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Abstract 25 

Previous research has demonstrated that during submaximal jumping, humans prioritize reducing energy 26 

consumption by minimizing countermovement depth. However, sometimes movement is constrained to a 27 

non-preferred pattern and this requires adaptation of neural control that accounts for complex interactions 28 

between muscle architecture, muscle properties, and task demands. This study compared submaximal 29 

jumping with either a preferred or deep countermovement depth to examine how joint and muscle 30 

mechanics are integrated into the adaptation of coordination strategies in the deep condition. Three-31 

dimensional motion capture, two force plates, electromyography and ultrasonography were used to examine 32 

changes in joint kinetics and kinematics, muscle activation and muscle kinematics for the lateral 33 

gastrocnemius and soleus. Results demonstrated that a decrease in ankle joint work during the deep 34 

countermovement depth was due to increased knee flexion, leading to unfavorably short bi-articular muscle 35 

lengths and reduced active fascicle length change during ankle plantar flexion. Therefore, ankle joint work 36 

was likely decreased due to reduced active fascicle length change and operating position on the force-length 37 

relationship. Hip joint work was significantly increased as a result of altered muscle activation strategies, 38 

likely due to a substantially greater hip extensor muscle activation period compared to plantar flexor muscles 39 

during jumping. Therefore, coordination strategies at individual joints are likely influenced by time 40 

availability, where a short plantar flexor activation time results in dependence on muscle properties, instead 41 

of simply altering muscle activation, while the longer time for contraction of muscles at the hip allows for 42 

adjustments to voluntary neural control. 43 

 44 

New and Noteworthy 45 

Using human jumping as a model, we show that adapting movement patterns to altered task demands is 46 

achieved differently by different muscles across the leg. In muscles with reduced activation periods due to 47 

proximal-to-distal sequencing (i.e. plantar flexors), muscle contractile properties (force-length relationship) 48 

are relied on to adapt joint kinetics, while voluntary activation is adapted in muscles with greater activation 49 

periods, such as the hip extensors. 50 
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Introduction 51 

Whole-body movement typically requires the coordination of numerous joints and muscles in order to 52 

perform the desired action. Studies examining how preferred human movement is coordinated have 53 

demonstrated that a high priority is placed on strategies that minimize energy consumption (8, 13, 29, 35, 54 

38, 54). However, human movement is not always performed under ideal conditions where preferred joint 55 

mechanical coordination strategies may be achieved. Instead, joint coordination strategies must be adapted 56 

to numerous constraints that exist during everyday life. Jumping is an ideal task to examine preferred joint 57 

coordination strategies because it is a full body movement that can be easily manipulated and constrained. 58 

Vanrenterghem et al. (54) demonstrated that during submaximal jumping, preferred movement patterns 59 

minimize energy consumption by decreasing countermovement depth (CMD), decreasing reliance on 60 

segments with large inertia, and increasing contributions of ankle plantar flexor muscles and elastic 61 

structures (52, 54). Such evidence suggests that we optimize our CMD to suit the jump height required. 62 

However, a simulation study of squat jumping has suggested that a deeper CMD than preferred could 63 

potentially increase jump height in a maximal jumping task (12).  This result has not been found in 64 

experimental studies (12, 34), but it is unclear why, and what factors are influencing our preferred 65 

movement choice in this case.  66 

 67 

When jumping to submaximal heights, power output is not maximized, and more options for generating 68 

the required power are available. Submaximal jumping with a deep countermovement necessitates a greater 69 

work contribution about the knee and hip, compared to our preference for performing submaximal work 70 

about the ankle (54). This presents an interesting constrained task, where ankle muscle work might be 71 

restricted so as to not overshoot the jump height target. Alternatively, the coordination strategies across all 72 

lower limb joints might be altered to reduce work, although altering the muscle activation across all lower 73 

limb joints, as opposed to just across the ankle, might result in an inconsistent jump height and may be less 74 

likely to be employed. Restricted ankle work could be performed through inherent changes in muscle 75 

contractile mechanics, or changes in activation by the nervous system. It has been suggested that the force-76 

velocity (24) and force-length properties (18) of muscle may provide an inherent stability to maintain 77 
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movement coordination despite perturbations during explosive movements such as jumping (26, 49). 78 

Simulation studies have found that without muscle properties, a jumping model was unable to recover from 79 

a perturbation compared to a Hill-type muscle model, which was only slightly affected (49). A follow up 80 

study found that the force-length or force velocity relationship corrected for different perturbations, with 81 

the force-length relationship providing good resistance to static perturbations and the force-velocity 82 

relationship providing good resistance to dynamic perturbations (17). Muscle contractile mechanics 83 

therefore allow joint coordination to be adapted at the instant the perturbation is applied, correcting the 84 

action to complete the task without changes to neural control. Simulations examining maximal vertical 85 

squat jump height from a range of static starting squat depths indicate that changes in muscle contractile 86 

properties counteracted perturbations to such a degree that a single stimulation pattern could be applied 87 

for all starting positions to achieve the vertical jump (50). A human experimental study challenged this, 88 

identifying that the onset of muscle activations in the ankle plantar flexors were significantly delayed as 89 

squat depth increased, with simulations determining this a requirement to optimize jump height (5). 90 

Therefore, performing maximal jumping from altered countermovement depths will likely require changes 91 

in both muscle activation strategies and muscle contractile mechanics. This may be further complicated 92 

because of the complex muscle-tendon interactions that occur in ankle plantar flexor muscles during 93 

jumping (30). 94 

 95 

Humans store energy in the Achilles tendon against the resistance of bodyweight during squat jumping, 96 

thus energy is stored at the bottom of the squat prior to push-off (15). A high proportion of ankle joint 97 

work during jumping is delivered via elastic recoil of the Achilles tendon as muscle force decreases to near 98 

zero prior to take-off (30, 31). Because work from the Achilles tendon recoil comes at low cost, this results 99 

in a reliance on ankle joint work, in preference to the hip or knee, during push-off for submaximal jumping 100 

(54, 55). However, a deep countermovement will require work to be performed proximally in the limb (54), 101 

therefore the energy that is stored in the Achilles tendon could lead to potential excess energy for the 102 

jumping movement. If joint coordination patterns are not altered to dissipate that excess energy, the jump 103 

might overshoot the submaximal target height. Limiting ankle joint work to avoid overshoot may be 104 

accomplished by changes in muscle activation or potentially by altered operating position on the force-105 
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length or force-velocity relationship, especially in bi-articular muscles (17, 48, 49, 56). If ankle joint work is 106 

not limited sufficiently by changes in muscle contractile mechanics or muscle activation strategies, too much 107 

energy may be stored in the tendon which may then need to be reabsorbed back into the muscle. This 108 

mechanism, termed tendon ‘backfire’, has been found in frog muscle and simulation studies (3, 43), 109 

although such a mechanism has not been demonstrated during human movement. Backfire is undesirable 110 

and occurs when energy that is stored in the tendon by active muscle fascicle shortening, is then reabsorbed 111 

by active fascicle lengthening (3, 43), either when the muscle-tendon unit is isometric or shortening. In the 112 

dynamic jumping movement, backfire would therefore be exhibited in the form of fascicle lengthening 113 

while the muscle-tendon unit shortens. During energy dissipation tasks such as landing, significant energy 114 

is stored in tendons that must be reabsorbed by the muscle (44, 57), therefore there is potential for backfire 115 

to exist in humans, although this would be an undesirably inefficient solution. It is therefore interesting to 116 

study how humans adjust ankle plantar flexor muscle function to adapt to a deeper than preferred 117 

countermovement during submaximal jumping, as a potential scenario in which the backfire phenomenon 118 

might be observed. 119 

 120 

The aim of this study was to examine how muscle contractile mechanics and activation are altered to 121 

overcome a constrained task, whereby participants are required to perform a sub-maximal jump with either 122 

a deep or preferred CMD. It was hypothesized that during submaximal jumping with a deep CMD, energy 123 

stored in the Achilles tendon by resisting body weight at the bottom of the squat would be reabsorbed 124 

(backfire) by the plantar flexor muscle fascicles to avoid overshooting the target jump height. 125 

 126 

Methods 127 

Twelve male participants (age = 25.4 ± 3.6 years, height = 1.79 ± 0.05 m, mass = 80.3 ± 3.6 kg) gave 128 

written informed consent to participant in this study with ethics approved by the institutional ethics review 129 

committee at the University of Queensland (Approval number: HMS15/1106). Both males and females 130 

were recruited for this study, however due to participant availability, only males were able to be included. 131 
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Prior to data collection, participants performed maximal countermovement jumps in order to determine 132 

the required deep CMD and submaximal jump height. During experimental data collection, participants 133 

performed barefoot submaximal countermovement jumps at a preferred or deep CMD without arm swing. 134 

Countermovement depth was defined as the vertical displacement of the COM between standing and the 135 

bottom of the countermovement (see below for calculation). During testing, the deep CMD was set as 136 

130% of the self-selected CMD during maximal countermovement jumping (determined prior to 137 

experimental data collection). Submaximal jump height was set to 60% of maximal jump height. 138 

Submaximal jump height and CMD were calculated live from ground reaction force (GRF) data using the 139 

double integration method (28, 53). Submaximal jumps were deemed successful if jump height and CMD 140 

(deep CMD only) were within 2 cm of the target jump height and CMD (deep CMD only). Participants had 141 

a light-box installed in front of their jumping platform that consisted of a horizontal row of LED lights 142 

located behind a double slit, ensuring the light could only be seen when participant’s eyes were horizontal 143 

to the light-box at the apex of the jump. Live calculation of jump height and CMD (deep CMD only) were 144 

used to provide verbal feedback to participants after each trial. During the deep CMD, a rope was 145 

suspended behind the participant so that it could be felt along the back of the thighs at the correct CMD. 146 

All jumps were recorded but only successful jumps were used in data analysis. If a jump was not deemed 147 

successful, the condition was repeated until 3 successful jumps were recorded, or the participant had 148 

performed a total of 10 jumps. Participants were given 30 seconds of rest between each jump. Participants 149 

were given an unweighted weight vest that was worn during testing with instructions to lock their hand 150 

onto the vest to ensure that they did not use their arms during jumping. 151 

 152 

Kinetics and Kinematics  153 

GRF data were collected from two force plates (one foot on each plate) located within an instrumented 154 

treadmill (Instrumented Tandem Treadmill, AMTI, MA, USA). Using LabVIEW (National Instruments 155 

Corporation, Austin, USA), GRF data were sampled at 2000Hz via AMTI force plate amplifiers (AMTI 156 

Gen 5, AMTI, MA, USA) and recorded using LabVIEW at 1000Hz (down-sampled due to LabVIEW 157 

sampling limitations). Vertical GRF’s from each plate were summed and a custom script calculated jump 158 
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height and countermovement depth live, using the double integration method outlined by Vanrenterghem 159 

et al. (53). Countermovement depth was identified as the displacement of the COM from standing to the 160 

bottom of the countermovement, considered to be when the center of mass velocity was equal to zero (53). 161 

Force data for full analysis was simultaneously recorded using Qualisys Track Manager software (Qualisys, 162 

Gothenburg, Sweden) via AMTI force plate amplifiers at 2000 Hz. Vertical GRF’s from each plate were 163 

summed and then during two seconds of quiet standing prior to jumping, vertical GRF data were averaged 164 

to calculate the weight of the participant, which was subtracted from the vertical GRF to calculate net GRF. 165 

Net GRF maximum, minimum and standard deviation (STD) were identified during quiet standing and 166 

then these values were used to identify the first time point where the moving average of net GRF (50 ms 167 

window) deviated by more than the maximum or minimum range ± the STD. From this time point, net 168 

GRF data were then tracked in reverse to find the first instance after net GRF was zero and identified this 169 

point as the start of the movement. End of the movement (take-off) was defined as the point at which the 170 

net GRF was equal to negative participant weight. Post-hoc offline calculation of jump height employed a 171 

modified version of a hybrid method outlined by Aragón-Vargas (2), whereby net GRF was divided by 172 

body mass to calculate COM acceleration, and then COM acceleration was integrated to calculate COM 173 

take-off velocity. Take-off velocity was then combined with projectile motion equation to calculate flight 174 

distance (see Aragón-Vargas (2) for in-depth details using the projectile motion equation). Heel lift, defined 175 

as the displacement of the center of mass between quiet standing and take-off, was calculated by measuring 176 

the average vertical displacement of the left and right anterior superior iliac spine (ASIS) and posterior 177 

superior iliac spine (PSIS) markers between standing and take-off. Distance travelled in the air and heel lift 178 

were summed to calculate jump height. This reduces errors that may be introduced by double integration 179 

amplifying small errors in the data over time, which has a greater effect on the deep CMD as it takes longer 180 

to perform. 181 

 182 

An eight camera, three-dimensional (3D) optoelectronic camera system (Oqus, Qualisys, AB, Sweden) was 183 

used to capture kinematic data (200 Hz) during jumping. Reflective markers were placed on the body at the 184 

left and right acromion processes, C7 vertebrae, suprasternal notch of the manubrium, ASIS, PSIS and on 185 

the left and right iliac crest directly superior to the greater trochanter. Markers were placed on the medial 186 
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and lateral joint center of rotation of the knee, medial and lateral malleolus of the ankle, posterior aspect of 187 

the calcaneus, first and fifth metatarsal-phalangeal joints and the end of the distal phalanx of the first toe. 188 

Thigh and shank four-marker clusters were placed midway between joints using Velcro strapping. Markers 189 

were labelled for each trial and kinematic and kinetic data were exported to OpenSim (11). A generic model 190 

(20) was modified to remove the arms and hands with their masses added to the trunk, and the cervical 191 

joint between the trunk and the head was locked. The model was scaled to the dimensions of the participant 192 

using quiet standing static calibration trials with distribution of segment masses kept the same as the generic 193 

model. Inverse kinematics were then performed in OpenSim using a weighted least-squares fit of the model 194 

markers to the experimental markers during jumping trials. During processing, inverse kinematic marker 195 

positions and inverse dynamics forces were low-pass filtered at 25 Hz using a second order two-way 196 

Butterworth filter. Joint moments were calculated using an inverse dynamics solution and then both inverse 197 

kinematics and dynamics results were exported to MATLAB (Mathworks, MA, USA) for further analysis. 198 

In MATLAB, joint angles from inverse kinematics were differentiated using the central difference technique 199 

to calculate joint angular velocities and multiplied by joint moments to calculate joint powers (ankle, knee 200 

and hip) in both legs. Left and right joint powers for the hip, knee and ankle were summed and then 201 

trimmed from the start of the countermovement phase until take off from GRF data outlined previously. 202 

Finally, joint powers were integrated to find net work about each joint from the start of the 203 

countermovement until take-off. Relative joint contributions to total net work were identified by dividing 204 

the individual net work of each joint by the summed net work of the hip, knee and ankle joints.  205 

 206 

Electromyography (EMG) 207 

EMG data were collected unilaterally on the right leg from the soleus (SOL), lateral gastrocnemius (LG), 208 

vastus lateralis (VL), rectus femoris (RFEM), biceps femoris (BFEM), and gluteus maximus (GMAX) using 209 

a wireless EMG system (MYON m320, MYON, Schwarzenberg, Switzerland). Bipolar EMG electrodes 210 

were placed over the belly of each muscle according to the SENIAM guidelines (21). Raw EMG data were 211 

recorded in Qualisys Track Manager at 2000 Hz. EMG signals were bandpass filtered (30-350 Hz), rectified 212 

and averaged using a rolling root-mean-squared (RMS) calculation over windows of 100 consecutive frames 213 
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(50 ms). Substantial muscle activation was defined as the point where EMG activation sharply increased 214 

and spiked during ankle plantar flexion. Onset of substantial muscle activation was manually identified in a 215 

blinded fashion (25), and EMG was normalized against the mean values recorded in the preferred CMD 216 

condition during the period of substantial muscle activation. Maximal normalized EMG amplitude was 217 

identified by finding the maximal normalized EMG value between the start of substantial muscle activation 218 

until take-off (25). Integrated normalized EMG was calculated by performing trapezoidal integration from 219 

the start of substantial muscle activation until take-off, therefore the units for this measure are %Mean 220 

activation.seconds (%Ma.s). This measure represents a combination of how long the muscle was activated 221 

for and the level of muscle activation. 222 

 223 

Muscle mechanics 224 

Using OpenSim (11), muscle-tendon unit (MTU) lengths of the LG and SOL throughout the jumping 225 

movement were measured based on models of each muscle included within the rigid-body model (20). 226 

Muscle fascicles were imaged using a 96 element flathead ultrasound transducer (LZ  7.5/60/96Z, Telemed, 227 

Lithuania) placed over the LG and SOL muscle bellies, enabling imaging of both muscles (as per Farris and 228 

Raiteri, 2017). Using ultrasound gel applied to the transducer’s surface, a suitable image location was found 229 

where both the LG and SOL were aligned.  Participants were then asked to perform and hold a heel raise 230 

to determine if the probe alignment was sufficient to image fascicle shortening throughout the movement. 231 

The probe was then fixed to the participant using a self-adhesive bandage (Medichill, WA, Australia). 232 

Ultrasound images were recorded at 80 Hz and fascicle lengths were tracked using UltraTrack software 233 

(14). Manual corrections were made when the automated tracking algorithm did not sufficiently track the 234 

fascicles, however the researcher tracking the fascicles was blind to the conditions so as not to introduce 235 

bias. Statistical analysis was performed over sections of MTU and fascicle length change, based on timing 236 

of maximal fascicle length and start of substantial muscle activation. Start of muscle fascicle shortening was 237 

identified by finding the instant of maximum fascicle length for each trial. Onset of active fascicle 238 

shortening (AFS) was identified as either the point where the muscle began to shorten (post maximal 239 

fascicle length) or the start of substantial muscle activation, whichever occurred last. 240 
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 241 

Data reduction and statistical analysis 242 

Due to quality of the image, ultrasound data of two participants for LG and one participant for SOL were 243 

excluded. Due to equipment dropout, EMG data of RFEM and BFEM are missing for one participant. 244 

Statistical analysis was performed in GraphPad Prism 7 software (GraphPad Software Inc, California, USA) 245 

by first performing D’Agostino and Pearson normality tests. If normality tests were passed then a paired t-246 

test was performed comparing outcome measures between the deep CMD and the preferred CMD for total 247 

net work, jump height, integrated EMG and maximal EMG of all six muscle; as well as fascicle lengths, 248 

MTU length and timing offset between substantial muscle activation and maximum fascicle length for the 249 

SOL and LG. If normality tests were not passed, then a Wilcoxon matched-pairs signed rank test was used. 250 

Comparisons of net work, maximal moment and range of motion about the hip, knee and ankle joints were 251 

performed using 2 x 3 (condition x joint) two-way repeat measures ANOVA. If a main or interaction effect 252 

was found then post hoc analyses were performed to examine differences between each joint in the deep 253 

or preferred CMD conditions Multiple comparison corrections for t-tests and ANOVA post hoc analysis 254 

were performed using a Benjamini and Hochberg false discovery rate (5%) approach. This reduced the 255 

alpha value threshold from 0.05 to 0.0284. All P-values are reported but only P-values that fell below the 256 

adjusted threshold were considered significant. 95% confidence intervals are reported for all comparisons. 257 

All dispersion measures stated in text are STD. 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 
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Results 266 

There was no significant difference in total net work (P = 0.405, CI -0.09 to 0.20 J/kg, Figure 1) and jump 267 

height (deep = 0.306 ± 0.046 m, preferred = 0.298 ± 0.050 m, P = 0.230, CI -0.006 to 0.024 m) between 268 

the deep or preferred CMD conditions and therefore individual net work contributions about each joint 269 

may be compared directly.  270 

 271 

Joint mechanics 272 

In the deep CMD condition, net work (Figure 1) increased about the hip joint by 0.363 ± 0.167 J/kg (P < 273 

0.001, CI 0.230 to 0.495 J/kg), did not significantly increase about the knee by 0.112 ± 0.219 J/kg (P = 274 

0.096, CI -0.021 to 0.244 J/kg), and significantly decreased about the ankle joint by 0.417 ± 0.254 J/kg (P 275 

< 0.001, CI -0.549 to -0.284 J/kg). Hip range of motion from minimum angle until take-off was 25.6 ± 276 

11.7° greater in the deep CMD than in the preferred CMD (P < 0.001, CI 20.1 to 31.1°, Figure 2A), knee 277 

range of motion was 28.2 ± 10.6° greater in the deep CMD than preferred CMD (P < 0.001, CI 22.7 to 278 

33.7°, Figure 2B) and ankle range of motion was not significantly different between conditions (P = 0.527, 279 

CI  -7.2 to -3.8°, Figure 2C). Maximal hip moment during the deep CMD was 28.6 ± 21.2 Nm greater than 280 

preferred CMD (P < 0.001, CI 14.7 to 42.4 Nm, Figure 2D), maximal knee moment remained constant (P 281 

= 0.512, CI -9.4 to 18.4 Nm, Figure 2E) and maximal ankle moment was 33. 7 ± 16.6 Nm less in the deep 282 

CMD than preferred CMD (P < 0.001, CI -19.8 to -47.6 Nm, Figure 2F). Thus, the increase in work about 283 

Figure 1: Net work about the hip (white), knee (grey) and ankle (black) joints during the preferred and deep countermovement 
depth conditions. * indicates a significant difference compared to the same joint in the alternate condition. Joint work was 
compared using a two-way repeat measures ANOVA (N = 12). 
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the hip was due to an increase in hip moment and range of motion while the decrease in ankle work was 284 

due to a decrease in moment alone, as range of motion did not change.  285 

 286 

 287 

 288 

 289 

Figure 2: Mean (± STD) joint angles (A, B and C) and moments (D, E and F) about the hip (A and D), knee (B and E) and ankle (C and 
F) during the preferred CMD (Grey) and the deep CMD (Black). Vertical lines indication bottom of the countermovement. Joint range of 
motion and peak moment were analysed (N = 12) using a two-way repeat measures ANOVA. 
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Muscle 290 

Compared to preferred CMD, integrated EMG (Figure 3A-3F) in the deep CMD was significantly higher 291 

for the GMAX (0.96 ± 1.00, CI 0.32 to 1.60, P = 0.007), BFEM (0.39 ± 0.21, CI 0.25 to 0.53, P < 0.001), 292 

RFEM (0.42 ± 0.47, CI 0.11 to 0.74, P = 0.005), VL (0.39 ± 0.27, CI 0.22 to 0.57, P < 0.001), lower for the 293 

LG (-0.08 ± 0.09, CI -0.14 to -0.03, P = 0.008) and did not change significantly in the SOL (CI -0.11 to 294 

0.01, P = 0.058). Maximal EMG (Figure 3A-3F) was significantly different only in the GMAX, 1.14 ± 1.19 295 

higher in the deep than preferred CMD (CI 0.39 to 1.89, P = 0.007).  296 

 297 

In both conditions, the LG and SOL fascicles lengthened during the initial descending portion of 298 

countermovement by 8-9 ± 4 mm and 16 ± 5 mm respectively, from start of the movement until maximal 299 

fascicle length, with no difference between conditions (CI = LG -2.6 to 3.7 mm & SOL -0.4 to 2.4 mm, P 300 

> 0.143). In the preferred CMD, onset of substantial muscle activation coincided with maximal fascicle 301 

length for the LG (P = 0.827, CI -50 to 41 ms, Figure 3F) and occurred prior to maximal fascicle length in 302 

the SOL (P = 0.003, CI -80 to -22 ms, Figures 3E). In the deep CMD, onset of substantial muscle activation 303 

was significantly later than the occurrence of maximal fascicle length for both muscles (CI = LG 207 to 304 

563 ms & SOL 181 to 419 ms, P < 0.003). AFS was significantly reduced in the deep CMD by 10 ± 10 mm 305 

in the LG (CI 3 to 17 mm, P = 0.011) and 4 ± 5 mm in the SOL (CI 1 to 8 mm, P = 0.0278) compared to 306 

the preferred CMD (Figure 3I and 3J). MTU lengths of the LG in the deep CMD condition shortened 307 

significantly more during the initial countermovement phase (3 ± 4 mm, CI 1 to 6 mm, P = 0.018) and as 308 

such, LG MTU lengths shortened significantly less during AFS (7 ± 2 mm, CI -5 to -9 mm, P < 0.001, 309 

Figure 3G). SOL MTU lengths did not change between conditions across any phase which is likely due to 310 

no change in ankle angle between the CMD conditions (P > 0.231, CI = Initial -2 to 2 mm & AFS = -3 to 311 

1 mm, Figure 3H). 312 

 313 

 314 
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 315 

Figure 3: Mean (± STD) normalized EMG time series graphs of the BFEM (A), GMAX (B), RFEM (C), VL (D), LG (E) 
and SOL (F) muscles for the preferred and deep CMD conditions. Mean (± STD) MTU length (G & H) and muscle 
fascicle length (I & J) of the LG (G & I) and SOL (H & J) muscles. Time zero is the point of take-off. EMG was normalized 
to mean EMG during AFS of the preferred CMD condition. Diamonds indicate maximum fascicle length. Bold lines 
indicate AFS period. Vertical lines indicate the bottom of the countermovement. Maximal and integrated normalized EMG 
were compared using paired t-tests (N = 11). Muscle tendon unit and fascicle length change were compared using paired 
t-tests (N = 10). 
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Discussion 316 

The aim of this study was to examine how muscle contractile mechanics and activation are altered to 317 

overcome a constrained task. As intended, total net work and jump height were not significantly different 318 

between conditions, while CMD was significantly deeper in the deep CMD condition. The hip 319 

demonstrated a greater range of motion, maximal moment and maximal activation (GMAX and BFEM) in 320 

the deep CMD compared to the preferred, facilitating a greater net joint work output. Net work at the ankle 321 

was significantly reduced in the deep CMD, primarily due to a reduced moment between conditions (ankle 322 

range of motion remained constant). Maximal EMG of the ankle plantar flexors was not significantly 323 

different between conditions and therefore the underlying muscle fascicle kinematics were implicated in 324 

reducing ankle joint work. 325 

 326 

We hypothesized that necessary reductions in ankle work might be achieved in the deep CMD by active 327 

fascicle lengthening to reabsorb energy stored in the Achilles tendon (‘backfire’). Tendon backfire was not 328 

exhibited as there was no evidence of active fascicle lengthening whilst the MTU shortened (Figure 3). 329 

Instead, we report a decreased ankle moment across the entire movement during the deep CMD condition 330 

(Figure 2), which suggests that less energy was stored in the Achilles tendon compared to the preferred 331 

CMD. This decrease in moment and work about the ankle in the deep CMD appears to be primarily due 332 

to a change in fascicle contraction timing, separating onset of fascicle shortening and substantial muscle 333 

activation in the LG (Figure 3), which resulted in reduced active fascicle length change and likely a less 334 

favorable operating position on the force-length relationship. 335 

 336 

Due to the LG muscles’ bi-articular nature, increased knee flexion resulted in a much shorter MTU length 337 

throughout most of the movement. LG fascicle length and length change during AFS were also reduced 338 

and was likely the primary contributor to the decrease in torque at the ankle (Figure 3G and I). SOL MTU 339 

length changes were not significantly different between conditions due to no change in ankle ROM and the 340 

SOL muscle’s mono-articular nature. In the deep CMD, SOL fascicle length changes from the time of 341 
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maximal fascicle length until start of substantial muscle activation demonstrated a slight shortening and 342 

then plateau, which coincided with a plateau in both the ankle angle and moment (Figure 2 and Figure 3). 343 

Therefore, with reduced force production from the LG in the deep CMD, the SOL was potentially required 344 

to produce a greater force in order to maintain ankle position and stability at the bottom of the 345 

countermovement. During the deep CMD prior to substantial muscle activation, SOL muscle background 346 

activation (Figure 3F) was slightly increased compared to the preferred CMD, therefore this small increase 347 

in activation was potentially the cause for the slight shortening of SOL fascicle length with no difference in 348 

MTU length (isometric contraction). As a result of early shortening in the deep CMD, SOL AFS was 349 

reduced in the deep CMD compared to the preferred, albeit to a lesser degree than the LG. Previous studies 350 

have demonstrated that increased knee flexion resulted in a significantly reduced moment about the ankle, 351 

likely due to bi-articular gastrocnemius fascicles operating at very short lengths and neural inhibition down-352 

regulating force output at similar levels of central drive, resulting in decreased muscle activation (10, 23, 353 

27). Maximal EMG between conditions was not significantly different in either the LG or SOL and 354 

integrated EMG was only slightly decreased in the LG. Therefore, these results suggest that LG and SOL 355 

muscle neural inputs remained fairly constant (Figure 3E and F) and as such, neural inhibition of the LG 356 

from increased knee flexion was not likely a contributing factor to the decrease in force output. Thus, a 357 

sub-optimal LG operating position on the force-length relationship and decreased AFS of the LG and SOL 358 

might explain the reduction in ankle moment in the deep CMD compared to preferred.  359 

 360 

Work and moments about the ankle were altered through changes in muscle contractile mechanics, which 361 

served to limit the work output about the ankle (17, 49). Alternatively, the hip extensor muscles experienced 362 

large changes in muscle activation timing to increase range of motion, hip joint moment and work output 363 

(Figure 3A and B).  This was due to hip extension occurring over a much greater period compared to ankle 364 

plantar flexion and therefore more voluntary neural control adjustments may be employed. Bobbert et al. 365 

(5) demonstrated similar shifts in muscle activation, with EMG onset of hip extensors and plantar flexors 366 

separating during a deep CMD, although this was examined in SJ and only onset timing was examined. 367 

Optimal feedback control theory suggests that human movement applies the best approximation of the 368 

optimal solution based on the limitations of the task (46). Due to the short time interval over which plantar 369 
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flexion occurs (Figure 2C), feedback to inform changes in voluntary motor control (i.e. not a reflex) are 370 

unlikely to be applied. The time taken to (i) process sensory information, (ii) produce a suitable motor 371 

control pattern and (iii) activate the muscles is, at minimum, 100-130 ms using somatosensory feedback for 372 

the fastest simple choice reaction movements (41). This is then delayed further by an additional lag (30-373 

50ms) between muscle activation and muscle force production (9). Therefore, movement adaptation during 374 

plantar flexion will likely rely on resources with low (reflex) or no delay (muscle contractile mechanics). 375 

While short and long-latency reflexes could potentially assist with joint coordination during ankle plantar 376 

flexion (19, 42), the changes in muscle fascicle lengths suggest that changes in muscle contractile mechanics 377 

are playing the primary role in adapting to this altered task constraint. Alternatively, if a muscle has a greater 378 

movement time, then voluntary changes in activation strategy may be employed and used in conjunction 379 

with low delay resources to alter muscle force production. Due to a proximal-to-distal joint coordination 380 

strategy found in many tasks (6, 36, 39), distal muscles may be required to rely heavily on muscle contractile 381 

properties to overcome constraints compared to proximal muscles. However, additional research of in vivo 382 

proximal muscle mechanics is required to further explore this theory. 383 

 384 

The results within this study also support the findings of Vanrenterghem el al. (54) who demonstrated that 385 

humans perform submaximal jumping using strategies to minimize energy consumption. In addition to 386 

having to overcome large inertial resistances of the proximal limbs, a deep CMD causes the bi-articular 387 

gastrocnemius to perform work at unfavorably short lengths. Bi-articular muscles play a large role in transfer 388 

of power from proximal muscles and fine tuning joint coordination (48, 51), therefore the bi-articular 389 

gastrocnemius was likely still required to perform these roles even at unfavorably short lengths, although 390 

potentially in a reduced capacity. Simulation studies have theorized that a deep CMD could produce a 391 

greater maximal jump height, due to increased time to perform the movement facilitating a greater impulse, 392 

however this has not been demonstrated in experimental data (12). The deep CMD in this paper had similar 393 

or even more flexed knee angles than previous maximal jumping studies with a deep CMD (12, 45). 394 

Therefore, during maximal jumping with a deep CMD, the bi-articular gastrocnemius muscle may be 395 

shortened beyond optimal lengths, altering the muscle contractile mechanics and compromising the 396 

potential for greater impulse to be achieved with a longer movement time. 397 
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 398 

The observed pattern of fascicle length change during the first half of the countermovement (start of 399 

movement to maximal fascicle length) differs from that presented by Kurokawa et al. (31), who suggested 400 

that the medial gastrocnemius fascicles remained isometric or shortened immediately after initiating the 401 

downward movement. The present study found a lengthening in the LG and SOL fascicles (Figure 3I and 402 

J), which is consistent with the required decrease in plantar flexor moment about the ankle to produce 403 

controlled dorsiflexion during the countermovement. The LG may not lengthen during this phase due to 404 

knee flexion counteracting ankle plantar flexion, however LG lengthening found in this study may be due 405 

to mechanical connections between the SOL and LG muscle bellies which would come under strain if the 406 

SOL lengthened to enable dorsiflexion without LG fascicle lengthening (4, 7, 32, 33, 37, 40).  407 

 408 

Bi-articular muscles play an important role in fine tuning joint coordination and transferring energy from 409 

proximal-to-distal segments (47, 51, 58). The findings from this study further emphasize the vital role that 410 

bi-articular muscles play in movement coordination, especially at the ankle. Populations that suffer from 411 

motor impairment or amputees that are missing functional bi-articular muscles, may have impaired ability 412 

to fine-tune joint coordination. Further, most ankle prosthetics do not currently employ any feedback from 413 

knee motion to inform control of the prosthetic (1, 22). Therefore, such prosthetics may lack some of the 414 

inputs for control that the biological leg depends upon and designers should consider this in future devices. 415 

 416 

Conclusion  417 

This study examined muscle mechanics during submaximal countermovement jumping to understand how 418 

ankle muscle force and work output was regulated to obtain the target jump height. Changes in muscle 419 

kinematics that altered fascicle lengths and active fascicle shortening were observed as mechanisms for 420 

reducing plantar flexor force production. It may be that distal leg muscles which have very small activation 421 

periods rely on intrinsic properties to regulate force output in explosive movements, whereas proximal 422 

muscle activations are under more voluntary neural control.  423 
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Figure Legends 593 

Figure 1: Net work about the hip (white), knee (grey) and ankle (black) joints during the preferred and deep 594 

countermovement depth conditions. Joint work was compared using a two-way repeat measures ANOVA 595 

(N = 12). 596 

 597 

Figure 2: Mean (± STD) joint angles (A, B and C) and moments (D, E and F) about the hip (A and D), 598 

knee (B and E) and ankle (C and F) during the preferred CMD (Grey) and the deep CMD (Black). Vertical 599 

lines indication bottom of the countermovement. Joint range of motion and peak moment were analyzed 600 

(N = 12) using a two-way repeat measures ANOVA. 601 

 602 

Figure 3: Mean (± STD) normalized EMG time series graphs of the BFEM (A), GMAX (B), RFEM (C), 603 

VL (D), LG (E) and SOL (F) muscles for the preferred and deep CMD conditions. Mean (± STD) MTU 604 

length (G & H) and muscle fascicle length (I & J) of the LG (G & I) and SOL (H & J) muscles. Time zero 605 

is the point of take-off. EMG was normalized to mean EMG during AFS of the preferred CMD condition. 606 

Diamonds indicate maximum fascicle length. Bold lines indicate AFS period. Vertical lines indicate the 607 

bottom of the countermovement. Maximal and integrated normalized EMG were compared using paired 608 

t-tests (N = 11). Muscle tendon unit and fascicle length change were compared using paired t-tests (N = 609 

10). 610 


