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Abstract 10 

Elastic energy storage and release can enhance performance that would otherwise be limited by the 11 

force-velocity constraints of muscle. While functional influence of a biological spring depends on 12 

tuning between components of an elastic system (the muscle, spring, driven mass, and lever system), 13 

we do not know whether elastic systems systematically adapt to functional demand. To test whether 14 

altering work and power generation during maturation alters the morphology of an elastic system, 15 

we prevented growing guinea fowl (Numida Meleagris) from jumping. At maturity, we compared the 16 

jump performance of our treatment group to that of controls and measured the morphology of the 17 

gastrocnemius elastic system. We found that restricted birds jumped with lower jump power and 18 

work, yet there were no significant between-group differences in the components of the elastic 19 

system. Further, subject-specific models revealed no difference in energy storage capacity between 20 

groups, though energy storage was most sensitive to variations in muscle properties (most 21 

significantly operating length and least dependent on tendon stiffness). We conclude that the 22 
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gastrocnemius elastic system in the guinea fowl displays little to no plastic response to decreased 23 

demand during growth and hypothesize that neural plasticity may explain performance variation. 24 

Introduction 25 

Taking advantage of storage and release of elastic strain energy can enhance performance that would 26 

otherwise be limited by the force-velocity constraints of muscle.  The temporal decoupling of energy 27 

production from energy delivery permitted by elastic energy storage allows muscles and tendons to 28 

produce force effectively over a range of shortening or lengthening speeds.  Muscles may generate 29 

forces during slow or isometric contractions and elastic recoil augments the rate of energy delivery 30 

or absorption during rapid movements [1,2].  By making use of energy storage in the tendon 31 

“spring”, a muscle tendon unit (MTU) can produce force more economically or with greater power 32 

than a muscle alone [2].  Yet, several studies have identified important differences among spring-33 

muscle combinations.  Wilson, Lichwark, and colleagues [3,4] showed that the efficiency of an MTU 34 

during cyclic loading depends on the tuning of relative muscle and spring properties. For instance, 35 

muscle efficiency varies with both fascicle length and tendon stiffness, with the specific optimal 36 

efficiency values depending on gait conditions [3].  Several researchers [5–9] have shown that the 37 

opposing inertial or drag forces acting on a motor-spring system also influence whether springs 38 

enhance performance.  Adding further complexity, Sawicki and colleagues [10,11] found that the 39 

timing of neural activation of muscle during hopping must be tightly controlled to take advantage of 40 

in-series springs.  Together, this body of work suggests that understanding the conditions in which 41 

spring systems enhance performance may require expanding our focus from the muscle-tendon unit 42 

to that of the broader ‘elastic system’ which includes the muscle (motor), the spring, the resistive 43 

forces, and the neural control of the system.  The optimal performance of an elastic system may 44 
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require tuning of both morphology and neural control. This approach recognizes the integrated 45 

nature of the neuro-musculoskeletal system[12]. 46 

The sensitivity of elastic system efficiency to the tuning of its components complicates inferences 47 

for how elastic systems systematically adapt to functional demand during maturation.  For instance, 48 

do growing individuals who regularly perform functions that utilize elastic strain energy develop 49 

elastic systems with greater energy storage capacity?  This is still unknown because most studies of 50 

MTU plasticity have focused on how individual components of elastic systems (neural control [13–51 

15], muscle [16–19] and tendon [20–25]) vary with task or training, and how those individual 52 

changes influence function of a muscle-tendon unit [10,11,26–28].  Yet, the integrated nature of the 53 

elastic system suggests that functional consequences of plasticity are difficult to predict by analyzing 54 

elements in isolation [27,29,30]. Therefore, the complex nature of the neuromuscular adaptation of 55 

elastic systems may require analysis at the system level rather than at the level of individual 56 

components. 57 

Here we present a study of the morphological plasticity of an elastic system.  Specifically, we ask 58 

whether individuals that jump during maturation (an activity requiring elastic energy storage and 59 

return [31]) develop elastic systems that more capable of storing elastic strain energy at maturity than 60 

those of individuals restricted from jumping. Here we focus on the elastic system most involved in 61 

storage and release of elastic energy during jumping[32–36], the gastrocnemius elastic system.  We 62 

test this by altering the rearing conditions of two groups of guinea fowl (Numida meleagris) across the 63 

entire growth period, allowing one group to engage in jump-to-perch behavior and preventing all 64 

jumping in the other group.  We previously reported that restricted birds in this study showed 65 

detriments in jump performance at adulthood [37].  In this manuscript, we aim to link the 66 

morphological and functional consequences of our intervention. 67 
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Of the morphology data, we take both an individual-component and systems-level approach to 68 

evaluate the plasticity of an elastic system during growth.  At the component level, we probe 69 

whether our treatment resulted in systematic morphological differences in individual components of 70 

the gastrocnemius elastic system between groups. We seek to determine whether components of this 71 

elastic system plastically adapt to variations in functional demand during growth. At the systems 72 

level, we ask how plastic changes at the component level interact to influence the capacity for elastic 73 

energy storage.  To do this, we developed subject-specific musculoskeletal models that incorporated 74 

experimentally measured morphological properties of each bird’s elastic system.  With each subject-75 

specific model, we simulated a fully activated muscle contraction under various postures and 76 

quantified the resulting tendon energy stored. The purpose of this systems-level analysis was to 77 

evaluate the integrated effects of morphological variation. 78 

The component-and systems-level analyses serve as a case study for understanding how a particular 79 

elastic system changes with functional demand.  We also took advantage of the variation within and 80 

across groups to ask broader questions about the relationship between form and function in elastic 81 

systems.  Specifically, we asked which combinations of naturally occurring morphological variation 82 

most influence the ability of an elastic system to store energy. Lastly, we probed the extent to which 83 

energy storage capacity in the gastrocnemius elastic system correlated with jump performance. 84 

We hypothesize that components of an elastic system plastically adapt to variations in functional 85 

demand during maturation, resulting in greater energy storage capacity in birds that jump during 86 

growth.  We predict energy storage capacity will increase linearly with muscle force-generating 87 

capacity and inversely with tendon stiffness [38–40]. Finally, we predict that differences in jump 88 

performance positively correlate with an animal’s ability to store elastic strain energy in the tendon 89 

of the gastrocnemius elastic system. 90 
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Methods 91 

Experimental Protocol 92 

Animals. To study these questions, one-day-old guinea fowl keets (Numida meleagris) were obtained 93 

from a regional breeder (Guinea Farm; New Vienna, IA).  After a 2-wk brooding period, the keets 94 

were pen reared through skeletal maturity (>6 months) in one of two conditions, as we previously 95 

described in detail (Cox et al 2020).  A control group (C; n =8) was housed in a large, circular pen 96 

(3.14 m2) that allowed ample room for locomotion and objects for jumping and perching. The 97 

restricted treatment group (R; n = 7) were raised a smaller pen (1 m2 at maturity) with low mesh 98 

ceilings that prevented jumping. Food and water were available ad libitum (food intake did not differ 99 

between groups). Lights were programmed to be on a 12:12-h light-dark cycle. The experimental 100 

protocol was approved by Institutional Animal Care and Use Committee at The Pennsylvania State 101 

University (IACUC; Ref. #46435). 102 

Movement Analysis. As described previously [37], to quantify the influence of pen configuration on the 103 

movement patterns of both treatment groups, pens were filmed from above for ten minutes, four 104 

times per day, across the growth period (Foscam; C2 1080p HD cameras, Houston, TX). For each 105 

bird in the pen, behaviors were tracked and categorized into two states (standing or walking) and 106 

three events [short sprint (<2 sec), hurdle jump (< body height) and perch jump (~2 x body height). 107 

Functional Measures   108 

As described previously [37], jump performance was measured by placing each bird in turn on 6x6 109 

in. force plates (AMTI HE6x6; Watertown, MA, USA) enclosed in a tapered box and encouraging 110 

the birds to jump.  Jump power was calculated from the instantaneous net vertical ground reaction 111 

and the vertical center of mass velocity.  Velocity was obtained by integrating the center of mass 112 
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acceleration, which was in turn found from the net ground reaction force and the body mass.  We 113 

calculated jump work by integrating the instantaneous power with respect to time over the course of 114 

the jump. 115 

Quantification of properties of individual components of the elastic system 116 

Specimen muscle architecture preparation. The pelvic limb was separated from the upper body and the left 117 

and right legs were then split by sectioning the pelvis at the midline while avoiding muscle 118 

attachments. Right limbs were placed into neutral buffered formalin for fixation (10%) for at least 119 

two weeks, while left legs were fresh-frozen and kept at -20 °C. Right limbs were positioned with 120 

joint angles approximating those at mid-swing during running (hip: 30°, knee: 80°, ankle: 125°, 121 

within ±2° [41]). Joint angles were confirmed for the fixed limbs using photographs made with a 122 

digital camera (Canon EOS550D; Surrey, United Kingdom) and analyzed with ImageJ (National 123 

Institutes of Health, Betesda, MD). Left limbs were fresh-frozen and saved for later muscle mass 124 

measures. 125 

Muscle Analyses. We made measurements of the lateral and medial heads of the gastrocnemius muscle 126 

(LG and MG), the muscle group of the MTU thought primarily responsible for storage and release 127 

of elastic strain energy during running and jumping [31,36]. The third (intermedia) head of the 128 

gastrocnemius only comprises ~10% of the total mass of the gastrocnemius muscles in this species 129 

[42] and thus was not included in the analysis.  MG and LG were dissected from the fresh-frozen 130 

left limbs and weighed to the nearest 0.1 milligram.  The LG and MG were then dissected from the 131 

fixed limbs for fascicle length, pennation angle, and sarcomere analysis. LG was first split 132 

longitudinally through the mid-belly to view fascicle arrangement. Photographs of whole MG and 133 

split LG made with a digital camera (Canon EOS550D) were imported into ImageJ for 134 
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measurement of the pennation angle between muscle fascicles and their insertions on the 135 

aponeurosis [43]. 136 

Due to the expected within-muscle heterogeneity of strain [44,45], each muscle was divided into 137 

sections for analysis. MG was split into anterior and posterior fascicles [46] and then again split 138 

proximally/distally, resulting in four sections. The LG was split into proximal, middle, and distal 139 

sections, each spanning one-third the length of the muscle belly. Average pennation angle was found 140 

for each section by taking the mean of three angle measurements.  Sarcomere lengths for each 141 

section were found using the laser diffraction techniques described in [43]. A minimum of three 142 

sarcomere length measurements were taken from each muscle fascicle bundle and these 143 

measurements were averaged to obtain the mean measured sarcomere length.  144 

Optimal fascicle length, LO, was calculated by multiplying the length of the fascicle by the ratio of 145 

optimal sarcomere length of guinea fowl muscle (2.36 μm; [46]) to the mean measured sarcomere 146 

length.  147 

Pennation angle at optimal fascicle length, 𝜃𝑂𝐹𝐿, was calculated from the average measured 148 

pennation angle, 𝜃̅ , and the ratio of measure fiber length, Fl, and calculated optimal fascicle length, 149 

LO according to the equation [47]: 150 

 𝜃𝑂𝐹𝐿 =  sin−1 {
𝐹𝑙 sin 𝜃̅

𝐿O
} (1) 

Maximum isometric force along the muscle fiber for the MG and LG were calculated from the 151 

muscle mass, m, optimal fascicle length, LO and muscle density (ρmusc = 1060 kg/m3 [48] using the 152 

specific tension, f (3 x 105 N/m2, Rospars and Meyer-Vernet, 2016), according to the equation: 153 
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 𝐹𝑚𝑎𝑥 =  
𝑓 ∗ 𝑚

ρ𝑚𝑢𝑠𝑐  𝐿0 
 (2) 

We specifically calculated isometric force along the muscle fiber for input into the musculoskeletal 154 

model rather than including the influence of pennation angle because pennation angle is a separate 155 

input into the OpenSim Millard muscle model (see below for model description), which accounts 156 

for the change in pennation angle with muscle 157 

length [50]. For statistical tests, muscle force along 158 

the tendon was analyzed. 159 

Moment Arm. Gastrocnemius moment arm at the 160 

ankle was experimentally measured using the 161 

tendon travel method [51,52] as described by 162 

Salzano (2020).  The gastrocnemius moment arm 163 

at the ankle was experimentally measured using 164 

the tendon travel method as described by Salzano 165 

[53]. In short, the Achilles tendon was attached to 166 

a linear transducer (Model P510-2-S11-N0S-10C, 167 

UniMeasure, Inc., Corvallis, OR) to measure 168 

excursion and kept at a constant 10N tension to 169 

prevent changes in tendon strain (Figure 1). 170 

Retroreflective markers were placed on dissected 171 

limbs to track the relative movement of the tibia 172 

and tarsometatarsus in 3D across a range of joint 173 

angles using a 4-camera Motion Analysis system 174 

 

Figure 1: Setup for the tendon travel experiment. The 
limb was positioned so that the tibiotarsus was held firm 
by a 3D printed clamp. In the knee joint motion trial, 
the femur was rotated to move the knee through its 
ROM. The tibiotarsus was then cut to remove the 
proximal portion of the limb, allowing for LVDT to be 
attached to the Achilles tendon. For tendon travel trials, 
the TMT was rotated to move the ankle through its 
ROM. Gray coloring represents retroreflective markers 
on the limb and LVDT. The dotted line outlines the 
pelvis femur, and knee, which were removed after the 
knee joint motion trial. The dashed line represents 
location at which the tibiotarsus was cut after the knee 
joint motion trial. Figure adapted from Salzano, 2020. 
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(300 Hz; Kestrel, Motion Analysis Corporation, Santa Rosa, CA), and automatically synchronized to 175 

the linear transducer data within the motion analysis software (Cortex , Motion Analysis 176 

Corporation). Joint centres and a mean helical axis were calculated from motion data for each trial 177 

and used to calculate flexion angle at the ankle at each timepoint [54].  A cubic spline was fit to the 178 

tendon excursion versus flexion angle points using least-squares approximation and tendon 179 

excursion was differentiated with respect to angle to estimate moment arm across the measured 180 

range of motion (30°-90°). Average values are reported in Table 1. 181 

Tendon force-length curves. We quantified the tendon force-length properties with material analysis as 182 

described in [25]. In short, tendons were detached from the gastrocnemius muscles but left attached 183 

at their insertion points on the tarsometatarsus bone.  Both the bone and the tendon’s proximal end 184 

were connected to a material testing machine (858 Mini Bionix II; MTS Systems Corp; Eden Prairie, 185 

MN, United States). Samples were mounted vertically using custom clamps on the tendon 186 

aponeurosis and the TMT and attached to a 50-pound load cell (MTS Systems Corp; Eden Prairie, 187 

MN, United States). The upper clamp gripped the entire aponeurosis of each sample, leaving only 188 

the free tendon exposed to loading.  The tendon force-length properties were quantified by loading 189 

the tendon cyclically (20 cycles) to 4% strain.  The tendon force-length curves were calculated by 190 

averaging the data from last 5 cycles of the loading protocol. Tendon force-strain curves were 191 

calculated by normalizing displacement by the length of the tendon, TL, measured to the nearest 0.1 192 

mm with calipers while under zero force in the material testing setup.  Average values for tendon 193 

stiffness given in Table 1 were calculated from the slope of the tendon force-length curve across the 194 

last 50 points measured in the last 5 cycles of trials, at strain between 3 and 5%. 195 

Tendon Slack Length. The tendon slack lengths for the LG and MG were estimated from experimental 196 

measures as described in Appendix A.  Because model based estimates of muscle fiber length in a 197 
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given posture are particularly sensitive to the tendon slack length [55–57] and our calculations 198 

involved several simplifying assumptions, we further refined our experimental estimates of tendon 199 

slack length by fine-adjusting the tendon slack length parameter in the OpenSim model (see 200 

Appendix A for experimental tendon slack length measurement and see below and Appendix B for 201 

model development). After experimental moment arms and tendon and muscle properties were 202 

added to subject specific models, each model was posed in the individual’s fixed posture. The 203 

model’s tendon slack length was adjusted iteratively in the model until the LG and MG normalized 204 

fiber lengths were within 1% of the experimentally measured values. These final values are listed in 205 

Table 2. 206 

Quantifying the influence of restricted jumping on energy storage capacity 207 

We generated a flock of subject-specific musculoskeletal models by modifying the generic model 208 

[58] to match experimental values measured for each bird (see Appendix B). With these models, we 209 

quantified the capacity of each subject-specific model to store elastic energy in its Achilles tendon 210 

across a range of joint postures [Ankleo : 31 to 145, Kneeo: -145 to -15, Figure 2 [58])]. At each 211 

posture, the simulated LG and MG were activated at 100% and the muscle-tendon unit was 212 

equilibrated with the OpenSim MATLAB equilibrateMuscles() function, which adjusts muscle and 213 

tendon length such that tendon force and muscle (active and passive) forces balance.  The LG and 214 

MG insert on the same tendon but, due to OpenSim modeling constraints, these muscles are 215 

modeled as having separate tendons. To calculate the stored elastic energy in the combined Achilles 216 

tendon, then, we first extracted the resulting force, fa, along the tendon for each muscle.  These 217 

values were summed and the resulting tendon strain in a single tendon, ∈𝑇𝑎, was found from the 218 

inverse of the experimentally measured force-strain curve. 219 
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 ε𝑇𝑎  = 𝑔−1(𝑓𝑎). (3) 

The strain energy stored in the strain of the tendon, PE (eq. 10), was calculated by integrating the 220 

tendon force-strain curve from zero to the calculated strain and multiplying that by the tendon 221 

sample length, LT, as measured at zero strain during the material testing. 222 

 𝑃𝐸 =  𝐿𝑇 ∫  𝑔(ε) 𝑑ε 
ε𝑇𝑎

0

 (4) 

Simulations of 100% activation of the LG and MG were performed across the range of 223 

experimentally measured joint angles for the ankle and knee joint (Figures 2A&B).  From these 224 

simulations, we extracted the maximum elastic energy storage across all postures for each bird and 225 

the ankle and knee angles at which the maximum was achieved, and recorded the values in a pre-226 

jump posture (Figure 2C, [31]).  Tendon elastic energy stored in the pre-jump posture has been 227 

found to be a requirement for the very high power generated in guinea fowl jumping [31,37]. 228 

Additionally, we recorded the normalized fiber length for each muscle at this posture at zero 229 

activation.  230 

Statistical Tests 231 

To determine whether components of the gastrocnemius elastic system change systematically in 232 

response to changes in demand, we evaluated the influence of treatment group (restricted vs. 233 

control) on each element of morphology measured.  This was accomplished using t-tests if the 234 

homogeneity of variance assumption test was passed and using a Kruskal-Wallis test by ranks when 235 

this criterion was not met.  Non-parametric analyses are indicated with an asterisk after the p-value 236 

in Tables 1&2.  The threshold for statistical significance was set at 0.005 after a Bonferroni 237 

correction for multiple comparisons. Likewise, the relationship between treatment group and elastic 238 
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energy storage capacity was evaluated with a t-test after data passed tests for normality and 239 

homogeneity of variance, as described above for evaluation of differences between groups of 240 

individual elastic system components.  241 

We used stepwise comparison of Akaike information criterion (AIC) values [stepAIC R Mass 242 

package [59]] to determine the parameters and coefficients of the full model that best predicted 243 

elastic energy storage potential across natural variation of joint postures in preparation for jumps. 244 

The full statistical model evaluated included stored strain energy, PE, as a dependent factor and, as 245 

potential independent variables, tendon stiffness, tendonK, the summed maximum isometric force 246 

capacity of LG and MG along the tendon, sumFMax, the average LG and MG optimal fascicle 247 

length, AvOFL, and starting muscle length at zero activation of the LG and MG in the pre-jump 248 

posture, AvLenA0c. We included possible interaction terms between muscle force capacity, tendon 249 

stiffness and muscle start length (sumMaxF*tendonK*AvLenA0c) and between optimal fascicle length 250 

and tendon stiffness (avOFL*tendonK) following recommendations by Zajac [60] of functional 251 

equivalent muscle tendon joint properties.  We did not include muscle moment arm or tendon slack 252 

length in the statistical model because they both contributed to the starting muscle length at any 253 

given joint posture.   254 

To quantify the relative explanatory power of morphological variation of any individual element to 255 

predict stored energy to a systems level approach, we compared individual parameter models to the 256 

best multi-parameter model found by stepwise comparisons described above. The AIC value of the 257 

best model was compared to AIC values of models with individual predictors and their relative 258 

explanatory power computed [61] .  259 

The relationship between Achilles tendon elastic energy storage capacity and experimentally 260 

measured muscle-mass-normalized peak power output and jump work were both tested with a linear 261 
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model with elastic energy storage as the dependent variable and peak power or jump work as the 262 

independent variable. See [62] for details on how power and work were calculated from force plate 263 

data. 264 

Results 265 

Variation in individual elements of the elastic system 266 

We found no statistically significant differences in any individual morphological property between 267 

birds that jumped during growth and those that did not (all p>= 0.1, Tables 1&2). 268 

 269 

Energy storage capacity between groups 270 

We found no significant differences in the capacity to store energy in the strain of elastic elements 271 

between birds restricted and unrestricted from high power activities during maturation, despite  272 

Table 1: Morphological and functional measures by treatment. All values are given as means +/-standard 
deviations.  ‘pVal’ column lists the p-value of statistical comparisons between groups.  Bolded rows show 
statistically significant differences between groups. * indicates data reproduced from Cox et al. (2020). 

  Restricted Control pVal  

Total animals 8 8   
Body mass kg 1.7±0.11 1.7±0.14 0.5  

Extensor muscle mass kg 0.239(0.022) 0.257(0.02) 0.18  

Average moment arm cm 0.91±0.05 0.94±0.03 0.24  

Tendon stiffness kN/m 48.1±13 53.5±10 0.39  

Leg length mm 345±11 349±18 0.56  

Femur length/leg length  0.25±0.01 0.25±0.01 0.18  

Tibia length/leg length 0.36±0.01 0.35±0.01 0.1  

Tmt length/leg length 0.22±0.01 0.22±0.01 0.55  

Toe length/leg length 0.17±0.01 0.17±0.01 0.63  

*Jumps/day during growth 0 194(349)   

At maturity  

*Max jump takeoff velocity m/s 3.3±0.43 4.0±0.36 0.007  

*Jump work J/kg 37±9.2 50±8.4 0.013  

*Peak power W/kg 787±165 1171±117 3.5e-4  

*Peak jump force/body weight N/N 4.7±0.54 6.7±0.74 5e-5  
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small differences in tendon strain that did not reach significance 273 

(Table 3, Figure 3).  This held true both at the peak crouched 274 

posture before jump initiation (Figure 2C, p=0.43) and at the 275 

posture that optimized elastic energy storage (Figure 2D, 276 

pVal=0.44).  It should be noted that the optimum posture for 277 

elastic energy storage was at the most extended knee angle and the 278 

most flexed ankle angle tested and was ~85o more extended ankle 279 

angle than birds used in preparation for a jump.  While this more 280 

extended posture lengthened the gastrocnemius and increased the 281 

energy stored in the Achilles, it shortened the operating length of 282 

the knee extensor muscles, reducing their force-generating 283 

capacity. In the prejump posture, the shorter gastrocnemius length 284 

decreases elastic storage capacity by 12% for control birds and 285 

10% for restricted birds (Table 3) in comparison to the optimal posture for energy storage. 286 

Morphological predictors of elastic energy storage capacity  287 

 288 

 

Figure 3: Restricting high power activities 
does not decrease or significantly influence 
the capacity to store elastic strain energy. 
Each dot represents data from one individual. 

Table 2: Muscle morphological data by treatment for the lateral (LG) and medial (MG) gastrocnemius 
muscles: Muscle mass (Mass g), optimal fascicle length, (LO mm), Maximum Isometric Muscle force (Max Iso 
Force N), muscle pennation angle at optimal fiber length (Penn Ang rad), and tendon slack length (Tendon SL 
mm). Morphological measures did not vary between groups. All values are given as means +/-standard 
deviations.  pVal column lists the p-value of statistical comparisons between groups.  

   Restricted Control pVal 

LG Mass g 9.0±1.3 9.2±1.5 0.77 
LO mm 24±2.9 24±4.1 0.95 
Max Iso Force N 105±15 110+-22 0.64 
Pen Ang rad 0.33±0.05 0.30±0.07 0.38 
Tendon SL mm 135±7.3 139±6.5 0.32 

MG Mass g 11±1.4 12±1.8 0.2 
OFL mm 28±4.2 29±3.5 0.81 
Max Iso Force N 108±20 118±29 0.44 
Pen Ang rad 0.20±0.03 0.21±0.03 0.51 
Tendon SL mm 150±8.3 150±9.1 0.97 
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 289 

We found that the amount of energy stored in strain of the tendon was best explained by variation 290 

in the average of the passive LG and MG muscle length at activation onset, avLenA0 (Table 4). 291 

Figure 4A illustrates that tendon strain energy increases at longer starting lengths both between 292 

individuals and, even more strikingly within individuals, across postures. Muscle force capacity along 293 

Table 3: Comparison of energy storage capacity and normalized fiber length between restricted and 
unrestricted birds at maturity across all postures and in the pre-jump posture (shaded grey). Normalized 
muscle length at the start and end of contraction designated by Average n.Fiber length at A0 and A100 
respectively. 

  Restricted Control pVal 

At max strain 
energy posture 

Energy Storage Potential J 0.3±0.065 0.26±0.12 0.44 
Tendon Strain 0.12±0.016 0.098±0.021 0.031 
Average n.Fiber length at A0 1.1±0.051 0.99±0.098 0.11 
Average n.Fiber length at A100 0.75±0.051 0.72±0.054 0.27 
Knee Angle at Max PEo -131±1.9 -130±0 1 
Ankle Angle at Max PEo -45±0 -45±0 1 

In pre-jump 
posture (Knee: 

-135 Ankle: 
120) 

Energy Storage Potential J 0.27±0.055 0.23±0.11 0.43 
Tendon Strain 0.12±0.015 0.094±0.021 0.028 
Average n.Fiber length at A0 1±0.05 0.96±0.097 0.11 
Average n.Fiber length at A100 0.73±0.048 0.7±0.051 0.28 

 

 

Table 4: Results of models comparing how well variation of individual elastic elements explain variation in elastic 
storage potential (dark shaded grey regions) and stepwise model comparisons of models with multiple predictors 
(lighter shaded region) find that muscle operating length at the start of activation (AvLenA0) is most predictive of 
energy storage, with muscle force capacity, the sum of lateral and medial maximum isometric force (Force), and average 
gastrocnemius optimal fiber length, avOFL, also significant..  Tendon stiffness, Tendon K, add little to no additional 
predictive information. A multi-predictor model (Full:, darker shaded region), explained variation in energy storage 
capacity over 160,000 times better than any individual predictor.   Likelihood comparisons between the null and 
individual models are designated by L(null|x), and between the full model and individual predictor models by L(full|x). 
Akaike weights are listed under w(AIC) 

 
Coeff Adj. 

R2 

pVal AIC ΔAIC  

(1-5) 

w(AIC) L(null|

x) 

ΔAIC 

(2-6) 

w(AIC) L(full|x) 

1. Null:     -28 0 1.1e-5 1    

2. Force 0.002 0.50 2.0e-3 -37 -9.4 1.2e-3 111 28 1.6e21 1.0e6 

3.tendon K -1.3e-8 -0.077 1 -26 2.0 3.1e-6 0.37 39 5.3e18 3.0e8 

4.AvLenA0 0.40 0.57 6.4e-4 -40 -12 3.3e-3 390 25 5.6e21 2.8e5 

5. avOFL -1.5 0.26 3.1e-2 -31 -3.6 5.1e-5 6 33 8.6e19 1.9e7 

6.Full:  

FMax 

tendon K 

AvLenA0 

avOFL 

 0.93 2.3e-6 -65    0 1.5e27 1 

6.1e-3  3.2e-4 

1.2e-5  0.02 

0.29  2.0e-4 

0.78  0.07 

Force* 

tendonK 

-7.1e-8  4.5e-3        
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the tendon was the next most explanatory variable and, like normalized muscle length, shows a 294 

positive relationship with energy storage (Figure 4B). In contrast, longer muscle optimal fascicle 295 

lengths reduced energy storage (pVal: 0.03, Table 4, Figure 4D) when evaluated as an induvial 296 

predictor, but was not a significant factor as a predictor in the full multi-parameter model. Opposite 297 

to our predictions, tendon stiffness did not significantly correlate with elastic strain energy when 298 

evaluated as an individual predictor (pVal>0.1 Table 4, Figure 4C), but did improve the explanatory 299 

power of a full model. The stepwise AIC comparison of full and reduced models found the sum of 300 

LG and MG maximum force capacity along the tendon, sumFMax, average optimal fascicle length, 301 

 

Figure 4: Energy stored in the tendon increases with passive normalized fiber length (length at onset of 
muscle activation) across different postures (A) and muscle force capacity (B), decreases with muscle 
optimal fiber length (D), but did not consistently vary with tendon stiffness (C).  The variable that most 
predicts elastic strain energy is muscle normalized fiber length at activation onset (A), with muscles 
operating at longer lengths enabling greater elastic energy storage. Color designates group (blue: restricted, 
grey: control).  In A), red dots identify the strain energy stored and normalized fiber length in the pre-
jump posture.  In B, C, and D each marker represents data from one individual. 
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avOFL, muscle length at activation onset, avLenA0, 302 

tendon stiffness and the interaction of tendon 303 

stiffness and muscle force capacity as the 304 

independent predictors that best correlated with 305 

stored elastic strain energy. The relative 306 

explanatory power of each predictor following 307 

similar patterns as seen in the individual analyses 308 

with muscle start length and force capacity 309 

showing the greatest predictive power.  This full 310 

model had an R2 of 0.93 and was over 280,000 311 

times more likely to explain the variation in strain 312 

energy than any model with only one explanatory 313 

variable. 314 

Energy storage capacity vs jump performance 315 

We found little to no correlation between energy storage capacity predicted by simulations and 316 

experimentally collected jump metrics of either muscle mass-specific work or power (Figure 5).  A 317 

linear model showed no significant relationship between either peak power jump power per kg of 318 

muscle mass capacity (t = -036, p = 0.72, Adj R2=-0.07) or jump work (t = -0.05, p = 0.96, Adj R2=-319 

0.08) and strain energy in the pre-jump posture.  The negative adjusted R2 values for both tests 320 

shows that the variation in jump work or peak power explains only a negligible amount of variation 321 

in elastic energy storage potential. The scatterplot of standardized predicted values versus 322 

standardized residuals for both variables showed that the data met the assumptions of homogeneity 323 

of variance and linearity and the residuals were approximately normally distributed.  324 

 

Figure 5: Neither peak jump power nor jump work 
increase systematically with maximum tendon strain energy 
across all individuals.  Markers designate data from one 
individual in pre-jump posture and color differentiates 
treatment groups (grey: control, blue: restricted) 
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 325 

Discussion 326 

We found the gastrocnemius elastic system of the guinea fowl robust to variations in locomotor 327 

conditions during growth. Neither properties of individual components nor energy storage capacity 328 

varied between groups of birds which did and did not jump throughout maturation.  Nor did we 329 

find any correlation between energy storage capacity and jump performance.  Variation in muscle 330 

operating length across individuals predicted energy storage capacity better than any fixed 331 

morphological property and a systems approach incorporating multiple components was 332 

substantially able to predict energy storage capacity better than variation along any individual 333 

element.   334 

Do components of the gastrocnemius elastic system change systematically in response to 335 

changes in power and work demand during growth?  336 

Contrary to our predictions, we saw, in general, no systematic changes between the gastrocnemius 337 

elastic system in response to decreased demand for high power and work activities during 338 

maturation.  Surprisingly, birds that were restricted from jumping throughout their entire growth 339 

period (Table 1) developed elastic systems that were largely indistinguishable from the control group 340 

that jumped, on average, almost 200 times a day and exhibited greater peak jumping power and work 341 

at adulthood (Tables 1&2). Nor did we see differences in body mass, extensor muscle mass, tendon 342 

stiffness or leverage (moment arm and/or bone lengths).  343 

 344 

Two factors may account for why we saw no systematic changes in the elastic system while 345 

observations of morphological plasticity in response to changes in functional demand abound [63–346 
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67], even in guinea fowl in particular [43,68].  First, several studies suggest that plasticity may vary by 347 

life stage, with lower or inconsistent plasticity in growing animals [69–71]). Thus, the inconsistency 348 

between the lack of plasticity in our study and the morphological variation found by others suggests 349 

that guinea fowl may exhibit lower plasticity during maturation than in adulthood. Fast-growing 350 

species, like guinea fowl, might outpace environmental fluctuations with rapid growth and not invest 351 

in developmental plasticity [72,73].  A slow growing species (humans for example) might have a 352 

selective advantage with greater developmental plasticity. Thus, while our treatment may have been 353 

powerful enough to induce morphological changes in adults, rapidly growing guinea fowl may be 354 

more robust to environmental perturbations.   355 

 356 

Second, our results could be consistent with the results of other studies if the plastic response to 357 

decreased demand is not inferable from changes in response to increases in demand. For example, it 358 

may be that the increase in muscle mass that occurs in response to a certain increase in functional 359 

demand is greater than the decrease in muscle mass that occurs in response to the equivalent decrease 360 

in demand.  Many studies find clear evidence of morphological plasticity, but this was in response to 361 

increased mechanical load [24,43,66,68,74,75] and extreme disuse [76–78]. Our intervention, 362 

however, eliminated jumping and while maintaining consistent low intensity exercise (i.e. walking) 363 

and thus we did not induce chronic offloading, as had been the goal in several previous disuse 364 

studies.  Our results suggest that there may not be a linear dose-response relationship between 365 

changes in functional demand and morphological variation. Instead, as recently suggested [25], there 366 

may be a range of variation in demand that is not extreme enough to induce physiological or 367 

morphological modification above those under developmental control.  If this region of stasis 368 

encompasses a wider range of disuse, it could explain both why offloading studies often require 369 

extreme disuse, like bedrest or limb immobilization [76,77,79], to induce change and why we found 370 
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no systematic morphological changes here. Eliminating jumping may not be an extreme enough 371 

disuse signal to induce musculoskeletal plasticity.   372 

 373 

Thus, while we found no systematic morphological variation when restricting high power activities 374 

during maturation, this does not necessarily imply that the morphology of elastic systems does not 375 

plastically adapt to variations in functional demand.  But it does suggest that there are conditions in 376 

which elastic systems may be insensitive to functional variation. 377 

 378 

Is the energy storage capacity reduced in individuals that did not jump during growth? 379 

Despite this lack of consistent morphological variation between our treatment groups, restricted 380 

birds generated lower absolute and muscle-mass-specific power and work during jumping.  This 381 

suggests either that small morphological changes in individual elastic elements compound to alter 382 

elastic system function, that variations are significant in other MTU’s that we did not quantify, or 383 

that behavioral or neural variation account for the difference in jumping performance.   Our systems 384 

level analysis aimed to specifically address the question of whether morphological variation 385 

compound within the elastic system to enable unrestricted birds to store more energy in their 386 

Achilles tendon in preparation for a jump.  Again, contrary to our predictions, simulations in our 387 

subject-specific models resulted in no differences between groups in their ability to store elastic 388 

energy. Taken together, the finding of minimal changes to individual muscle-tendon unit 389 

components, and no effect on the overall elastic energy storage, could indicate that morphology 390 

necessary to enable jumping is highly conserved.  This could happen if rapid movements are very 391 

critical to fitness, as may be the case for prey animals for whom evasion is critical. 392 
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Which type of morphological variation has the greatest influence on energy storage 393 

capacity? 394 

The first two analyses focus on plasticity of elastic systems and quantified the influence of rearing 395 

conditions on the morphology of individual components and how that variation influenced energy 396 

storage capacity across treatment groups. Our last two analyses utilize the variation within and 397 

across our treatment groups to further probe the relationship between form and function in elastic 398 

systems.  399 

Evaluating the best predictors of energy storage, we found that muscle properties far outweighed the 400 

influence of tendon stiffness. Surprisingly, maximum isometric muscle force, while correlating with 401 

energy storage, was not the most important factor.  Instead, normalized muscle length at the start of 402 

contraction was the best individual predictor of energy storage, with the longest normalized muscle 403 

lengths enabling greatest elastic storage [(in agreement with results from [28,80]].  This may be 404 

because muscles that start contracting on the descending or plateau region of the force length curve 405 

increase force capacity as they shorten, resulting in a greater equilibrium force, while muscles starting 406 

on the ascending limb of the force-length curve lose force capacity as they shorten against a tendon 407 

during an isometric contraction [58]. Further, we were particularly surprised to find that tendon 408 

stiffness alone had little to no predictive power of energy storage.  Together these data suggest that, 409 

between individuals or across an individual’s lifetime, the large variation in force capacity due to 410 

force-length or force velocity effects may overshadow the influence of variation in tendon properties 411 

in determining tendon strain energy.  This conclusion is consistent with studies in humans that 412 

found no correlation between tendon stiffness and vertical jump height [40]. Yet, this idea runs 413 

contrary to the focus on spring properties [23,27,39,81–85] or relative spring and maximal muscle 414 

properties [3,75] in many studies that try to connect form and function in elastic systems.  Our 415 
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results suggest that instead, between or within individuals, elastic energy storage capacity may be 416 

more sensitive to variations that alter muscle operating lengths (tendon slack length, optimal fascicle 417 

lengths, joint postures) or cross-sectional area than changes in the tendons themselves.   418 

Further, our results also highlight the importance of analyzing the components of an elastic system 419 

in concert rather than trying to infer performance from variation in one component.  Our full model 420 

that included both muscle (max muscle force and starting length) and tendon properties explained 421 

changes in energy storage capacity over 280,000 times better than variation in any individual 422 

property, even when penalizing models for complexity.  This, again, emphasizes the limitations of 423 

reductionist approaches to understanding how musculoskeletal morphological variation influences 424 

the energy storage capacity of an elastic system. 425 

Does elastic energy storage capacity predict peak jump powers and work? 426 

The finding that maximum energy storage capacity of the gastrocnemius elastic system did not 427 

predict jump performance further supports the conclusion of the need to switch our focus from 428 

individual elements to analyzing the elastic system encompassing both morphology and neural 429 

control.  Contrary to our expectations, individuals who developed elastic systems capable of storing 430 

greater energy in their tendons did not take advantage of that ability to produce more powerful 431 

jumps. This suggests that morphology may play a smaller role than neural control in determining 432 

contribution of elastic energy storage in jumping.  Musculoskeletal morphological variation may not 433 

be the main factor limiting jump performance.  434 
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The interaction between tendon and muscle force-length curves may, in part, provide a mechanistic 435 

explanation for this disconnect between morphology and performance.  Here we include a 436 

conceptual diagram to illustrate this (Figure 6). If we plot the muscle and tendon force-length curves 437 

on the same figure, it is possible to visualize how they might interact.  If the muscle operates on the 438 

ascending or plateau region of the force length curve where passive forces are minimal, and we 439 

assume that there is no slack in the tendon, a tendon strain of zero will coincide with the muscle 440 

length at the start of a contraction.  Any tendon strain, then, is equal and opposite to the change in 441 

muscle length. During a fixed end contraction, the maximal tendon strain occurs when the tendon 442 

force equals the total muscle force of the three heads of the gastrocnemius (empty circles, Figure 6). 443 

The tendon strain at equilibrium, then, is dramatically influenced by the length of the muscle when it 444 

begins to contract (Figure 6A), reaching higher values for contractions starting at longer muscle 445 

lengths.  As our results suggest (and as can be visualized by comparing the differences in the areas of 446 

Figure 6: The energy stored in the tendon during a fixed end contraction is constrained by the interaction 
of the muscle (blue curve) and tendon force-Δ length curves (grey curve). Since tendon length changes 
must equal and opposite to muscle length changes, we can plot them at the same scale.  Changes in 
muscle length at the onset of contraction (A) can have a larger influence on energy storage than variations 
in muscle force capacity (B).  The variation in maximum muscle force depicted here represent variation 
observe in our subjects. Here changes in start length (`0.9-1.2) and muscle force capacity (±10%) reflect 
experimentally measured variation in our population. 
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the grey shaded regions between Figure 6A and B), these dynamics can be larger than the influence 447 

of naturally occurring variations in maximal force capacity (Figure 6B). And while muscle operating 448 

lengths are constrained by morphology (OFL, pennation angle and moment arms), they are also 449 

easily varied with joint angle.  Large variations in maximum muscle force could be compensated for 450 

by small variations in posture largely under neural control. Thus, as our results suggest, dynamic 451 

factors like muscle operating length may influence energy storage more than temporarily fixed 452 

musculoskeletal features like maximum muscle force capacity.   453 

This suggests that there may be a large range of morphological variation that can be compensated 454 

for with neural plasticity and brings up questions of how the two interact.  Does variation along a 455 

particular morphological axis correlate with systematic changes in neural control? If so, how do 456 

individuals search though the neural possibility space?  What are the limits of neural compensation?  457 

Do we see greater morphological plasticity of the components of elastic systems in conditions that 458 

push the limits of neural plasticity? 459 

Potential interactions between musculoskeletal and neural variation in elastic energy 460 

storage 461 

This possible sensitivity of performance to muscle operating lengths also suggests directions for 462 

further studies exploring the interaction between morphological and neural or kinematic variation.  463 

Here we assumed a uniform pre-jump posture across individuals based on measured average values 464 

[31].  Yet our results suggest variations in posture between individuals may play an important role in 465 

understanding the relationship between form and function in elastic systems. For instance, one 466 

could explore whether individuals with shorter muscle operating lengths adopt a less flexed posture 467 

to enable greater tendon energy storage in preparation for a jump. Likewise, the addition of a 468 

counter movement proceeding a jump, not common in guinea fowl [31,37] but present in many 469 
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other species [86,87], could minimize influence of muscle constraints on energy storage. This 470 

dependence of performance on the interaction between morphology and neural control again 471 

reinforces the need to expand our scope from that of the muscle-tendon unit to that of the elastic 472 

system. 473 

Therefore, while musculoskeletal morphology may set the bounds of possible energy storage, 474 

individuals may not operate at their limits of elastic potential.  This suggests either a significant 475 

behavioral component (restricted birds simply may have not tried as hard to jump) or that there may 476 

be benefits to real-time tunability in elastic systems.  The jump of a guinea fowl is powered both by 477 

tendon recoil and simultaneous muscle work [31], as is common in many larger animals [86–89]. The 478 

muscles that load the tendon pre-jump also contract during takeoff to contribute power to the jump. 479 

In these hybrid systems, trade-offs between maximizing tendon strain energy and muscle power may 480 

explain our findings that the pre-jump posture of guinea fowl did not optimize energy storage in the 481 

tendon. Adjusting muscle lengths to maximize tendon strain may hamper muscles fiber work during 482 

takeoff. Further, in a complex system such as this, with dozens of individual muscle-tendon units 483 

spanning multiple joints and working in concert with direct drive muscles with little tendon, the 484 

difference between a great jumper and a good jumper might depend less on the maximal storage 485 

capacity of any one muscle tendon unit (i.e. its musculoskeletal morphology) and more on fine 486 

adjustments of neural control to harmonize the output of the collective system [90–92].   487 

 488 

Together, our experimental and modeling analyses suggest that performance advantage of the 489 

control birds, who practiced jumping throughout maturation, may lie less in the body’s modification 490 

of individual elastic elements, and instead, in the fine tuning of neural circuits to coordinate muscle 491 

activation timing to take better advantage of what they each possess. While restricting normal 492 

locomotor behavior during growth (i.e., eliminating practice) likely leads to deficits in neural control, 493 
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neural plasticity is potentially a rapidly reversible pathway to adapt an elastic system to functional 494 

variation. Given the potential short timescale of neural plasticity [92,93], greater sensitivity of neural 495 

locomotor/movement stimuli could allow the individual to adjust the dynamics of an elastic system 496 

during growth without making potentially irreversible changes to morphology that could be 497 

detrimental in subsequent stages of growth or in adulthood if environmental conditions or 498 

functional demand rapidly change. Thus, one could interpret the results of our study as suggesting 499 

that practice during growth may indeed be more related to forming the neural framework for 500 

jumping than for forming the musculoskeletal framework. This also suggests the specific hypothesis 501 

that individuals restricted from an activity during growth may be capable of reversing the resulting 502 

neural deficits with practice later in life.  503 

Limitations 504 

Several modeling simplifications could have influenced our results.  For instance, the gastrocnemius 505 

elastic system is not the only one that could contribute to jump power.  While the Achilles is the 506 

largest tendon involved, many other digital tendons spanning both the ankle and tarsometatarsus 507 

joint have the potential to contribute to jump power but were not included in our analysis 508 

Furthermore, changes in the characteristics of muscles spanning proximal joints may also have 509 

contributed to the differences in jump power but these muscles were not modeled. Additionally, 510 

potentially important dynamic effects were ignored.  For simplicity, we simulated the amount of 511 

energy stored in the Achilles tendon during fixed-end contractions, where the joint posture was 512 

constant as the muscle and tendon dynamically responded to increasing muscle activation. 513 

Activating muscles while altering joint posture would alter these dynamics, perhaps amplifying the 514 

influence of individual differences in input or output lever lengths or force-velocity effects not 515 

apparent from group averages. Likewise, we did not measure and include individual variation in 516 
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muscle/aponeurosis passive elastic properties that could significantly alter energy storage [36,94,95]. 517 

While this is a common approach in musculoskeletal modeling [50,60,96], variation in the 518 

aponeurosis and free tendon stiffness [97,98] have the potential to introduce errors [16,99].  519 

Another possible limitation was the modeling choice to focus on the potential for an individual to 520 

store energy in the strain of their tendon. How that energy is released and how that energy release 521 

interacts with synchronous muscle activation could also influence jump performance [5].  Because 522 

jumps are likely powered both by tendon recoil and muscle work [31,80], there may be a tradeoff 523 

between the work the muscle puts into tendon strain and that which is left available to power the 524 

jump during tendon recoil [100]. Future work could involve simulation of jumps in these subject-525 

specific models to assess the contributions of these dynamic factors. Thus, while we found no 526 

consistent change in components of the gastrocnemius elastic system due to decreased demand for 527 

high power activities during growth, more complex models may provide insight into the ways in 528 

which morphological variation constrains performance. 529 

Summary 530 

We found that decreasing the demand for high power and work during growth can influence adult 531 

performance but does not necessarily lead to morphological plasticity. We found no difference in 532 

energy storage capacity between groups which did and did not jump throughout maturation or any 533 

correlation with experimentally measured jump performance. We conclude that gastrocnemius 534 

elastic system in the guinea fowl displays little to no morphological plastic response to decreased 535 

demand during growth and that neural control of elastic systems may constrain performance more 536 

than morphology. 537 
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 823 

Appendix A 824 

Estimation of tendon slack length from experimental measures 825 

Tendon slack length was estimated from experimental measures of muscle and tendon morphology 826 

as follows. First, the maximum isometric force along the tendon was calculated from the maximum 827 

force along the fiber and the pennation angle at optimal fascicle length, 𝜃𝑂𝐹𝐿, according to the 828 

equation:  829 

 𝐹𝑚𝑎𝑥𝑇 = 𝐹𝑚𝑎𝑥  cos 𝜃𝑂𝐹𝐿 . (5) 

The passive force of the muscle exerted on the tendon in the experimentally measured posture was 830 

found from the normalized passive muscle force as a function of normalized fiber length curve, 831 
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𝑓𝑛𝑝(𝑛𝐹𝑙) [101,102]. This was first scaled, for each muscle, by the maximum isometric force along 832 

the tendon, 𝐹𝑚𝑎𝑥𝑇, 833 

 𝑓𝑚𝑢𝑠𝑐𝑃 = 𝐹𝑚𝑎𝑥𝑇𝑓𝑛𝑝(𝑛𝐹𝑙). (6) 

By normalizing the experimentally measured average fiber length by the muscle’s optimal fascicle 834 

length, we could calculate the normalized fiber length of the muscle in the fixed posture, nFl, 835 

allowing us to solve equation (4) for the passive force, 𝑓𝑚𝑢𝑠𝑐𝑃, each muscle exerted on the tendon in 836 

the experimental posture. Since the three heads of the gastrocnemius attach to the Achilles tendon, 837 

the passive force of each muscle was calculated separately and summed. As the gastrocnemius 838 

intermedia head makes up ~10% of the total gastrocnemius muscle by volume, the passive 839 

contribution of this muscle was not experimentally determined for each bird but was estimated from 840 

values previously collected [58]. The passive force exerted by the muscle must be balanced by an 841 

equal tendon force, thus, the summed passive muscle forces equal the passive force the tendon 842 

experienced in the experimental posture. 843 

The MTU lengths, 𝐿𝑀𝑇𝑈, were measured on the fixed limbs by digitizing the three-dimensional 844 

paths of the MG and LG from their origins on the tibiotarsus and femur, respectively, to the 845 

insertion of the Achilles tendon on the hypotarsus.  This approach inherently includes the 846 

aponeurosis in the overall tendon length.  Digitizing was done using a digitizing arm (Microscribe 847 

3DX, Immersion, San Jose, CA). The MTU path was described by 11 points. The linear distances 848 

along the MTU path were summed to obtain an overall MTU length. This experimentally measured 849 

MTU length, LMTU, is the sum of the measured fiber length, 𝐿𝑀, the tendon’s slack length, LT, and 850 

length change in the tendon (tendon stretch) due to passive muscle fiber force.  The length change 851 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 14, 2021. ; https://doi.org/10.1101/2021.04.12.439563doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.12.439563


in the tendon due to passive muscle fiber force can be described as the tendon strain, ε𝑇 , times its 852 

tendon slack length, LT0. 853 

 𝐿𝑀𝑇𝑈 =  𝐿𝑀 + 𝐿𝑇 + 𝐿𝑇ε𝑇 (7) 

The strain in the tendon due to the passive muscle fiber force, ε𝑇 , was calculated using the 854 

experimentally measured tendon force-displacement curve.  The tendon force-displacement curve 855 

was normalized by tendon length to generate a force-strain curve.   856 

 𝑓𝑇 = 𝑔(ε𝑇). (8) 

The strain at which the tendon force is equal to the passive fiber force can then be found from the 857 

inverse of equation (6) and the passive muscle force, 𝑓𝑀𝑃 . 858 

 ε𝑇  = 𝑔−1(𝑓𝑀𝑃). (9) 

The tendon slack length, for each muscle, then, can be calculated from equations (5) and (7). 859 

 𝐿𝑇0 =  
𝐿𝑀𝑇𝑈 − 𝐿𝑀 

(1 + ε𝑇)
 (10) 

 860 

Appendix B 861 

Development of subject specific models 862 

To perform system level analyses, we modified the generic OpenSim guinea fowl model [58] to 863 

generate subject-specific models for each individual.  First, the generic model was scaled to match 864 

the measured bone lengths and body mass for each bird and saved as distinct models. In each 865 
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subject specific model, the generic LG and MG maximum isometric force, pennation angle, optimal 866 

fascicle length and tendon slack length were modified to match the experimentally measured and 867 

calculated properties.   868 

The moment arms of the LG and MG acting at the ankle was fit to experimental values by adjusting 869 

the of the size and orientation of the cylindrical wrapping surface for the Achilles at the ankle.  870 

During the trial-and-error fitting process, the radius, translation, and rotation of the wrap surface 871 

was modified, and the resulting moment arm was compared to the experimentally collected data at 872 

31-34 points across the experimental range with a mean moment arm normalized root mean square 873 

of the error (Figure S1A) of 0.009±0.007. 874 

 

Figure S1: Example comparisons between experimental (solid lines) and modeled (dashed lines) moment arms (A) 
and tendon force-strain curves (B).  In each plot, experimental and modeled curves are displayed for three animals, 
showing the best, the average and the worst fit across individuals. 
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Additionally, the tendon force-strain curve was updated to match experimentally collected force-875 

strain values.  Because OpenSim scales the tendon force-strain curve by the maximum isometric 876 

force of the muscle, each tendon force-strain curve was normalized by the maximum isometric force 877 

capacity of the LG or MG, respectively. The parameters of the Millard muscle model’s tendon force-878 

strain curve were iteratively varied for both the LG and MG and compared to the experimental 879 

curve for each individual, resulting in an average root mean square error (normalized by tendon 880 

force) over 26-31 points for each tendon force-length curve (Figure S1B) of 0.061+0.025. 881 
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