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Abstract

The average mechanical power output (AMPO) over a stretch–shortening cycle produced by a
muscle depends on muscle length and stimulation over time. While the effects of cycle frequency and
muscle length excursion on AMPO are well-known, several questions remain about the effects of muscle
length and stimulation over time on the maximally attainable AMPO. For example, which precise
muscle length and stimulation over time yield maximal AMPO? In situ experiments are inherently
limited to a finite set of muscle length and stimulation over time. To overcome this limitation, we
combined in situ experiments on rat m. gastrocnemius medialis with Hill-type muscle modelling. We
first performed dedicated trials to estimate the muscle-tendon-complex (MTC) properties of each
rat. Subsequently, we performed various stretch–shortening cycles with substantial differences in
cycle frequency, shortening-to-lengthening time ratio and MTC length excursion. Model-predicted
AMPO correlated nearly perfectly with experimentally measured AMPO (r² > 0.98). This justified
further exploration using the Hill-type MTC model. Using the Hill-type MTC model, we predicted
that AMPO peaks at a cycle frequency of 3.5 Hz, with a shortening-to-lengthening time ratio of 6:1
and an MTC length excursion of 8 mm. Notably, cycle frequency and MTC length excursion showed a
strong interaction: increasing one necessitated a decrease in the other to maximise AMPO. By contrast,
the optimal shortening-to-lengthening time ratio remained remarkably constant across all tested
combinations of cycle frequency and MTC length excursion. This shows that muscles should spend
substantially more time shortening than lengthening to maximise AMPO.
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Author summary

The average mechanical power output (AMPO) of cyclic contractions, in which a muscle shortens and
lengthens, is a key determinant of performance in tasks like sprint cycling and rowing. Apart from
stimulation, muscle AMPO depends on three key factors: cycle frequency (the number of shortening–
lengthening cycles per second), length excursion (the change in muscle length during each cycle), and
the relative duration of shortening and lengthening. To study the dependency of AMPO on these key
factors, we combined experiments on rat calf muscle with a mathematical muscle model incorporating
key physiological properties. The model accurately reproduced the experimental results, which allowed
us to explore a much wider range of the three factors than would be possible using experiments alone.
Cycle frequency and length excursion interacted strongly, such that increasing one required decreasing
the other to maximise AMPO. By contrast, the optimal relative duration of shortening and lengthening
was consistent across all tested cycle frequencies and length excursions: AMPO was maximised when
muscles spent about 85% of each cycle shortening. These findings improve our understanding of muscle
function and may help explain animal behaviour as well as inform sports equipment design to enhance
performance.

1 Introduction1

In motor activities such as cycling, rowing, and speed skating, muscles periodically shorten and lengthen,2

a pattern commonly referred to as the stretch–shortening cycle (SSC). When muscles produce force while3

shortening, they deliver positive mechanical power, and when they produce force while lengthening, they4

deliver negative mechanical power. During motor activities, part of the mechanical energy delivered by5

the muscles is dissipated to the environment, and this energy loss generally increases with movement6

speed. Consequently, performance critically depends on the average mechanical power output (AMPO)7

that muscles can produce over these SSCs. This raises several fundamental questions: how does muscle8

length over time influence the maximally attainable AMPO? More specifically, what are the effects of cycle9

frequency and muscle length excursion? Which fraction of the cycle should be spent shortening? And10

(how) do these factors interact? Surprisingly, despite the importance of AMPO for movement performance,11

many of these questions have not yet been answered.12

To study the mechanical output over an SSC, researchers use an experimental setup in which a motor13

imposes cyclical length changes on either isolated muscle fibres or the entire muscle–tendon complex14

(MTC). While the approach is the same at both levels, this paper focuses on SSCs at the MTC level.15

During each SSC, the MTC first undergoes lengthening and then shortens back to its initial length. Muscle16

stimulation is applied during part of the SSC, while MTC force is measured. When MTC force is plotted17

against MTC length (change), the area enclosed by the resulting loop represents the net mechanical work18

produced during a full cycle. This net mechanical work is the sum of the positive mechanical work during19

MTC shortening (Figure 1A) and the negative mechanical work during MTC lengthening (Figure 1B).20

This method has been coined the ‘work loop technique’ (Josephson, 1985). The average mechanical power21

output (AMPO) for each cycle can then be calculated by dividing the net mechanical work per cycle by22
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the duration of the cycle. As such, the work loop technique provides a powerful tool to study the effect of23

MTC length and stimulation over time on the maximally attainable AMPO of muscles.24
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Figure 1: An example of a work loop. In a work loop, MTC force is plotted against MTC length (change).
The area enclosed by the work loop represents the net mechanical work produced during a full cycle (C),
which is the sum of the positive mechanical work during MTC shortening (A) and the negative mechanical
work during MTC lengthening (B). The arrows indicate the direction of the work loop over time.

The work loop technique has been extensively employed to examine how MTC (or muscle fibre) length25

and muscle stimulation over time affect the mechanical behaviour of muscles. In most experiments,26

SSCs have been studied using sinusoidal length changes (e.g. Josephson, 1985). These SSCs are typically27

parametrised in terms of cycle frequency and MTC/muscle fibre length excursion, with length changes28

centred around the length yielding maximal isometric force. Furthermore, muscle stimulation is typically29

parametrised in terms of stimulation onset time and stimulation duration (i.e. ‘duty cycle’). Since muscle30

stimulation substantially affects the mechanical behaviour of muscles (e.g. Curtin et al., 2018; Sawicki31

et al., 2015; Stevens, 1996), stimulation onset time and duration are typically optimised to maximise32

mechanical work per cycle. This approach allows for systematically investigating the effects of cycle33

frequency, MTC/muscle fibre length excursion, and their interaction on AMPO. For example, results from34

such experiments have demonstrated a substantial interaction between cycle frequency and MTC/muscle35

fibre length excursion, whereby maximising AMPO typically requires larger length excursions at lower36

frequencies and smaller length excursions at higher frequencies (e.g. Altringham and Johnston, 1990;37

Caiozzo and Baldwin, 1997; James et al., 1995). Although sinusoidal SSCs have experimentally provided38

valuable insights, they inherently impose equal shortening and lengthening durations, leaving unexplored39

how unequal shortening and lengthening durations affect AMPO.40

Askew & Marsh (1997; 1998) performed ground-breaking experiments on the effect of unequal shortening41

and lengthening durations on the maximally attainable AMPO — remaining, to our knowledge, the only42

researchers to have done so. In their studies, mouse m. soleus and m. extensor digitorum longus were43

connected at the distal part of the muscle belly to a servomotor for precise control of the imposed SSCs.44

The SSCs used by Askew & Marsh were parameterised using three variables (see Figure 2): cycle frequency,45

FTS (fraction of the cycle time spent shortening), and muscle fibre length excursion (i.e. maximum minus46

minimum fibre length), with near-constant shortening and lengthening velocities. Askew & Marsh (1997;47

1998) examined three distinct FTS values — 0.25, 0.50, and 0.75 — and heuristically optimised muscle48

fibre length excursion, muscle stimulation onset time and muscle stimulation duration to achieve the49

highest AMPO at different combinations of cycle frequency and FTS. Their findings indicated that AMPO50
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was highest for FTS = 0.75, followed by FTS = 0.50, and lowest for FTS = 0.25 at each cycle frequency at51

the optimal muscle fibre length excursion and muscle stimulation.52
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Figure 2: Representation of the parameterisation of stretch–shortening cycles. Tshort and Tl ength denote
the shortening and lengthening durations, respectively, of either the muscle-tendon-complex (MTC) or
the muscle fibres. FTS denotes the fraction of the cycle time spent shortening. In the example shown, the
MTC/muscle fibres shorten 65% of the cycle duration (i.e. FTS = 0.65).

While Askew & Marsh’s experimental studies provided valuable insights, several questions remain regarding53

the effect of SSC parameters on the maximally attainable AMPO. First, Askew & Marsh (1997; 1998)54

optimised muscle fibre length excursion for each cycle frequency at only three distinct FTS values. Therefore,55

it remains unclear how muscle fibre length excursion affects the maximally attainable AMPO at different56

FTS values. More generally, it remains unclear how sensitive the maximally attainable AMPO is to57

variations in SSC parameters. For instance, does AMPO substantially decrease with suboptimal SSC58

parameters, or is there a wide range of SSC parameter combinations that yield near-maximal AMPO?59

Second, because Askew & Marsh (1997; 1998) only used three distinct FTS values, it remains unclear how60

cycle frequency and muscle fibre length excursion affect the optimum value of FTS. More generally, it61

remains unclear how the optimum SSC parameters depend on each other. Third, Askew & Marsh (1997;62

1998) imposed near-constant muscle fibre shortening and lengthening velocities. Consequently, it remains63

unclear how much more AMPO the muscle could produce if the muscle fibre length over time would be64

optimal for AMPO. For this, the optimal muscle fibre length and stimulation over time should be identified65

in a parameter-free manner.66

While it is obvious that muscle fibres should maximise positive mechanical work and minimise negative67

mechanical work in order to maximise AMPO, it is far from trivial what SSC and muscle stimulation68

over time yield maximal AMPO. To minimise negative mechanical work, stimulation should cease well69

before lengthening begins (because of deactivation time delays) and muscle fibres should ideally lengthen70

at very low velocities (as muscle fibre force increases with increasing lengthening velocity). However,71

such strategies are suboptimal for AMPO: the time spent lengthening cannot be used to produce positive72

mechanical work, and early deactivation reduces the positive mechanical work during shortening. One73

might argue that muscle fibres should shorten at a velocity that maximises the instantaneous mechanical74

power output to maximise positive mechanical work. However, muscle fibre force also depends on muscle75
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fibre length, with muscle fibre force decreasing at both shorter and longer lengths than optimum length.76

Therefore, to maximise AMPO, it may be beneficial for muscle fibres to shorten at a velocity lower than that77

maximising instantaneous mechanical power output. Doing so limits the negative effects of operating at78

suboptimal muscle fibre lengths. This raises several open questions: What shortening velocity maximises79

AMPO? Over what length range should muscle fibres operate? And how much time should be spent on80

shortening (to maximise positive mechanical work) versus lengthening (to minimise negative mechanical81

work) in order to maximise AMPO?82

Obviously, it is hard to experimentally find the optimal combination of cycle frequency, FTS, MTC length83

excursion and muscle stimulation for maximal AMPO. If one would change MTC length excursion, how84

should the other SSC parameters and muscle stimulation be changed to maximise AMPO? Or, taking it one85

step further: How should we find the MTC length and stimulation over time that maximises AMPO when86

the muscle length over time is entirely free to take any form? For this reason, we propose to complement87

in situ experiments with simulations and optimisations using a Hill-type MTC model to study the effects88

of MTC length and muscle stimulation over time on the maximally attainable AMPO. If the MTC model89

yields accurate predictions of the influence of SSC parameters and muscle stimulation over time on the90

maximally attainable AMPO, it would allow us to answer a plethora of questions regarding the maximally91

attainable AMPO of various SSCs. For instance, we could investigate how the optimum SSC parameters92

depend on each other, and how sensitive the maximally attainable AMPO is to variations in SSC parameters.93

Furthermore, using an accurate model, we could optimise MTC length over time for maximal AMPO and94

quantify how much more AMPO could be produced compared to sinusoidal SSCs or the near-constant95

velocity SSCs used by Askew & Marsh (1997; 1998).96

In this study, we aimed to explore the influence of SSC parameters — cycle frequency, FTS and MTC97

length excursion — on the maximally attainable AMPO of a single isolated MTC. Thus, we considered98

the maximally attainable AMPO for each combination of SSC parameters. To determine this, muscle99

stimulation was optimised for every SSC. As discussed earlier, only a limited set of SSCs can be investigated100

experimentally, so this raises the question: Which SSCs should be selected? To make an informed selection101

of SSCs to be tested experimentally, we first used a Hill-type MTC model — with parameter values102

obtained from literature — to simulate a broad range of SSCs. Based on these simulation results, we103

selected a smaller, representative and informative set of SSCs that captured the most prominent effects,104

providing a focused basis for evaluating model predictions. This set of SSCs was then used in an in situ105

experiment on rat m. gastrocnemius medialis. In this experiment, we also performed dedicated trials to106

estimate the MTC properties of each specimen individually. This allowed us to compare the experimental107

results with model-based predictions, which showed a nearly perfect correlation between measured and108

model-predicted AMPO (r2 > 0.98). This strong correspondence then justified the use of the Hill-type109

MTC model to (finally) explore how SSC parameters — cycle frequency, FTS and MTC length excursion —110

affect the maximally attainable AMPO and to identify the fully unconstrained optimal MTC length over111

time for maximal AMPO.112
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2 Methods113

2.1 Ethics statement114

All surgical and experimental procedures conducted in this study were approved by the Committee on the115

Ethics of Animal Experimentation at the Vrije Universiteit (Permit Number: FBW-AVD11200202114471)116

and adhered to Dutch law concerning the guidelines and regulations of animal welfare and experimentation.117

2.2 Study outline118

We combined in situ experiments with simulations and optimisations using a Hill-type MTC model to119

investigate the influence of SSC parameters — cycle frequency, FTS, and MTC length excursion — on120

the maximally attainable AMPO of rat m. gastrocnemius medialis (GM). We first used a Hill-type MTC121

model with parameter values from literature to simulate a broad range of SSCs. Based on these simulation122

results, we selected a representative and informative subset for an in situ experiment, in which MTC123

length and stimulation over time were under full control. In this experiment, we also performed dedicated124

trials to estimate the MTC properties of each specimen individually. Model-based predictions were then125

evaluated against the experimental data. The strong correspondence (r2 > 0.98) justified the use of the126

Hill-type MTC model to explore the influence of SSC parameters on the maximally attainable AMPO127

across a broad SSC parameter space. First, we derived predictions for SSCs with constant MTC shortening128

and lengthening velocity. Second, we identified the optimal SSC without any constraints on MTC length129

over time to investigate how much more AMPO the muscle could produce if the muscle were allowed to130

shorten-and-lengthen optimally.131

2.3 In situ experiment132

2.3.1 Animals133

Data were obtained from three male Wistar rats (body mass 365, 410 and 407 gram, respectively). The rats134

were anaesthetised by intraperitoneally injecting a urethane solution (12.5% urethane) at a dosage of 1.2135

mL/100 g body mass. Additional doses of urethane (0.2 mL/g body mass) were administered throughout the136

experiment as needed to maintain deep anaesthesia. Heart rate, body temperature and withdrawal reflexes137

to a pain stimulus were monitored every 10 minutes. To prevent dehydration, subcutaneous injections138

of 1 mL NaCl solution (0.9%) were administered every 1–2 hours. After completion of the experiment,139

we euthanised the rats by intracardially injecting pentobarbital sodium (Euthasol 20%) followed by a140

double-sided pneumothorax.141

2.3.2 Surgical procedure142

The hindlimb of the rat was shaved, and the skin was cut and partially removed. Next, m. biceps femoris143

was removed to expose the femur. To minimise mechanical effects of surrounding muscles on GM — in144

particular myofascial force transmission — the following steps were taken (see Rijkelijkhuizen et al., 2005):145

1) GM was exposed as much as possible from its surrounding tissue. 2) The tendons of m. plantaris, m.146

gastrocnemius lateralis and m. soleus were cut at their distal ends. 3) The medial and lateral parts of m.147

gastrocnemius were carefully separated. N. peroneus, n. suralis, and the branch of the n. tibialis innervating148

m. gastrocnemius lateralis and m. soleus were then cut to further reduce the influence of surrounding tissue149
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on GM. Subsequently, the tissue around the calcaneal tendon was removed such that only a small part150

of the calcaneus was left. Lastly, a cuff-electrode was placed on n. ischiadicus. The part of n. ischiadicus151

proximal to the cuff-electrode was then crushed to prevent muscle excitation via spinal reflexes.152

2.3.3 Experimental setup153

The rats were placed on an electrical heating pad to maintain body temperature at about 37 ○C. The154

laboratory temperature was kept constant at 20 ○C, with a local humidity around the muscle tissue of155

about 80%. A servomotor (Aurora 309C, Aurora Scientific, Aurora, Canada) was used to impose MTC156

length changes and to measure GM force. Before the experiment, we calibrated the position sensor of157

the servomotor using a dial gauge (2046S, Mitutoyo Nederland BV, Veenendaal, the Netherlands) and158

calibrated the force sensor using various calibration masses. To relate servomotor position (changes)159

to MTC length, we measured MTC length at one position with a caliper at the end of the experiment.160

A direct current stimulator was used to stimulate n. ischiadicus with a pulse width of 100 µs and at a161

frequency of 100 Hz during all experiments, while the (supramaximal) current was chosen for every rat162

individually. Before the series of experiments, we ensured that the position, force, and stimulation signals163

were synchronised in time by applying a physical stimulus that produced a detectable response across all164

channels. All data were collected at a sample rate of 2000 Hz.165

The femur was fixed with a metal clamp and the foot with a plastic plate, such that the hindlimb was rigidly166

secured to the setup. The distal end of the calcaneal bone was tightly attached to a steel rod with 100%167

polyester yarn at the leftover part of the calcaneus. The other end of the steel rod was then attached with168

Kevlar thread to the motor. A similar procedure was applied to m. gastrocnemius lateralis (GL) and m.169

plantaris (PL). The distal tendon of GL and PL (GL+PL) was then connected to a second motor to monitor170

their combined force throughout the experiment in order to verify the absence of mechanical interaction171

with GM. Care was taken to ensure that the direction of GM force reflected in vivo conditions. Lastly,172

we connected the cuff-electrode to the direct current stimulator (DS2A, Digitimer, Welwyn Garden City,173

United Kingdom). This setup allowed us to have full control over MTC length and stimulation while174

measuring GM force (see Figure 3).175

2.3.4 General procedures176

After securing the rat in the experimental setup, we conducted a series of tetanic contractions for several177

purposes. First, we performed isometric contractions to ensure that GM pulled in its natural direction.178

These isometric contractions were also used to determine the supramaximal stimulation current for179

GM. The stimulation current was gradually increased until GM force plateaued. The current at which180

no further increase in GM force was observed was then used consistently throughout the experiment.181

Additionally, the isometric contractions served as a check to confirm that the surgery was successful,182

particularly ensuring that no GL+PL force was transmitted to the distal GL+PL tendon, and thus that183

no myofascial force transmission occurred (Finni et al., 2023). Subsequently, we performed two to three184

quick-release, step-ramp and isometric experiments along with two to three SSCs. This approach was185

based on results from pilot experiments, which indicated that imposing these contractions prior to the186
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Figure 3: Representation of the experimental setup that provided full control of MTC length and

stimulation while measuringm. gastrocnemius medialis (GM) force. GM was carefully exposed from
its surrounding tissue and positioned in the setup such that GM pulled in its natural direction, while the
femur and foot were securely fixated. The distal end of the calcaneal tendon was connected to a motor via
a steel rod. The distal tendon of m. gastrocnemius lateralis and m. plantaris was connected to a second
motor. A cuff-electrode was placed on n. ischiadicus. N. peroneus, n. suralis and the branch of n. ischiadicus
innervating m. gastrocnemius lateralis and m. soleus were cut such that only GM was innervated.

start of the experiment resulted in more stable GM force throughout the entire experiment.187

Following the preparatory procedures, we commenced the main experiment. The main experiment188

consisted of two parts. In the first part, we performed quick-release, step-ramp and isometric experiments189

to estimate the MTC properties of each rat. In the second part, we performed various SSCs. To assess190

if GM was fatigued, two quick-release and two step-ramp experiments were repeated halfway through191

the second part of the experiment and again at the end of the entire experiment. Additionally, isometric192

experiments were performed after every six series of SSCs during the second part of the experiment, using193

a fixed MTC length 2-4 mm below MTC optimum length. Between contractions, GM was returned to194

slack length, followed by a two-minute rest period. During these rest periods, GM was irrigated with saline195

to keep the muscle tissue moist. To reduce potentiation effects, two twitches were applied 1.5 seconds196

before each contraction.197

2.3.5 Quick-release, step-ramp and isometric experiments to estimate MTC properties198

Quick-release, step-ramp, and isometric experiments were performed, with the resulting data being used199

to estimate MTC properties for each rat individually (see Fig 3 of (Reuvers and Kistemaker, 2025)). This200

approach served two purposes. First, it enabled us to predict AMPO for the experimentally tested SSCs for201

each rat individually. As a result, less rats were required to evaluate predictions against experimental results.202

Second, it enabled us derive predictions of the influence of a broad range of SSC parameters — cycle203

frequency, FTS and MTC length excursion — on the maximally attainable AMPO for each rat individually.204

The full experimental procedure of the quick-release, step-ramp and isometric experiments as well as the205
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MTC property estimation has been described in (Reuvers and Kistemaker, 2025), where we demonstrated206

that these properties can be estimated accurately when accounting for muscle fibre shortening during207

quick-releases.208

2.3.6 Stretch–shortening cycles to evaluate predictions209

SSCs were parametrised by cycle frequency, FTS, and MTC length excursion (i.e. maximum minus210

minimum MTC length, see Figure 2). The average MTC length was set ~3 mm below the MTC length211

yielding maximal isometric force to prevent irreversible damage to the muscle fibres. MTC velocity was212

constant during shortening and lengthening phases, except around the transition from MTC lengthening to213

shortening and vice versa. During these transitioning phases, MTC length changed sinusoidally such that214

MTC length over time was continuously differentiable to the third order. The maximum MTC acceleration215

during these transitions was limited to 1500 mm/s² to further reduce the risk of irreversible muscle fibre216

damage. This constraint limited the range of feasible experimental conditions: SSCs with a high cycle217

frequency, large MTC length excursion, and either a substantially high or low FTS value could not be218

tested.219

Experimental conditions were selected based on preliminary simulations using a Hill-type MTC model220

with parameter values from literature (see Supporting information section: ‘Selection of experimental221

SSC conditions’). We tested 26 conditions, comprising 13 combinations of cycle frequency and FTS (see222

Figure 4), each at an MTC length excursion of 4 mm and 8 mm. Full details, including muscle stimulation223

onset time and duration, are provided in the Supporting information (Table S1 & Table S2).224

Each SSC condition consisted of five consecutive cycles, with muscle stimulation applied during the middle225

three cycles. Muscle stimulation onset time was set at the transition from MTC lengthening to shortening.226

Muscle stimulation duration was based on preliminary model predictions (see Supporting information227

section ‘Selection of experimental SSC conditions’), however, we chose a stimulation duration that was228

slightly shorter (20 ± 10 ms) than that predicted to be optimal for AMPO. This was done to prevent229

irreversible damage to the muscle fibres as a possible result of substantial GM force during active GM230

lengthening. After each SSC condition, we inspected GM force over time to heuristically adjust muscle231

stimulation duration to further enhance AMPO. The SSC condition was then repeated with the adjusted232

muscle stimulation duration after all other conditions had been performed for that specific MTC length233

excursion (~40 minutes later in time). This approach aimed to evaluate to what extent we could enhance234

AMPO and to evaluate the reliability of measured GM force. Overall, we performed 52 series of SSCs235

for each rat. For each cycle, AMPO was computed as the product of cycle frequency and the integral of236

measured GM force over measured MTC length (i.e. the ‘work loop’ area).237

Unfortunately, rat 3 passed away near the end of the experiment, which meant that six SSC conditions238

with an 8 mm MTC length excursion were performed only once instead of twice for this rat, such that 46239

instead of 52 experimental SSCs were measured for rat 3.240

We tested whether cycle frequency and FTS have a significant effect on the experimentally measured241

AMPO. This was done on each of the four subsets of the data where one SSC parameter was held constant,242
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Figure 4: Representation of experimentally investigated SSCs. Thirteen combinations of cycle frequency
and FTS were tested at two distinct MTC length excursions (4 mm and 8 mm), resulting in a total of 26
experimental SSC conditions.

which are shown in Figure 5. Thus, in total, four statistical tests were performed (two for cycle frequency243

and two for FTS at the two MTC length excursions). Effects of cycle frequency and FTS (linear and244

quadratic) were assessed using a linear mixed-effects model, with cycle frequency or FTS as a fixed effect245

and specimen as a random effect to account for repeated measurements. No correction was made for246

differences in stimulation duration, so results can be considered a conservative estimate of the statistical247

effect of cycle frequency/FTS. Formally, the model can be expressed as:248

yi j = µ + a ⋅ xi j + b ⋅ x2
i j + u j + єi j , u j ∼ N(0, σ2

u), єi j ∼ N(0, σ2)
where yi j is the experimentally measured AMPO for observation i in specimen j, xi j is the corresponding249

predictor value, a and b are the fixed linear and quadratic effects of x (cycle frequency or FTS), u j is the250

random effect for specimen, and єi j is the residual error.251

2.4 MTC model252

A Hill-type MTC model was used to represent GM. The model has been described extensively elsewhere253

(Reuvers and Kistemaker, 2025; Soest and Bobbert, 1993). In short, the MTC modelled consisted of a254

contractile element (CE) and a parallel elastic element (PEE) which were both in series with a serial elastic255

element (SEE). PEE and SEE were modelled as purely passive elastic structures (Zajac, 1989), with their256

force non-linearly dependent on their length. The behaviour of CE was more complex: CE force depended257

on CE length, CE velocity and active state (q), which was defined as the relative amount of Ca2+ bound to258

9



troponin C (Ebashi and Endo, 1968). The excitation dynamics were modelled according to (Hatze, 1981, pp259

31-32). Here, active state depended on the normalised concentration of free Ca2+ between the filaments260

(γ) and CE length, with the sensitivity of active state q to Ca2+ increasing with CE length (e.g. Rack and261

Westbury, 1969; Stephenson and Williams, 1982). The normalised concentration of free Ca2+, in turn,262

was related to the normalised muscle stimulation (STIM) through a first-order differential equation. The263

independent inputs of the model were STIM and MTC length over time, while CE length and γ were the264

states.265

2.4.1 Evaluation of measured versus predicted AMPO266

Experimental measurements were compared with predictions derived using a Hill-type MTC model. To267

ensure a fair comparison, MTC properties were not tuned to the experimental SSC data; instead, they268

were obtained from dedicated trials (see Reuvers and Kistemaker, 2025). Moreover, all model inputs were269

identical to those measured experimentally. Specifically, we simulated all experimental SSC conditions270

for each rat individually based on their estimated MTC properties, using two inputs: the experimentally271

measured MTC length over time and STIM(t) derived from the measured direct current stimulator272

signal. The latter was done because the measured direct current stimulator signal consisted of a train of273

pulses. STIM was computed as follows: STIM was maximal (i.e. a value of 1) between two stimulation274

pulses and was zero exactly halfway through the inverse of the stimulation frequency (i.e. 5 ms) after the275

last stimulation pulse. Model-predicted AMPO was then compared with measured AMPO to evaluate276

predictive accuracy using the coefficient of determination (r2) derived from Pearson’s correlation (Pearson,277

1896).278

2.4.2 Imposed stretch–shortening cycles — constant MTC shortening/lengthening velocity279

To systematically explore the influence of SSC parameters on the maximally attainable AMPO, we280

derived predictions with a Hill-type MTC model based on estimated MTC properties specific to each rat.281

Specifically, we examined: 1) how the effect of MTC length excursion on the maximally attainable AMPO282

varied with FTS; 2) how sensitive the maximally attainable AMPO was to changes in SSC parameters and283

3) how optimal values of cycle frequency, FTS, and MTC length excursion co-varied in order to maximise284

AMPO.285

During the imposed SSC, MTC shortening and lengthening velocities were set to constant values through-286

out their respective phases — thus imposing no constraint on MTC acceleration — in order to explore a287

broad range of cycle frequency, FTS, and length excursion combinations. The maximally attainable AMPO288

was predicted for 2280 combinations of cycle frequency (0.5–6.0 Hz in 0.5 Hz steps), FTS (0.05–0.95 in289

0.05 steps), and MTC length excursion (2–11 mm in 1 mm steps). For each combination and each rat, we290

optimised the muscle stimulation onset time (i.e. the time instance at which stimulation switches from291

0 to its maximal value) and muscle stimulation duration (i.e. the time period during which stimulation292

remains at its maximal value before returning to 0) to maximise AMPO using a Nelder-Mead simplex293

method (Gao and Han, 2012).294

To ensure periodic behaviour, simulations were run for at least five cycles and continued thereafter until295
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the difference in GM force at the start and end of the cycle was less than 20 mN. To verify that the global296

optimum had been found, we systematically varied stimulation onset time and duration. No increase in297

maximally attainable AMPO was observed across any SSC following changes in muscle stimulation.298

Finally, as the simulations also served as a comparison with the experimental results of Askew & Marsh299

(1997; 1998), we reduced the SEE slack length in our simulations. In their setup, a clip was attached to the300

distal tendon as closely as possible to the muscle fibres, while the proximal tendon was left intact. Based301

on this, we simulated the SSCs with a reduced SEE slack length of 3 mm for all rats.302

2.4.3 Imposed stretch–shortening cycles — optimal MTC shortening/lengthening velocity303

The last aim in this study was to identify the MTC length over time for maximal AMPO, when MTC304

length over time was entirely free to take any form. This allowed us to quantify how much more AMPO305

could be produced when the SSC shape was completely unconstrained, compared to SSCs with constant306

MTC shortening and lengthening velocities. In the Hill-type MTC model used, SEE and PEE were307

assumed to be purely elastic (e.g. Anderson and Pandy, 1999; Soest and Bobbert, 1993) and therefore308

did not contribute to AMPO. Hence, only CE behaviour affected AMPO. The optimisation problem was309

thus reduced to finding the periodic CE length and stimulation over time in order to maximise AMPO.310

These optimisation problems were solved with Optimal Control techniques (see Supporting information311

‘Optimisation protocol to identify optimal MTC length over time’) for imposed cycle frequencies ranging312

from 0.5 to 6.0 Hz. Out of 615 optimisations, 604 converged successfully. Among these, the difference313

between maximum AMPO and the submaximal solutions was 0.3±1.1%.314

3 Results315

3.1 In situ experiment316

3.1.1 Reliability of experimental force measurements317

To investigate the influence of SSC parameters on the maximally attainable AMPO of only GM, it was318

essential to have minimal mechanical interaction between GM and GL+PL. Our setup proved effective:319

GL+PL force remained below 0.2 N in all rats and conditions, with a maximum within-trial standard320

deviation of 15 mN. For reference, typical values of maximal isometric force of GL+PL are about 14 N321

(Bernabei et al., 2015), while the maximal isometric force of GM in our study was about 16 N on average.322

We therefore concluded that the effect of GL+PL on GM was negligible.323

Several checks were used to assess the stability of GM force throughout the experiment. During the324

first part of the experiment (i.e. the quick-release, step-ramp, and isometric protocols), the maximum325

isometric GM force in the step-ramp experiments exhibited a coefficient of variation below 1%. This326

same low coefficient of variation (<1%) was also observed for the maximum isometric GM force during327

the isometric contractions in the second part of the experiment (i.e. during the SSCs). The repeated328

quick-release experiments revealed that GM force was ~11 ± 8% lower midway compared to the start of the329

experiment, with no change midway compared to the end of the experiment. Maximal isometric GM force330

did, however, hardly decrease over the entire experiment. This suggests, in line with literature (e.g. Aubert331
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et al., 1951), that the decrease in GM force was more likely caused by a shift in the MTC force–length332

relationship, potentially due to a decrease in SEE stiffness, rather than by a decrease in maximal isometric333

GM force. Based on the repeated quick-release experiments, we estimated the shift of the MTC force–334

length relationship to be ~0.5 ± 0.2 mm midway compared to the start of the experiment, with no change335

midway compared to the end of the experiment. GM force during the ramp was ~5 ± 3% lower midway336

compared to the start of the experiment, but remained stable in the second part of the experiment. With337

regard to individual SSC trials, we found that the second- and third-highest experimentally measured338

AMPO values among the three stimulated cycles were on average only 4 ± 3% lower than the highest value339

across all conditions and rats. Additionally, GM force development was similar in the first and second340

trial, which had similar muscle stimulation onset times. As intended, the second trial yielded a higher341

AMPO (13 ± 11% across all SSC conditions and rats) due to an adjusted stimulation duration. Overall, GM342

behaviour was stable and reproducible throughout the whole experiment.343

3.1.2 MTC property estimation344

The estimated MTC properties showed remarkable consistency across all rats (Table 1). Based on the345

estimated MTC properties, we derived the maximum CE shortening velocity (vmax
CE ; see Table 1), the346

maximum instantaneous CE power output (Pmax
CE ; see Table 1) and the CE velocity at which Pmax

CE occurs347

(vopt
CE ; see Table 1). Notably, the time to reach 50% of maximal isometric CE force was relatively long348

— approximately 34 ms at MTC optimum length in all rats. In addition to delays caused by excitation349

dynamics, the relatively compliant SEE substantially influenced GM force development. To exclude the350

influence of SEE, we calculated the time to reach 50% of maximal isometric force while holding CE length351

constant at its optimal value. The resulting value was considerably shorter (~12 ms vs ~34 ms; see Table 1)352

and provides a better comparison to the half-rise times at constant CE length reported in literature.353
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Table 1: Estimated MTC properties of rat m. gastorcnemius medialis as well as metrics derived from these
properties.

Description Symbol Unit Rat 1 Rat 2 Rat 3

MTC properties

Hill constant arel - 0.569 0.712 0.649

Hill constant brel - 5.97 7.15 6.80

maximal isometric CE force Fmax
CE N 15.5 14.1 17.0

PEE stiffness scaling factor kPEE N/mm2 28.7 24.1 34.8

SEE stiffness scaling factor kSEE N/mm2 952 1255 1050

CE optimum length Lopt
CE mm 13.7 14.7 13.3

PEE slack length L0
PEE mm 15.1 15.6 14.5

SEE slack length L0
SEE mm 28.8 29.3 25.2

Calcium dynamics activation time constant τact ms 55.2 57.7 41.6

Calcium dynamics deactivation time constant τdeact ms 27.1 25.3 22.4

Derived metrics

MTC length yielding maximal isometric SEE force Lopt
MTC mm 46.6 47.3 42.5

maximal instantaneous CE power Pmax
CE mW 316 319 352

‘half-rise time’ tHRT ms 13.2 13.8 9.97

maximal CE shortening velocity vmax
CE mm/s 144 147 140

CE velocity at Pmax
CE vopt

CE mm/s 54.1 57.8 53.8

3.1.3 Stretch–shortening cycles354

The experimentally measured AMPO of the SSC conditions are depicted in Figure 5 and detailed in Table355

S1 and Table S2. Both cycle frequency and FTS had a strong effect on the experimentally measured AMPO356

at each of the two MTC length excursions, with both the linear and quadratic components being highly357

significant (p≪ 0.001). For brevity, we refer to an SSC condition with a cycle frequency of 2 Hz and an358

MTC length excursion of 8 mm as 8 mm@2 Hz.359

In the SSC conditions with FTS set to 0.5, experimentally measured AMPO peaked for ~4 mm@4 Hz and360

for ~8 mm@2.5 Hz (Figure 5). This indicates that the cycle frequency that maximises AMPO depends361

on the MTC length excursion. Average MTC velocity was 32 mm/s for 4 mm@4 Hz, and 40 mm/s for362

8 mm@2.5 Hz. Since GM force was almost zero at the start and end of shortening, average CE shortening363
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equalled average MTC shortening velocity. This shows that average CE velocity that maximises AMPO364

is substantially lower than the CE velocity at which instantaneous mechanical power output is maximal365

(~55 mm/s; Table 1).366

In the SSC conditions with fixed cycle frequency, experimentally measured AMPO increased with FTS,367

reaching its highest measured value at the maximum imposed FTS of 0.8 (Figure 5). This relationship368

was consistent across both 4 mm and 8 mm MTC length excursions, suggesting that the FTS yielding369

maximal AMPO is largely independent of MTC length excursion. The effect of FTS on AMPO was370

most pronounced at low cycle frequencies. For example, raising FTS from 0.2 to 0.5 increased AMPO371

by ~205% for 4 mm@3 Hz and ~185% for 8 mm@2 Hz, while the increase in AMPO from FTS 0.5 to 0.8372

was substantially smaller with 20% for both 4 mm@3 Hz and 8 mm@2 Hz (Figure 5). Since the effect373

of increasing FTS from 0.65 to 0.80 was small — 8% for 4 mm@3 Hz and 4% for 8 mm@2 Hz — we374

conclude that the FTS yielding maximal AMPO for these combinations of cycle frequency and MTC375

length excursion was close to 0.8. Lastly, the effect of FTS on AMPO became more pronounced at higher376

cycle frequencies. For example, increasing FTS from 0.5 to 0.8 increased AMPO by ~50% for 4 mm@5 Hz377

and ~40% for 8 mm@3 Hz, which is substantially more than the 8% and 4% increase for 4 mm@3 Hz and378

8 mm@2 Hz (see Table S1 & Table S2).379

3.2 MTC model380

3.2.1 Evaluation of measured versus predicted maximally attainable AMPO381

We aimed to explore the influence of SSC parameters – cycle frequency, FTS and MTC length excursion382

– on the maximally attainable AMPO across a broad SSC parameter space. As discussed earlier, such a383

comprehensive investigation is not feasible experimentally because only a limited set of conditions can be384

tested. Therefore, we used a Hill-type MTC model to investigate a broad SSC parameter space. For this385

modelling approach to be meaningful, it was crucial that the model could accurately predict the influence386

of MTC length and stimulation over time on AMPO.387

The model-predicted GM force closely matched the measured GM force during activation across all rats and388

SSC conditions (Figure 6). During relaxation, measured GM force was slightly lower than model-predicted389

GM force in most conditions. As a result, measured AMPO was on average 6 ± 13% lower than predicted.390

Nonetheless, the correlations between measured and model-predicted AMPO were nearly perfect (r2 =391

0.99, r2 = 0.99 and r2 = 0.98 for rat 1, 2 and 3, respectively; Figure 7). This was a remarkable result, as392

neither the model inputs nor the estimated MTC properties were tuned to experimentally measured SSCs.393

These findings demonstrate that a Hill-type MTC model can accurately predict the influence of MTC394

length and stimulation over time on AMPO.395

3.2.2 Imposed stretch–shortening cycles — constant MTC shortening/lengthening velocity396

Using the Hill-type MTC model, we predicated that AMPO peaks at a value of 169 mW (averaged across397

the three rats) at cycle frequency of 3.5 Hz, an FTS of 0.85 and an MTC length excursion of 8 mm (Figs 8398

and 9). The optimal FTS remained remarkably constant across all tested combinations of cycle frequency399

and MTC length excursion (Figure 9). By contrast, cycle frequency and MTC length excursion showed400
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Figure 5: Experimentally measured influence of cycle frequency and FTS on AMPO. AMPO as a
function of cycle frequency, with a fixed FTS of 0.5 at an MTC length excursion of 4 mm (A) and 8 mm
(B). AMPO as a function of FTS, with a fixed cycle frequency of 3 Hz at an MTC length excursion of 4 mm
(C) and 8 mm (D). Each combination of cycle frequency, FTS and MTC length excursion was performed
twice. The first trial with suboptimal muscle stimulation duration and the second trial with an improved
muscle stimulation duration.

a strong interaction, such that when cycle frequency was increased, the optimal MTC length excursion401

decreased, and vice versa (Figure 9). Notably, a broad range of combinations of SSC parameters achieved402

AMPO values close to its peak value (Figs 8 and 9). For instance, cycle frequency ranging between 2.9403

and 4.6 Hz produced an AMPO within 95% of maximum AMPO, when adjusting FTS and MTC length404

excursion accordingly. For FTS this was a range between 0.74 and 0.91, when adjusting cycle frequency and405

MTC length excursion accordingly, while it was between 6.2 and 10.3 mm for the MTC length excursion406

when adjusting cycle frequency and FTS accordingly. These findings demonstrate that while a clear407

optimum exists for maximal AMPO, there is a wide variety of combinations of SSC parameters that yield408

near-maximal AMPO values.409
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force over time was derived using a Hill MTC-type model, with experimentally measured MTC length
and stimulation over time as inputs. Predicted SEE force closely matched experimentally measured SEE
force during activation but was slightly higher than experimentally measured during relaxation SEE force
in most conditions. Top: MTC length over time. Second: Muscle stimulation over time, with maximal
stimulation during the periods indicated by the black bars and no stimulation elsewhere. Third: SEE force
over time. Bottom: SEE force as a function of MTC length (‘the work loop’). A) SSC with a cycle frequency
of 3 Hz, a FTS of 0.5 and an MTC length excursion of 4 mm. B) SSC with a cycle frequency of 2 Hz, a FTS
of 0.5 and an MTC length excursion of 8 mm.
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Figure 8: Predicted maximally attainable AMPO as a function of cycle frequency and MTC length
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Figure 9: Predicted interrelationships between cycle frequency (CF), FTS, MTC length excursion

(∆LMTC) and the maximally attainable AMPO. These plots collectively illustrate how cycle frequency,
FTS, and MTC length excursion interact to maximise AMPO under different conditions. This figure
presents a 3x3 grid of plots created by imposing one SSC parameter at a time while optimising the two
other SSC parameters to maximise AMPO. In the first column, cycle frequency was imposed, and AMPO
(A1) was maximised by identifying the optimal FTS (A2) and MTC length excursion (A3) at each cycle
frequency. In the second column, FTS was imposed, and AMPO (A1) was maximised by identifying the
optimal MTC length excursion (B2) and cycle frequency (B3) at each FTS. In the third column, MTC
length excursion was imposed, and AMPO (C1) was maximised by identifying the optimal cycle frequency
(C2) and FTS (C3) at each MTC length excursion. For all columns, muscle stimulation onset time and
duration were optimised to maximise AMPO.

17



3.2.3 Imposed stretch–shortening cycles — optimal MTC shortening/lengthening velocity410

Using the Hill-type MTC model, we identified the optimal CE length over time for maximal AMPO411

without imposing any constraints on MTC length over time. We found that AMPO was maximised when412

CE shortened at an approximately constant velocity during the shortening phase and lengthened with413

increasing velocity during the lengthening phase (see Figure 10), across all imposed cycle frequencies.414

Given CE length and CE force over time (and PEE and SEE properties), the corresponding MTC length415

over time can be calculated. Thus, MTC length over time is inherently dependent on the properties of416

SEE. Because SEE force is not constant during CE shortening, the MTC velocity that maximises AMPO is417

generally not constant during the shortening phase; even if CE shortening velocity is constant. The size of418

this effect depends on the SEE slack length: with a typical slack length (e.g. 28 mm), the MTC velocity419

is clearly not constant (see Figure 10E), whereas with a short slack length (e.g. 3 mm), the MTC velocity420

closely resembles the CE velocity and is therefore nearly constant during shortening (see Figure 10F).421
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Figure 10: Predicted CE behaviour for maximally attainable AMPO, shown at three distinct cycle

frequencies for rat 1. CE length (A), CE force (B), CE velocity (C) and instantaneous mechanical power
output (IMPO) (D) as a function of normalised time (i.e. time divided by the cycle duration). CE stimulation
was maximal during the period indicated by the coloured bars and fully off elsewhere. The right labels
depict the normalised values, where CE length and CE velocity are normalised to optimum CE length, CE
force is normalised to maximal isometric CE force and IMPO is normalised to the product of optimum CE
length and maximal isometric CE force. Based on CE length and force over time, and the SEE properties,
the MTC length over time can be calculated. The resulting MTC length over time substantially differs
between a typical SEE slack length of 28 mm (E) and a short SEE slack length of 3 mm (F).

For a short SEE slack length, the MTC length over time that maximises AMPO has a near-constant422

shortening and lengthening velocity. As a result, the maximally attainable AMPO using the optimised CE423

length over time was only 2 ± 1% higher than that achieved with constant MTC shortening and lengthening424

velocities with a short SEE slack length. It should be noted, however, that this small increase in AMPO425

is specific to imposing cycle frequency. When imposing FTS or MTC length excursion, the optimal CE426
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length over time was substantially different from that with constant MTC velocities during shortening427

and lengthening – especially at suboptimal values. For the interested reader, we refer to the Supporting428

information (section: ‘Optimal CE length over time: influence of FTS and MTC length excursion’) for the429

effect of FTS or MTC length excursion on the optimal MTC behaviour for maximising AMPO.430

4 Discussion431

The aim of this study was to explore the influence of SSC parameters — cycle frequency, FTS and MTC432

length excursion — on the maximally attainable AMPO of rat GM. To this end, we combined in situ433

experiments with simulations and optimisations using a Hill-type MTC model. Model parameter values434

were estimated individually for each specimen based on independent data from quick-release, step-ramp435

and isometric experiments. Additionally, the model inputs (i.e. MTC length and stimulation over time) were436

directly derived from the experimental SSC data. The correlation coefficients between model-predicted437

and measured AMPO were nearly perfect (r2 > 0.98). This is a remarkable result, particularly given that438

the predictions were not tuned to any of the experimental SSCs. This strong correspondence enabled us439

to leverage both experimental findings and model-based predictions to investigate how SSC parameters440

influence the maximally attainable AMPO.441

Both experimental data and model-based predictions showed that MTC should spend substantially more442

time shortening than lengthening in order to maximise AMPO, with an optimal FTS of approximately 0.85.443

This optimal FTS value remained remarkably constant across all tested combinations of cycle frequency444

and MTC length excursion. By contrast, cycle frequency and MTC length excursion showed a strong445

interaction, such that when cycle frequency increased, the optimal MTC length excursion decreased, and446

vice versa. Lastly, we found that AMPO peaked at a cycle frequency of 3.5 Hz, an FTS of 0.85 and at an447

MTC length excursion of 8 mm, with a relatively constant CE velocity throughout the shortening phase448

and an increasing CE lengthening velocity throughout the lengthening phase.449

4.1 Robustness and reliability of experimental results450

In previous studies, it has been well established that cycle frequency and MTC length excursion significantly451

affect the maximally attainable AMPO (e.g. Altringham and Johnston, 1990; Askew and Marsh, 1997;452

Askew and Marsh, 1998; Caiozzo and Baldwin, 1997; James et al., 1995; James et al., 1996), whereas the effect453

of FTS has only been demonstrated by Askew & Marsh (1997; 1998). Our experimental results also showed454

significant effects of cycle frequency and FTS on the maximally attainable AMPO, confirming the sensitivity455

of AMPO to SSC parameters. Understanding how these SSC parameters interact to influence maximally456

attainable AMPO requires exploring a larger range of muscle lengths and stimulation timings than is457

experimentally feasible. Therefore, we complemented experiments with simulations and optimisations458

using a Hill-type MTC model. For this extensive modelling approach into the influence of SSC parameters459

on maximally attainable AMPO, it was crucial that the model could accurately predict experimental460

outcomes. Accordingly, our experimental design focused on selecting a representative and informative set461

of SSCs to evaluate model-based predictions. To assess the reliability of our experimental outcomes, we462

repeated experimental conditions with similar stimulation timing (three cycles) and with two different463
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timings. The experimental results were highly consistent across the tested specimens. Both the effects of464

SSC parameters on maximally attainable AMPO (see Figure 5) and the estimated muscle properties (see465

Table 1) showed minimal inter-individual variation. This aligns with previous findings showing highly466

reproducible mechanical behaviour in muscles of genetically similar animals, making it unlikely that467

adding additional animals would change the study outcomes. Furthermore, the effects of SSC parameters468

on maximally attainable AMPO in our study are in strong agreement with prior findings (see sections469

below). Taken together, we conclude that our experimental data are robust and provide a reliable basis to470

evaluate model predictions.471

4.2 Optimal FTS for AMPOwas relatively constant across all SSC conditions472

Our results show that the maximally attainable AMPO substantially increased when FTS increased from473

0.25 to 0.50, regardless of cycle frequency and/or MTC length excursion. For example, at the optimal474

combination of cycle frequency and MTC length excursion, increasing FTS from 0.25 to 0.50 caused475

AMPO to increase by about 95%. This finding is consistent with the results of (Askew and Marsh, 1997),476

who reported increases of ~90% for m. soleus and ~70% for m. extensor digitorum longus when FTS477

increased from 0.25 to 0.50. Further increasing FTS from 0.50 to 0.75 yielded an additional 30% increase478

in AMPO, aligning with Askew & Marsh’s observations of a ~40% increase in AMPO for both muscles.479

Moreover, (Askew and Marsh, 1997) observed that AMPO increased even further, and peaked at an FTS480

between 0.80 and 0.90 at the optimal combination of cycle frequency and MTC length excursion. Our481

results not only corroborate this finding, but also demonstrate that the optimal FTS was relatively constant482

(ranging 0.84–0.88) across all tested cycle frequencies (0.5–6 Hz) and MTC length excursions (2–11 mm).483

The optimal FTS reflects mainly a trade-off between the CE concentric force–velocity relationship and484

excitation dynamics. The negative effects of both the CE force–velocity relationship and excitation dynamics485

on net mechanical work per cycle increase with cycle frequency. Yet, the fact that the optimal FTS remains486

relatively constant across all cycle frequencies studied suggests that these negative effects increase to a487

similar extent with cycle frequency (Figure 9). Moreover, because the negative effects of the CE force–488

velocity relationship and excitation dynamics on AMPO are both strongly and comparably linked to489

muscle fibre type (Close, 1972), their combined influence is likely relatively similar across muscles with490

different fibre type compositions. Consequently, it is perhaps not surprising that the optimal FTS for491

AMPO remains relatively consistent across different muscles (~0.85 for rat m. gastrocnemius medialis in492

this study; ~0.85 for mouse m. soleus and m. extensor digitorum longus (see Askew and Marsh, 1997) and493

~0.80 for human m. quadriceps femoris (see Reuvers et al., 2026)). Together, these findings suggest that494

the optimal FTS is not only relatively constant across all SSC conditions, but also across different species495

and muscles (with varying fibre types).496

4.3 Effect of FTS on optimal cycle frequency andMTC length excursion for maximising497

AMPO498

While the optimal FTS remained relatively constant across all cycle frequencies and MTC length excursions,499

FTS itself strongly influenced the optimal values of both cycle frequency and MTC length excursion500
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(Figure 9). With respect to cycle frequency, we observed that the optimal value increased with FTS,501

although the magnitude of this increase diminished at higher FTS values. This observation aligns well502

with findings by (Askew and Marsh, 1997), who reported comparable increases across FTS values for both503

m. soleus and m. extensor digitorum longus. For MTC length excursion, we found that the optimal value504

increased with 25% and 10% when raising FTS from 0.25 to 0.50 and from 0.50 to 0.75, respectively. A505

direct comparison with (Askew and Marsh, 1997) is difficult, as their results differed between muscles: for506

m. soleus, these increases were 35% and 40%, while they were 0% and 35% for m. extensor digitorum longus.507

Lastly, (Askew and Marsh, 1997) also examined how average muscle shortening velocity varied with FTS.508

For m. extensor digitorum longus, they found a consistent decrease in optimal shortening velocity as FTS509

increased. By contrast, m. soleus showed a slight increase in optimal shortening velocity, although this510

discrepancy may stem from missing data near the optimal frequency at FTS = 0.75 (see their Fig 4). A511

follow-up study by the same authors (Askew and Marsh, 1998) later confirmed that the optimal average512

shortening velocity for m. soleus indeed decreases with increasing FTS, independently of cycle frequency.513

We observed the same for our model-predictions. Overall, our findings regarding the influence of FTS on514

optimal cycle frequency, MTC length excursion, and average shortening velocity are in line with previous515

literature. These findings are not surprising, given the effect of the CE force–velocity relationship. After516

all, at higher FTS, there is relatively more time for shortening than at lower FTS values. This enables an517

increase in cycle frequency and allows muscles to shorten and lengthen over a greater distance, without518

substantial negative effects due to the effect of shortening velocity on muscle force.519

4.4 Optimal cycle frequency and optimal MTC length excursion for maximal AMPO520

While the optimal FTS for maximal AMPO remained relatively constant across all SSCs studied, we found521

that cycle frequency and MTC length excursion strongly interacted for maximal AMPO. Specifically,522

as cycle frequency increased, the optimal MTC length excursion for the maximally attainable AMPO523

decreased, and vice versa (see Figs 8 and 9). This interaction has previously been observed in sinusoidal524

SSCs (e.g. James et al., 1996) – where shortening and lengthening durations are equal. A similar interaction525

between cycle frequency (i.e. cadence) and crank length—which influences MTC length excursion—has526

also been observed in human sprint cycling (e.g. Martin and Spirduso, 2001), where shortening and527

lengthening durations of individual MTCs are not necessarily equal. However, to our knowledge, this528

interaction has not been systematically examined in controlled SSCs with systematically varied unequal529

shortening and lengthening durations; although (Askew and Marsh, 1997) briefly noted this interaction,530

they did not present the relevant data.531

The interaction between cycle frequency and MTC length excursion for maximally attainable AMPO did532

not come as a surprise, given the negative effect of the CE force–velocity relationship on AMPO. In line533

with (Askew and Marsh, 1997), (Caiozzo and Baldwin, 1997) and (James et al., 1996), we observed that the534

maximally attainable AMPO was less sensitive to increases in cycle frequency and MTC length excursion535

above their respective optimal values than to decreases below these optimal values. This is not only true at536

optimal FTS (see Figure 9), but also at suboptimal FTS. The latter can be observed in Figure 8, where the537

contour lines are more closely spaced below than above the optimum cycle frequency and MTC length538
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excursion. This indicates that, for a given change in cycle frequency or MTC length excursion, AMPO539

decreases more rapidly below the optimal value than above it. The finding that AMPO was less sensitive540

to increases in cycle frequency and MTC length excursion above their respective optimal values than541

to decreases below these optimal values might be counter-intuitive, as one may expect the maximally542

attainable AMPO to decline rapidly due to a higher shortening velocity (at higher cycle frequencies and543

MTC length excursion). However, at low cycle frequencies, the MTC must shorten and lengthen over a544

substantial distance, which reduces the maximally attainable AMPO primarily due the effect of the CE545

force–length relationship. Conversely, at low MTC length excursions, very high cycle frequencies are546

required to achieve substantial power output, which in turn compromises AMPO due to the effect of the547

CE force–velocity relationship (i.e. muscle contracts at lengths at which CE force is substantially lower548

than the maximal isometric force). In sum, our findings indicate that variations above the optimal cycle549

frequency and MTC length excursion have a less detrimental effect on the maximally attainable AMPO550

than variations below optimal values.551

4.5 Effect of SEE properties on theMTC behaviour for maximal AMPO552

To maximise AMPO, CE should shorten at an approximately constant velocity during the shortening553

phase and lengthen with increasing velocity during the lengthening phase (see Figure 10). The resulting554

MTC length over time for maximal AMPO is determined not only by CE length over time, but also by the555

SEE properties (i.e. SEE compliance and SEE slack length). Due to SEE elasticity, MTC velocity should be556

higher (i.e. less negative or even positive) than that of CE during force development, and lower (i.e. more557

negative) during force relaxation in order to maximise AMPO (Figure 10E).558

The same principle applies the other way around: when velocity of MTC is constant, that of CE varies559

during force development and relaxation. Specifically, changes in CE velocity increase with increasing SEE560

compliance and SEE slack length. In the experimentally observed SSCs, the estimated SEE slack length561

was substantially longer (~28 mm) than that used in the simulated SSCs (3 mm), resulting in more variable562

CE velocity during shortening. This variable CE velocity compromises AMPO: for a given shortening563

distance, CE should ideally shorten at a constant velocity to maximise AMPO. This more variable CE564

velocity during the shortening phase of the experimental SSC was the main reason why AMPO in the565

experimental SSCs was lower than in the simulated SSCs. For instance, at a 2 Hz cycle frequency, FTS of566

0.5 and an 8 mm MTC length excursion, AMPO in the simulated SSC was ~40% higher (~80 mW vs. ~110567

mW; Figure 5 vs. Figure 8).568

We found that – especially at low FTS values, high cycle frequencies and small MTC length excursions –569

muscle stimulation should occur before MTC shortening starts in order to maximise AMPO. Consequently,570

CE shortening started before MTC shortening, such that CE was shortening over a longer time interval571

resulting in a lower average CE shortening velocity than MTC. Thus, the behaviour of SEE does not only572

cause a discrepancy between instantaneous CE and MTC velocity, it also affects their average shortening573

velocities.574

(Askew and Marsh, 1998) reported that at low FTS values and high cycle frequencies, the average MTC575
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shortening velocity exceeded the CE velocity that maximises instantaneous power output based on the576

force–velocity relationship (vopt
CE ). They acknowledged that this was a unexpected finding, since CE577

shortening velocity should theoretically be at or below vopt
CE in order to maximise AMPO. Similar to our578

SSCs with a constant MTC shortening and lengthening velocity, (Askew and Marsh, 1998) left a small579

portion of the tendon attached to the muscle fibres. Since Askew & Marsh reported that muscle stimulation580

onset occurred before MTC shortening it is evident that average CE shortening velocity was lower than581

that of MTC. Therefore, their finding that optimal CE shortening velocity should exceeds vopt
CE can, at least,582

partly be attributed to an overestimation of CE shortening velocity due to the series elastic structures.583

The discrepancy between CE and MTC shortening velocity is most pronounced at low FTS, high cycle584

frequencies, and small MTC length excursion — exactly where (Askew and Marsh, 1998) observed CE585

shortening velocities exceeding vopt
CE . At high FTS values, however, this discrepancy is lower. (Askew586

and Marsh, 1998) found that at high FTS values (i.e. 0.75), the optimal average shortening velocity was587

consistently below vopt
CE . This aligns with our findings, even when muscle stimulation onset preceded MTC588

shortening. In conclusion, while other factors may play a role, we are confident that such factors have little589

influence on the effect of SSC parameters on the maximally attainable AMPO near the optimum.590

4.6 Applications of findings591

In most real-world situations, SSCs of individual muscles emerge from the interaction between the592

musculoskeletal system and the environment. Consequently, the extent to which SSC parameters can593

be influenced depends on the mechanical context of the task. During flying, for example, birds can and594

do actively adjust wing kinematics (e.g. by folding and unfolding their wings), thereby enabling a longer595

shortening than lengthening duration of m. pectoralis major (e.g., Askew and Marsh, 2001; Biewener et596

al., 1998; Earls, 2000; Ellerby and Askew, 2007; Jackson and Dial, 2011; Spedding, 1987; Williamson et al.,597

2001). Our findings help to understand this, as a longer shortening duration is favourable for maximising598

AMPO. In addition, our results may also shed light on (the evolution of) the “design” of musculoskeletal599

systems, for example the role of moment-arms which affect MTC length excursion thereby influencing600

AMPO (e.g. Polet and Labonte, 2024)601

SSC parameters can be substantially influenced by modifying the interaction between the musculoskeletal602

system and the environment. One way to achieve this is through the use of external equipment, which603

can change or constrain movement kinematics. A prime example of such equipment is the bicycle, where604

crank length affects joint excursions and thus MTC length excursions. Also, non-circular chainrings can605

be used to vary the gear ratio throughout the crank revolution. This allows the gear ratio to be increased606

during the downstroke and to be decreased during the upstroke, thereby changing the relative time spent607

in each phase. In a clever experiment, (Martin et al., 2002) manipulated chainring shape to alter the relative608

duration of the downstroke and upstroke during single-leg sprint cycling. AMPO increased with a greater609

proportion of time spent in the downstroke: an 18% increase was observed when the downstroke occupied610

50% rather than 42% of the cycle duration, and a further 4% increase was observed at 58% compared to611

50%. Another example is rowing, where the resistance during the stroke and recovery phases could be612
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adjusted in order to alter muscle shortening and lengthening durations. More broadly, such (re)design613

principles could be applied to any equipment that changes or constrains movement kinematics, thereby614

enabling the SSCs of the involved muscles to operate closer to their optimum for AMPO.615

It should be noted that in motor activities involving multiple muscles (e.g., bicycling, handcycling, rowing,616

speed skating, etc.), the objective is not to maximise the AMPO of a single muscle. Rather, the goal is617

to maximise the total AMPO of all muscles combined, which introduces an additional trade-off. In this618

context, when considering a joint, it should be clear that the optimum FTS for one muscle (e.g. an FTS of619

~0.85) cannot be realised in both agonists and antagonists. In this situation, the optimal solution arises620

from a trade-off that depends on properties of both muscles (e.g. maximal isometric force and muscle fibre621

length), and is therefore expected to shift in both muscles towards more intermediate values (i.e. closer to622

an FTS of 0.5). Nevertheless, it stands to reason that larger muscles should operate closer to their individual623

optimum than smaller muscles in order to maximise performance. Thus, when (re-)designing equipment624

to maximise total AMPO, configurations should enable larger muscles to operate closer to their individual625

optimum. Our study provides a starting point for guiding future equipment design aimed at improving626

total AMPO.627
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Supporting information740

S1 Experimental SSC conditions and experimentally measured AMPO741

Table S1: SSC parameters, stimulation durations, and measured AMPO of experimental stretch-shortening
cycles with a 4 mm MTC length excursion. Stimulation onset was set at the start of MTC shortening in all
conditions
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Table S2: SSC parameters, stimulation durations, and measured AMPO of experimental stretch-shortening
cycles with a 8 mm MTC length excursion. Stimulation onset was set at the start of MTC shortening in all
conditions
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S2 Selection of experimental SSC conditions742

In the experiment, we aimed to measure an informative and representative subset of stretch–shortening743

cycles (SSCs) to investigate the effect of the SSC parameters — cycle frequency, FTS and MTC length744

excursion — on the maximally attainable AMPO. Yet, a key question was: Which SSCs should be selected?745

To make an informed decision, we performed preliminary simulations using a Hill-type MTC model with746

parameter values from literature for rat m. gastrocnemius medialis of three rats (Zandwijk et al., 1996).747

We predicted maximal AMPO across various combinations of cycle frequency and FTS at five distinct748

MTC length excursions (2, 4, 6, 8 and 10 mm), each centred at an average MTC length ~3 mm below the749

MTC length yielding maximal isometric GM force. Muscle stimulation onset time (i.e., the instance at750

which stimulation switches from 0 to its maximal value) was set to the start of MTC shortening. Muscle751

stimulation duration (i.e., the time period during which stimulation remains at its maximal value before752

returning to 0) was optimised using the Nelder-Mead simplex method (Gao and Han, 2012). To ensure753

periodic behaviour, optimisations were run for at least five cycles and until the muscle force at the beginning754

of the cycle deviated less than 20 mN from its value at the end of the cycle. Maximal AMPO was calculated755

for the last cycle.756

We then made contour plots for every MTC length excursion (Figure S1), showing the influence of757

cycle frequency and FTS on maximal AMPO at each MTC length excursion. For the experimental SSC758

conditions, we limited the range of FTS between 0.2 and 0.8 because values outside this range will yield759

very short shortening or lengthening durations. Within this FTS range, we observed that AMPO peaked760

at about 5 and 3 Hz for an MTC length excursion of 4 and 8 mm respectively. Again, to prevent short761

shortening and lengthening duration, we set the maximum cycle frequencies accordingly. Based on these762

findings, we selected three subsets of SSC conditions: 1) constant FTS, varying cycle frequency; 2) constant763

cycle frequency, varying FTS; 3) varying both cycle frequency and FTS. Because there was overlap in the764

SSC conditions, this yielded 13 unique SSC conditions for each MTC length excursion, such that there765

were 26 different SSC conditions in total.766
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Figure S1: Preliminary predictions of maximal AMPO as a function of cycle frequency and FTS.

The contour lines depict the maximally attainable AMPO (in mW) averaged over three parameter sets.
These preliminary predictions were derived with a Hill-type MTC model with parameters obtained from
literature (Zandwijk et al., 1996) and were used to inform the selection of experimental SSC conditions.

S3 Optimisation protocol to identify optimal MTC length over time767

One of the aims of this study was to identify the optimal MTC length over time for maximal AMPO,768

when MTC length over time is entirely free to take any form. To predict this, we used a Hill-type MTC769

model. In our Hill-type MTC model, we assumed that both SEE and PEE were purely elastic elements770

(e.g., Anderson and Pandy, 1999; Soest and Bobbert, 1993). Therefore, during fully periodic SSC neither771

PEE nor SEE contributed to AMPO of the MTC. This also means that neither PEE nor SEE influences the772

optimal CE length over time that yields maximal AMPO over a full periodic SSC. We used this to simplify773

the optimisation problem. We reformulated to model such that we considered a Hill-type model of CE774

only. As such, CE length was no longer a state variable, but an input to the model. The model therefore775

had two inputs: CE length (LCE) and muscle stimulation (STIM) over time. The only state variable was γ,776

the normalised intrafilament Ca2+ concentration. Given this formulation, LCE , STIM and γ were known777

at each time instant during the optimisation process. Consequently, CE velocity can be calculated by778

taking the time-derivative of CE length. Using CE velocity, CE force could then be computed using the779

CE force–velocity relationship. MTC length over time was subsequently obtained by taking the following780

steps: 1) PEE force was calculated from PEE length (which equals CE length); 2) SEE force was calculated781

by taking the sum of CE and PEE force; 3) SEE length was calculated from SEE force; 4) MTC length was782

calculated as the sum of CE and SEE length. By computing MTC length over time via these steps, we could783

also impose MTC length excursion.784

The optimisation problem was thus to find the periodic CE length, STIM and γ over time for maximal785

AMPO. Optimisations were performed for 1) imposed cycle frequencies (1.0–6.0 Hz in 0.5 Hz steps); 2)786

imposed FTS values (0.05–0.95 in 0.05 steps) and 3) imposed MTC length excursions (2–11 mm in 1 mm787

steps). For all optimisation, the following cost function was maximised (note that, in our formulation, CE788

shortening corresponds to negative CE velocity):789
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J = −∫ t0+Tc

t0
Frel

CE ⋅ vrel
CE dt (1)

where t0 denotes the initial time and Tc denotes the cycle time.790

The solution had to satisfy the differential equation describing the excitation dynamics:791

γ̇ = f (γ(t), STIM(t)) (2)

The following task constraints were added to achieve periodic behaviour:792

LCE(t0) = LCE(t0 + Tc)
γ(t0) = γ(t0 + Tc) (3)

Moreover, inequality constraints were imposed on γ(t), Lrel
CE(t) and STIM(t):793

γ0 ≤ γ(t) ≤ 1

(1 −w) ≤ Lrel
CE(t) ≤ (1 +w)

0 ≤ STIM(t) ≤ 1

(4)

where Lrel
CE denotes the CE length normalised to CE optimum length (i.e. the CE length yielding maximal794

isometric CE force).795

We implemented our problem as a Multiphase Optimal Control Problem to assure that CE shortening796

and lengthening occurred only once per full periodic cycle, which was done by inequality constraints on797

vrel
CE(t):798

vrel
CE(t0 ... t0 + Tc ⋅ FTS) ≤ 0

vrel
CE(t0 + Tc ⋅ FTS ... t0 + Tc) ≥ 0

(5)

FTS was a numerical value (between 0.05 and 0.95) when FTS were imposed (see above). When FTS was799

not imposed, FTS was a control variable optimised for maximal AMPO.800

When MTC length excursion was imposed, an extra inequality constraint was added:801

802

LMTC(t0) − LMTC(t0 + Tc ⋅ FTS) =MTC length excursion (6)

The dynamic, task and (in)equality constraints were implemented in CasADi (Andersson et al., 2019)803

and the cost function was minimised using a Direct Collocation method using a nonlinear interior point804

method (IPOPT, Wächter and Biegler, 2006). The optimal control solution was checked by running805

forward simulations of the model with a linear-interpolated Frel
CE(t) and STIM(t) as inputs to confirm806

that no relevant constraints were violated between the collocation points. This was done using SciPy’s807

ODE integrator with an Implicit Runge-Kutta method of Radau IIA family of order 5 (Hairer and Wanner,808

1996) and an absolute and relative tolerance of 1e-6 and a maximum timestep of 1e-3. This yielded only809

very small differences between the states at the collocation points and those at the same time instance of810

the forward simulation for all optimisations.811
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S4 Optimal CE length over time: influence of FTS andMTC length excursion812

Using the Hill-type MTC model, we identified the optimal CE length over time for maximal AMPO813

without imposing any constraints on MTC length over time. When imposing cycle frequency, the resulting814

MTC length over time was reasonably similar to that with constant MTC shortening and lengthening815

velocity. However, when imposing FTS or MTC length excursion the shape of CE and MTC length over816

time dramatically changed.817

For imposed FTS values below the optimal value, CE lengthening velocity was found to be almost zero818

at the onset of CE lengthening (Figure S2A). This infinitely low velocity at the start of CE lengthening819

was optimal for AMPO because it allowed the active state to decrease fully before lengthening occurred,820

thereby reducing the amount of negative mechanical work performed. On top of that, it allowed the active821

state to remain high throughout most part of CE shortening to enable substantial positive mechanical822

work. Towards the end of CE lengthening, CE velocity again approached zero, which made it possible to823

initiate muscle stimulation before CE shortening began. This resulted in a high active state at the onset of824

CE shortening to enhance positive mechanical work. For imposed FTS values above the optimal value, CE825

shortening velocity decreased over time at the end of CE shortening (Figure S2A). To avoid substantial826

negative mechanical work during the subsequent CE lengthening, muscle stimulation ceased well before827

the end of CE shortening. While CE could theoretically maintain a constant shortening velocity throughout828

the shortening phase, any additional positive mechanical work gained near the end was outweighed by829

the increased negative mechanical work. Thus, an almost isometric phase preceding CE lengthening is830

optimal for maximising AMPO. In sum, the CE length over time for imposed FTS values mostly results831

from the effect of the excitation dynamics.832

For imposed MTC length excursions above the optimal value, CE shortening velocity was found to be833

higher at the beginning and end of the shortening phase compared to the middle part (Figure S2B). At the834

start and end of the shortening phase, only limited positive mechanical work could be produced due to the835

low active state and the suboptimal CE length (that is due to the CE force-length relationship). While CE836

could theoretically shorten at a constant velocity throughout the entire shortening phase, this would reduce837

the positive mechanical work during the middle part due to the effect of the force-velocity relationship. At838

the same time, little additional positive mechanical work could be achieved at the beginning and end of the839

shortening phase (due to the low active state and suboptimal CE length). Consequently, a non-constant CE840

shortening velocity — with CE shortening first decreasing and then increasing during the shortening phase841

— is optimal for maximising AMPO at imposed MTC length excursions above the optimal value. For842

imposed MTC length excursions below the optimal value, the opposite pattern was found: CE shortening843

velocity was found to be lower at the beginning and end of the shortening phase compared to the middle844

part (Figure S2B). As explained, only limited positive mechanical work could be produced at the beginning845

and end of the shortening phase due to the low active state. If CE would shorten with a constant velocity846

throughout the entire shortening phase, this would decrease the shortening distance during the middle847

part (at which the active state is high) and thereby reduces the positive mechanical work. As a result,848

a non-constant CE shortening velocity — with a slow shortening velocity at the end and beginning of849

37



the shortening phase — is optimal for maximising AMPO at imposed MTC length excursions above850

the optimal value. In sum, the optimal CE length over time for imposed MTC length excursions shows851

the intricate trade-off between the CE force-length relationship, CE force-velocity relationship and the852

excitation dynamics.853
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Figure S2: Predicted CE length over time for maximally attainable AMPO, shown for two imposed

FTS values (A) and two imposed MTC length excursions (B), at a cycle frequency of 3.5 Hz for rat

1. In panel A, only cycle frequency and FTS were imposed, while in panel B only cycle frequency and
MTC length excursions were imposed. Apart from these two constraints, CE and MTC length over time
were completely unconstrained and thus the shape of CE length over time could be different between
every combination of imposed cycle frequency and FTS (A) or imposed cycle frequency and MTC length
excursion (B). CE stimulation was maximal during the period indicated by the coloured bars, and ‘off ’
elsewhere.
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Figure S3: Predicted influence of cycle frequency (A), FTS (B) and MTC length excursion (C) on

the maximum attainable AMPO. The maximally attainable AMPO — averaged across the three rats —
slightly increased in SSCs without a constraint on MTC length over time (orange lines), compared to SSCs
with a constant MTC shortening and lengthening velocity (black lines).
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