135) and 47.8 ± 43.6°s [21.5 to 74.2] (p = 0.001), re-
spectively). However, these knee flexion velocity changes 
during the braking phase were not accompanied by signifi-
cant increases in VL's MTU and SEE lengthening velocities 
between baseline and mid-test (change in MTU length-
ening velocity: 9.4 ± 46.8 mm·s [−11.1 to 29.9], p =  0.655; 
change in SEE lengthening velocity: 12.6 ± 44.1 mm·s 
[−14.1 to 39.3], p = 0.463) or between baseline and post-test 

F I G U R E  3   Mean (solid lines) ± standard deviation (shaded 
areas with dotted lines) vastus lateralis (TOP) muscle-tendon unit 
(MTU), (MIDDLE) series elastic element (SEE), and (BOTTOM) 
vastus lateralis fascicle lengths during the countermovement 
jumps (CMJs) performed at baseline (black), mid-test (red), and 
post-test (blue) of the 10-week ballistic training program. As the 
duration of the CMJ varied between participants, group traces were 
constructed by time normalizing the data to 100 points using linear 
interpolation over a period corresponding to 20 frames before the 
initiation of the countermovement (0%) to take-off (100%). Vertical 
lines (left to right) represent the start of the unloading, braking, and 
propulsion phases, respectively.
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(change in MTU lengthening velocity: 9.4 ± 33.9 mm·s 
[−11.1 to 29.9], p = 0.483; change in SEE lengthening ve-
locity: 8.5 ± 32.9 mm·s [−11.3 to 28.4], p = 0.525).

Despite a significant increase in knee extension ampli-
tude during the propulsion phase from baseline to post-test, 
there was no significant change in the propulsion duration 
(−0.01 ± 0.04 s [−0.03 to 0.02], p = 0.860), and therefore, 
knee extension velocity during this phase significantly in-
creased from baseline to post-test (change in knee exten-
sion velocity: 40.1 ± 34.4°·s [19.3 to 60.9], p < 0.001). In line 
with these changes, MTU and SEE lengthening velocities 

F I G U R E  4   Mean paired differences (point estimate ±95% 
confidence interval [CI]) in vastus lateralis' (A) muscle-tendon unit 
(MTU), (B) series elastic element (SEE), and (C) fascicle length 
changes between unloading, braking, and propulsion phases 
during countermovement jumps performed at baseline, mid-test 
(Mid), and post-test (Post) of the 10-week combined ballistic 
training program. As the propulsion phase specifically resulted in 
shortening (i.e., a negative length change), negative differences 
indicate more shortening in the first listed testing session, whereas 
negative differences in the unloading and braking phases indicate 
less lengthening. A 95% CI that does not cross zero indicates a 
significant difference between testing sessions, and descriptive 
results are reported in the text. Tukey post hoc comparisons 
controlled the family-wise error rate at 5% and were computed with 
individual variances.
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F I G U R E  5   Mean paired differences (point estimate ±95% 
confidence interval [CI]) in vastus lateralis' (A) muscle-tendon unit 
(MTU), (B) series elastic element (SEE), and (C) fascicle velocity 
changes between unloading, braking, and propulsion phases 
during countermovement jumps performed at baseline, mid-test 
(Mid), and post-test (Post) of the 10-week combined ballistic 
training program. As the propulsion phase specifically resulted in 
shortening (i.e., a negative velocity), negative differences indicate 
a higher shortening velocities in the first listed testing session, 
whereas negative differences in the unloading and braking phases 
indicate lower lengthening velocities. A 95% CI that does not cross 
zero indicates a significant difference between testing sessions, 
and descriptive results are reported in the text. Tukey post hoc 
comparisons controlled the family-wise error rate at 5% and were 
computed with individual variances.
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also significantly increased during the propulsion phase 
from baseline to post-test (change in MTU lengthening 
velocity: 28.7 ± 40.5 mm·s [4.2 to 53.2], p = 0.021; change 
in SEE lengthening velocity: 33.7 ± 43.6 mm·s [7.3 to 60.1], 
p = 0.012). VL's fascicle lengthening velocities during the 
unloading and braking phases, as well as VL's fascicle 
shortening velocity during the propulsion phase, did not 
significantly change over the training period (main effect 
of time: F1.59,27.02 = 1.25, p = 0.296; time × phase interac-
tion: F2.35,40.00 = 0.29, p = 0.782).

4   |   DISCUSSION

This study investigated changes to MTU kinematics of the 
VL during a CMJ following 10 weeks of multi-modality, 
combined heavy- and light-load ballistic training. This 
training modality is commonly used in sports performance 
settings, but little is known about the underlying changes 
in MTU kinematics during a sport-specific task (e.g., 
jumping) following training. CMJ height increased by 
~3 cm, on average, after 10 weeks of training and this was 
underpinned by significant increases in vertical ground 
reaction force during the braking and propulsion phases 
of the CMJ. Force also significantly decreased during the 
unloading phase of the CMJ, which was accompanied by 
increases in knee flexion amplitude and velocity, as well 
as increases in the amount and rate of SEE lengthening. 
Subsequently, knee extension amplitude and velocity, as 
well as the amount and rate of SEE and MTU shortening 
were increased during the propulsion phase of the CMJ 
following training. However, muscle fascicle kinematics 
did not significantly change over the training period. It is 
speculated that the CMJ kinetic and kinematic changes 
arose from altered lower limb coordination during the 
CMJ, which is supported by changes to the CMJ force pro-
file (Figure 2), and increased force capacities of the lower 
limb muscles following combined ballistic training, which 
subsequently enhanced positive work output of the lower 
limb MTUs, including VL.

4.1  |  CMJ performance

The ten-week combined ballistic training program im-
proved CMJ performance as indicated by a 11 ± 13% in-
crease in jump height from baseline to post-test. This 
is in line with findings from previous studies that dem-
onstrated significant and meaningful improvements in 
CMJ variables following light-ballistic activities,24 heavy-
strength training,25 weightlifting derivatives,26,27 and 
mixed-method training plans.7,28 Although CMJ depth 
increased from baseline to post-test, the total contact 

duration before take-off was significantly reduced, in-
dicating that participants performed the CMJ faster. A 
faster CMJ was permitted because participants reduced 
their vertical ground reaction force during the unloading 
phase, which resulted in a significantly faster downwards 
center of mass velocity. A shorter braking phase follow-
ing training was also observed and, along with the lower 
vertical ground reaction force entering the braking phase, 
this required participants to generate significantly higher 
forces during the braking and propulsion phases to in-
crease their jump height. It is speculated that enhanced 
lower limb muscle force output following training allowed 
these higher forces to be produced following training.

Altered CMJ coordination over the training period 
was evident from the vertical ground reaction force pro-
file changing from unimodal to bimodal-primary, which 
has previously been shown in a 12-week power training 
study.12 The type of force profile has been shown to dis-
tinguish between athletes of different abilities and/or 
development stages,12,29 and it has been suggested that a 
bimodal pattern of force production reflects a disassoci-
ation in the timing of knee extension, ankle plantarflex-
ion, and peak agonist muscle activation.30 It has been 
speculated that a greater countermovement depth, as ob-
served here, could require knee extension (and thus the 
propulsion phase) to occur earlier to overcome the greater 
amount of knee flexion prior to ankle plantarflexion and 
the onset of plantarflexion muscle activation.30 Although 
our results do not provide information about the timing 
of knee extension relative to plantarflexion, we observed 
that the propulsion phase started ~0.2 s earlier, which sup-
ports the suggestion that knee extension occurs earlier 
for greater countermovement depths following training.30 
The changes in CMJ coordination potentially arose from 
enhanced lower limb muscle force capacities following 
the combined ballistic training and improved intermus-
cular coordination during the CMJ; however, this would 
need to be verified in future studies by inverse dynamics 
and electromyography analyses.

4.2  |  Unloading phase

During the unloading phase, participants increased their 
knee flexion range of motion following the ten-week com-
bined ballistic training program. As a result, the VL MTU 
and SEE lengthening amplitudes increased by a similar 
magnitude (MTU: 8.6 ± 15.0 mm; SEE: 9.1 ± 13.4 mm), but 
the difference in MTU lengthening did not reach signifi-
cance (MTU: p = 0.064; SEE: p = 0.028). The significant 
increase in SEE, but not MTU lengthening amplitude, 
could reflect greater muscle activity and less VL muscle 
fascicle lengthening during the unloading phase following 
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training, despite no significant decrease (−0.7 ± 4.6 mm) 
in VL's fascicle lengthening amplitude. This occurs due to 
the presence of MTU compliance and muscle activation, 
where the muscle fascicles can shorten to stretch the SEE, 
without changing MTU length.31 Taken together, these 
findings suggest that the increased kinetic energy arising 
from a faster countermovement following training was 
not dissipated by VL's muscle fascicles and could be ef-
fectively stored within VL's SEE.

4.3  |  Braking phase

There were no significant changes in VL's MTU, SEE or 
muscle fascicle lengthening amplitudes or velocities dur-
ing the braking phase of the CMJ following training, despite 
participants' knee flexion velocity increasing from baseline 
to post-test. It is a little surprising that MTU and SEE length-
ening velocities did not increase with the increase in knee 
flexion velocity; however, this might be due to the viscoelas-
tic properties of the MTU and/or because of the variability 
of the repeated measurements. In support of the speculation 
that measurement variability precluded differences from 
being observed, VL fascicle lengthening amplitudes were re-
duced from baseline to mid-test and post-test by on average 
4.1 mm, which could be considered a meaningful difference, 
but the average standard deviation of this difference was 
8.7 mm (Cohen's dz = 0.46 to 0.49). To detect a difference of 
this magnitude with 90% power and a two-tailed alpha level 
of 5%, we would have needed to test at least 46–52 individu-
als. However, with our sample size of 18 participants, we 
could only detect significant standardized mean differences 
of greater than 0.81. Thus, to detect significant effect sizes 
of smaller magnitudes in the future with reasonable power 
(at least 90%), we recommend a much larger sample size. 
Alternatively, a more accurate methodology for measuring 
fascicle length changes over repeated sessions could be de-
veloped. For now though, it appears reasonable to speculate 
that during the braking phase, because of the higher vertical 
ground reaction forces produced following training, the VL 
muscle was activated more, which subsequently reduced the 
amount of active VL muscle fascicle lengthening a meaning-
ful amount compared with baseline. This speculation is sup-
ported by the finding that VL's MTU lengthening velocity 
increased ~15% from baseline to post-test, but its muscle fas-
cicle lengthening velocity increased three times less (~5%).

4.4  |  Propulsion phase

During the propulsion phase, a greater knee extension 
velocity was observed following the 10-week training 
program due to an increased knee extension range of 

motion without a concomitant increase in phase duration. 
Subsequently, VL's MTU and SEE shortening amplitudes 
and velocities increased during the propulsion phase fol-
lowing training. However, no significant changes in VL's 
fascicle shortening amplitude or velocity were observed. It 
is speculated that greater VL MTU work, which arose due 
to a greater VL MTU shortening amplitude and increased 
VL muscle activation and force production (which is as-
sumed based on the increased vertical ground reaction 
forces observed following training), contributed to the 
increased knee extension velocity and increased jump 
height following training. Additionally, greater elastic en-
ergy storage within VL's SEE, which could have increased 
due to higher muscle forces and increased kinetic energy 
arising from a faster countermovement, might have also 
contributed to increased CMJ performance by allowing 
faster SEE recoil and more favorable velocities for the 
muscle fascicles to produced force during the propulsion 
phase. This is supported by the finding that VL's muscle 
fascicles shortened 8% slower following training while its 
MTU shortened 10% faster.

4.5  |  Limitations

In the present study, no direct measures of free tendon 
length change during the CMJs were made, nor were 
muscle activation patterns investigated, lower limb joint 
kinetics computed, or patellar tendon forces estimated. 
Muscle activation measurements would provide useful 
information to evaluate how participants shifted from a 
unimodal to bimodal CMJ force profile over the training 
period. In the interpretation of the above findings, it has 
been assumed that a faster countermovement resulted 
in greater knee extension moments and patellar tendon 
forces (i.e., greater MTU forces) due to increased kinetic 
energy during the countermovement and higher VL mus-
cle forces. We believe this is a reasonable assumption and 
is supported by previous findings showing both increased 
resting tendon forces and increased negative knee joint 
work under higher gravitational forces.15

Naturally, factors other than greater knee joint mo-
ments could have made a greater contribution to the CMJ 
performance improvement observed, such as a more up-
right position at take-off (i.e., full extension of all joints), 
greater work output at another joint (e.g., hip), a joint-
work redistribution (e.g., from the knee to hip), and/or in-
creased biarticular muscle energy transfer from proximal 
to distal joints. Further research is thus recommended to 
investigate changes in joint work and power contributions 
following training, as well as tendinous tissue adapta-
tions. Nevertheless, we are confident that part of the CMJ 
performance gain was due to increased positive work of 
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VL's MTU as reflected by changes in its kinematics. As 
this study had no control group, we are unable to con-
clude whether the increase in CMJ height arose from the 
combined ballistic training or solely from CMJ repetition 
and improved coordination across the repeated testing 
sessions. However, the latter effect seems unlikely based 
on data showing a similar increase (~3 cm) in CMJ height 
following 8 weeks of countermovement drop jump train-
ing compared with no improvements following bounce 
drop jump training or no training in young varsity-level 
males.32

In conclusion, a 10-week heavy- and light-load com-
bined ballistic training program increased vertical CMJ 
height in a group of young, male adults. Underpinning this 
improvement were higher vertical ground reaction forces 
during the braking and propulsion phases of the CMJ, as 
well as significant increases in VL's MTU and SEE short-
ening amplitudes and velocities during the propulsion 
phase. It is speculated that increased VL muscle activation 
and a faster countermovement allowed more energy to 
be initially stored within VL's SEE following training and 
that this contributed to increased VL MTU work during 
the propulsion phase and a higher jump height. The faster 
countermovement may have been permitted following 
training because participants were better able to coordi-
nate the activation of their lower limb muscles due to CMJ 
and other jump practice as evidenced by changes in their 
CMJ force profile, and because participants improved the 
force-producing capacity of their lower limb muscles due 
to the combined ballistic training.

5   |   PERSPECTIVE

The findings from the current study provide novel insights 
into how muscle and tendon kinematics of one lower limb 
MTU change during a sport-specific task in response to 
heavy- and light-load combined ballistic training, which 
is a common training modality used to improve athletic 
performance. Our results support the idea that starting 
the propulsion phase with a higher ground reaction force 
results in a higher jump, which has been suggested to be 
the dominant factor explaining the difference in CMJ and 
squat jump heights.33

The increase in jump height observed following the 10-
week combined ballistic training program (3.2 ± 4.2 cm, 
11 ± 13%) is consistent with the increases observed follow-
ing plyometric and weightlifting training programs (~8–
9%) of similar duration (~9 weeks), but greater than the 
improvements observed following traditional resistance 
training programs (~2%).34 At least 10 weeks of training 
and more than 20 sessions that involve high-intensity 
jump exercises potentially maximize the probability of 

improving CMJ performance.35 As most of our significant 
changes relative to baseline occurred at post-test, rather 
than mid-Test, our results indicate that a minimum of 
10 weeks of combined ballistic training is also required 
to induce adaptations that enhance CMJ performance. 
Consequently, the combined ballistic training program 
used in this study is recommended over a traditional re-
sistance training program to improve CMJ height. To 
maximize the probability of improving CMJ height, CMJs 
should also be added or substituted into the training pro-
gram (Table 1). The combined ballistic training program is 
also recommended over a weightlifting training program 
to athletes unfamiliar with the snatch or clean and jerk as 
the weightlifting derivates incorporated are easier to per-
form and should subsequently take less time to learn.
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