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 1 

Abstract: Achilles tendon (AT) injuries are prevalent among runners, especially 2 

in experienced runners. This study investigated how runner level and shoe 3 

longitudinal bending stiffness (LBS) interact to influence AT loading and lower-4 

limb biomechanics. Thirty-one male rearfoot strikers (18 experienced, 13 novice) 5 

ran at 4.17 m/s in carbon-fiber shoes of three LBS levels (T1: 10.9; T2: 17.5; 6 

T3: 33.0 Nm/rad). AT force was estimated in silico from a subject-specific 7 

musculoskeletal model with static optimization, computed as the sum of soleus 8 

and gastrocnemius muscle forces. Discrete outcomes were analysed using 9 

mixed two-way ANOVA, and waveforms using one-dimensional Statistical 10 

Parametric Mapping (SPM1D). Experienced runners produced greater peak AT 11 

force than novice runners (p=0.038, 𝜂௣2=0.141). LBS independently elevated 12 

peak AT force (p=0.004, 𝜂௣2 =0.182) and AT impulse (p=0.006, 𝜂௣2 =0.189), 13 

driven by an LBS-related increase in peak ankle dorsiflexion (p<0.001, 14 𝜂௣2=0.493) that redirected sagittal excursion proximally. Significant runner level 15 

× LBS interactions for peak knee extension moment, peak hip external-rotation 16 

angle, and transverse-plane hip ROM showed that novice runners adapted to 17 

stiffer shoes with proximal compensations, whereas experienced runners did 18 

not. Runner level and LBS independently elevate AT loading through 19 

complementary biomechanical pathways, and novice runners rely on proximal 20 

compensations to accommodate stiffer footwear. These findings support an 21 

individualized, U-shaped view of optimal LBS. 22 

 23 

Keywords: Achilles tendon force; longitudinal bending stiffness; 24 

musculoskeletal modeling; running biomechanics; experienced runner 25 

 26 

1. Introduction 27 

The Achilles tendon (AT), the strongest and thickest tendon in the human 28 

body, serves as a critical mechanical link between the calcaneus and the triceps 29 

surae muscle complex [1,2]. During locomotion, it transmits contractile forces 30 

from the calf muscles and stores and returns elastic energy during stance, 31 

thereby contributing to running economy [3–5]. However, AT’s unique 32 

anatomical structure and relatively limited vascularity may impair tissue 33 

recovery after injury [6,7]. Despite its substantial load-bearing capacity, the AT 34 

is frequently injured in runners [8]. Achilles tendinopathy is one of the most 35 

prevalent overuse injuries in this population, with an incidence of 10%–20%[9]. 36 

Male runners appear to be at greater risk, and the lifetime risk in habitual 37 

runners may be as high as 52% [10]. Accordingly, understanding the 38 

mechanisms that influence AT loading and injury risk remains a priority both 39 

clinical and biomechanical research [9]. 40 

Overuse is widely regarded as a primary cause of AT injury. Running is a 41 



3 

 

cyclic task that expose the AT to repetitive tensile loads that may exceed eight 42 

times body weight during each stance phase [11]. In long-distance running, the 43 

cumulative number of loading cycles is substantial. Repetitive non-uniform 44 

loading across tendon fascicles may contribute to tissue degradation [12] 45 

through heterogeneous stress distributions, inducing localized microdamage 46 

and a development of mechanically vulnerable regions within the tendon[13]. 47 

When repetitive loading continues before sufficient recovery, this damage may 48 

accumulate and eventually progress to pathological tendinopathy [14]. 49 

AT loading is closely related to lower-limb biomechanics, which may differ 50 

according to running level [15]. Previous studies have demonstrated that 51 

experienced runners typically exhibit smaller knee flexion angles, reduced 52 

ankle dorsiflexion, and lower ankle plantarflexion moments during stance phase 53 

compared to novice runners [13]. Footwear may also alter lower-limb dynamics 54 

[16]. Specifically, the longitudinal bending stiffness (LBS) of carbon-fiber plate 55 

shoes has been proposed to modify the leverage of the foot-ankle complex via 56 

a so-called teeter-totter mechanism [17]. However, recent findings suggest that 57 

increase in LBS does not necessarily produce a linear increase in ankle 58 

moment [18,19]. Instead, runners may adopt individualized neuromuscular 59 

strategies based on their physical capacity, such as increasing ankle moment 60 

directly or prolonging the push-off duration while reducing peak moment to 61 

optimize energy output [20]. 62 

Given these individualized responses to footwear stiffness, it remains 63 

unclear how runner level and shoe LBS interact to influence lower-limb 64 

biomechanics and AT loading. Because direct in-vivo measurement of AT force 65 

is invasive and technically difficult, the AT force is typically estimated via 66 

modeling methods. Conventional approaches estimate AT force by dividing the 67 

net sagittal-plane ankle moment by an estimated AT moment arm [20–22]. 68 

However, this method oversimplifies the functional anatomy of the ankle joint 69 

by assuming the Achilles tendon is the sole contributor to the net plantarflexion 70 

moment, thereby neglecting the synergistic contributions of the flexor hallucis 71 

longus, flexor digitorum longus, peroneus brevis, peroneus longus, and tibialis 72 

posterior [23–25]. These traditional methods also fail to account for the co-73 

contraction of antagonist muscles opposing the triceps surae, which can result 74 
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in inaccurate Achilles tendon load estimation [26].  75 

Musculoskeletal modeling and simulation provide a non-invasive and cost-76 

effective approach for estimating tendon loading during running [5,26,27]. By 77 

integrating subject-specific anatomical and biomechanical data within a 78 

musculoskeletal modeling frameworks [28,29], lower limb muscle forces during 79 

running can be estimated. The AT forces can then be derived by summing the 80 

predicted forces of the triceps surae muscles, the soleus, medial gastrocnemius, 81 

and lateral gastrocnemius, whose tendons converge to form the AT, providing 82 

a practical in silico method for quantifying tendon loading without invasive 83 

instrumentation. 84 

Therefore, the objective of this study was to use musculoskeletal modeling 85 

to investigate the effects of runner level and shoe LBS on lower-limb 86 

biomechanics and AT loading during running. These findings may advance 87 

understanding of AT loading mechanisms and inform individualized footwear 88 

prescription and injury-prevention strategies. 89 

 90 

2. Methods 91 

2.1 Participants 92 

A total of 31 healthy male runners, aged 18-50 years, were recruited for this 93 

study. All participants were right-leg dominant, exhibited a consistent rearfoot 94 

strike (RFS) pattern, and wore a standard shoe size of EUR 42. Participants 95 

were categorized into two groups based on their training experience: 13 healthy 96 

recreational runners (novice group: height 174.6 ± 3.3 cm, body mass 73.9 ± 97 

8.7 kg) and 18 experienced runners (experienced group: height 170.8 ± 3.2 cm, 98 

body mass 62.9 ± 4.1 kg). Inclusion criteria were: (1) no history of lower-limb 99 

musculoskeletal diseases or surgery, and no significant injuries within six 100 

months prior to data collection; (2) for recreational runners, a weekly running 101 

volume of less than 10 km; and (3) for experienced runners, a minimum of three 102 

training sessions per week and a monthly running volume exceeding 100 km. 103 

Exclusion criteria were: (1) presence of any acute, infectious, or contagious 104 

diseases, or internal organ dysfunction; 2) neurological or musculoskeletal 105 

disorders with potential to cause gait abnormalities or functional impairment; (3) 106 

significant structural abnormalities, including genu valgum, genu varum, or foot 107 
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arch abnormality. This study protocol received approval from the Ethics 108 

Committee of Ningbo University (TY2024028). Informed consent for publication 109 

was obtained from all individual participants included in the study. 110 

2.2 Shoes condition 111 

Three prototype running shoes (EUR 42) with different longitudinal bending 112 

stiffness (LBS) levels were manufactured using a standardized process by the 113 

Peak Sports Science Laboratory (Xiamen, China). All shoes shared the same 114 

basic construction: a midsole of supercritical foamed aliphatic thermoplastic 115 

polyurethane (TPU), a flexible woven mesh upper, a compression-molded 116 

outsole of polyethylene (PE) foam and cast polyurethane (CPU) composite, and 117 

an Ortholite polyurethane foam insole. LBS was manipulated by embedding 118 

full-length, spoon-shaped carbon fiber plates with differing stiffness within the 119 

TPU midsole. To minimize the potential confounding effect of shoe mass, 120 

rubber counterweights were attached to the outer periphery of each shoe so 121 

that total mass was matched across conditions. LBS was quantified using a 122 

three-point bending test, resulting in three shoe conditions: low stiffness (T1, 123 

10.9 Nm/rad), medium stiffness (T2, 17.5 Nm/rad), and high stiffness (T3, 32.96 124 

Nm/rad). 125 

2.3 Data collection 126 

Prior to data collection, anthropometric measurements were obtained. 127 

Participants first completed a 5-minute treadmill warm-up (RL2000E X 600, 128 

Robby, Sweden) at 85% of their self-selected speed wearing their own footwear. 129 

Following the warm-up, 45 retro-reflective markers were placed on predefined 130 

anatomical landmarks, including the acromion processes, anterior superior iliac 131 

spines, iliac crests, sacrum, greater trochanters, medial and lateral femoral 132 

epicondyles, medial and lateral malleoli, the first, second, and fifth metatarsal 133 

heads, and the calcaneus. Three non-collinear tracking markers were also 134 

affixed to the calcaneus. Additional tracking clusters were attached to the lateral 135 

aspect of the thighs and shanks. Participants then performed a static calibration 136 

trial in an anatomical standing posture wearing the first randomly assigned 137 

experimental shoe. Subsequently, markers on the medial malleoli, medial 138 

femoral epicondyles, and first metatarsal heads were removed for dynamic 139 

trials. 140 
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Dynamic trials were conducted on an overground runway. Participants first 141 

completed familiarization trials at a self-selected pace approximating the target 142 

speed, then performed official trials at 4.17 m/s (± 5%), monitored using a timing 143 

gate system (SWIFT Syncro Speed Measurement System). A trial was deemed 144 

successful when running speed fell within the ±5% tolerance and the participant 145 

achieved a clean foot strike on the force plate without altering their natural stride. 146 

At least three successful trials were recorded per shoe condition, with a 2-147 

minute rest interval between conditions to reduce fatigue effects. Kinematic 148 

data were collected using a three-dimensional motion capture system 149 

comprising 12 infrared high-speed cameras (Nokov Motion Capture System, 150 

Beijing, China) at a sampling rate of 200 Hz. Ground reaction force (GRF) data 151 

were recorded synchronously using a three-dimensional force plate (Kistler 152 

9287CA, Winterthur, Switzerland) at 1000 Hz. 153 

 154 

2.4 Data processing  155 

Raw motion capture data were labeled in Seek software and exported as 156 

C3D files. Coordinate systems were then transformed using a custom Python 157 

script to conform to the OpenSim convention (X-axis: anterior, Y-axis: vertical, 158 

Z-axis: right). Subsequent signal processing was performed in Python 3.11. 159 

Baseline drift in GRF data was corrected prior to filtering and segmentation. 160 

Marker trajectories were filtered using a zero-lag, fourth-order Butterworth low-161 

pass filter with a cutoff frequency of 6 Hz; GRF data were filtered at 50 Hz[30]. 162 

Data processing focused on the stance phase of the right limb, defined by a 163 

vertical GRF threshold of 20 N to identify heel strike and toe-off events. 164 

2.5 Musculoskeletal modeling and analysis 165 

Biomechanical analyses were performed in OpenSim 4.5 utilizing a 166 

modified full-body musculoskeletal model. The model was originally developed 167 

by Rajagopal et al (2016)[31]. and subsequently optimized by Lai et al. [32] for 168 

high-speed movements. Specifically, the passive muscle fiber properties were 169 

adjusted in this refined model to mitigate the abnormal antagonist co-activation 170 

typically observed in muscle-driven simulations of rapid running tasks. The 171 

generic model was scaled to each participant based on anthropometric data 172 

derived from the static trial and segment masses estimated from body mass. 173 
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Using the OpenSim API in Python 3.11, a batch-processing pipeline was 174 

implemented, including inverse kinematics (IK) to estimate joint angles, inverse 175 

dynamics (ID) to estimate joint moments, static optimization (SO) to estimate 176 

individual muscle forces, body kinematics analysis to compute center-of-mass 177 

(COM) trajectories[33], and joint reaction analysis to estimate joint contact 178 

forces.  179 

AT force ܨAT  was calculated following the approach of Almonroeder et 180 

al.[26], where the estimated muscle forces of the soleus (ܨSOL), gastrocnemius 181 

medialis (ܨMG), and gastrocnemius lateralis (ܨLG) were summed to represent 182 

the total AT force (Equation (1)). AT impulse was calculated by integrating AT 183 

force over the stance phase, from initial contact to toe-off (Equation (2)). All 184 

kinetic variables were normalized to body weight (BW), and AT impulse were 185 

normalized to body mass (BW·s). 186 

 187 

ATܨ                       = SOLܨ + MGܨ +  LG                  （1） 188ܨ

ATܫ                         = ∫ ATܨ ∙ ௧Toe_off௧Contactݐ݀                   （2） 189 

2.6 Statistical analysis 190 

Statistical analyses were performed in Python 3.11. The normality of all 191 

continuous variables, including kinematics at initial contact (IC), peak joint 192 

angles and moments during stance, range of motion (ROM), and AT force and 193 

impulse, was assessed using the Shapiro-Wilk test. Data are presented as 194 

mean (standard deviation, SD). A two-way mixed analysis of variance (ANOVA) 195 

was conducted to examine the main effects of runner level (between-subject 196 

factor: experienced vs. novice) and longitudinal bending stiffness (LBS, within-197 

subject factor: low, medium, and high), and their interaction, on lower limb 198 

biomechanics. Greenhouse-Geisser corrections were applied when the 199 

assumption of sphericity was violated according to Mauchly’s test. Post-hoc 200 

pairwise comparisons were conducted using the Bonferroni correction, with 201 

statistical significance set at ݌ < 0.05. Effect sizes were reported as partial eta-202 

squared (𝜂௣2), and classified as small (0.01 ≤ 𝜂௣2 < 0.06), medium (0.06 ≤ 𝜂௣2 <203 0.14), and large(𝜂௣2 ≥ 0.14) [34]. 204 

To evaluate the continuous biomechanical changes throughout the stance 205 
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phase, one-dimensional statistical parametric mapping (SPM1D) was 206 

performed using the open source spm1d package in Python 3.11. All time-207 

series data, including joint kinematics, kinetics, and AT force, were resampled 208 

to 101 frames using linear interpolation and normalized to the entire stance 209 

phase (0%–100%). A two-way mixed ANOVA was applied within the SPM 210 

framework to examine the main effects of runner level and LBS, as well as their 211 

interaction, across the stance phase. The significance threshold for all SPM 212 

analyses was set at ݌ < 0.05. 213 

 214 

3. Results 215 

The effects of runner level and shoe longitudinal bending stiffness (LBS) on 216 

lower-limb biomechanics and Achilles tendon (AT) loading were demonstrated 217 

in this section. Significant findings were derived from both discrete variables, 218 

including joint kinematics at initial contact (IC), peak joint angles, range of 219 

motion (ROM), peak kinetic measures (joint moments, AT force, AT impulse), 220 

and continuous waveform data analyzed via Statistical Parametric Mapping 221 

(SPM1D). Overall, runner level was the primary determinant of AT loading and 222 

of the overall lower-limb kinematics. LBS demonstrated significant main effects 223 

on hip and ankle kinematics and proximal joint kinetics, while significant 224 

interactions were observed specifically at the hip and knee joints. 225 

3.1 Continuous waveform analysis (SPM1D) 226 

For the main effect of runner level, novice runner exhibited a significant 227 

greater hip flexion angle from 19% to 63% of stance and a smaller hip extension 228 

angle from 63% to 100% of stance competed to the experienced runner (p < 229 

0.001, Figure 1A). From 0% to 42% of stance, the two groups differed 230 

significantly in hip frontal-plane angle (p < 0.001, Figure 1B): experienced 231 

runners move from slight adduction toward abduction, whereas novice runners 232 

remained slightly abducted. In late stance (61% - 100%), experienced runners 233 

demonstrated significantly greater hip abduction than novice runner. From 79% 234 

to 88% of stance, experienced runners exhibited a significantly greater hip 235 

external rotation angle compared to novice runners (p=0.039, Figure 1C). At 236 

the ankle joint, experienced runners displayed a significantly smaller ankle 237 

dorsiflexion angle from 0% to 30% of stance (p = 0.002, Figure 1E).  238 
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For lower-limb kinetics (Figure 2), experienced runners showed a 239 

significant greater ankle plantarflexion moment during 26% to 27.2% and 45% 240 

to 53% of stance (p < 0.049, Figure 2E) but demonstrated a smaller dorsiflexion 241 

moment from 76% to 80% of stance (p < 0.030, Figure 2E). Experienced 242 

runners also showed a greater knee flexion moment from 26% to 28% and from 243 

33.80% to 34.06% of stance phase (p < 0.049, Figure 2D), but demonstrated 244 

smaller extension moment during 74% to 80.8% (p=0.002). In late stance, 245 

experienced runner produced a significantly smaller hip extension moment over 246 

24%-28%, 30.75%-32.22%, 33.11%-34.69% and 54%-64% of stance, and a 247 

smaller hip flexion moment during 73% to 81% (all p<0.044, Figure 2A). In the 248 

hip transversal panel moment, experienced runners produced a smaller hip 249 

internal rotation moment from 48% to 49% of stance (p=0.046, Figure 2C). 250 

Additionally, experienced runners produced a significantly greater AT force than 251 

novice runners over the mid-stance phase from 0% to 0.56%, 6.59% to 10.11% 252 

and 38.8% to 55.5% of stance (all p<0.049, Figure 2F). 253 
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 254 

Figure 1: Statistical Parametric Mapping results for lower limb kinematics during 255 

the stance phase. (A) Right hip flexion(+)/extension(-) angle; (B) Right hip 256 

adduction(+)/ abduction(-) angle; (C) Right hip internal rotation(+)/ external 257 

rotation(-) angle; (D) Right knee flexion(+)/extension(-) angle; (E) Right 258 

dorsiflexion(+)/plantarflexion(-) angle. The solid lines represent group means, 259 

with shaded areas indicating the standard deviation. Grey horizontal bars and 260 

shaded regions denote supra-threshold clusters where significant differences 261 

between experienced and novice runners were observed (p < 0.05). The 262 

horizontal axis represents the normalized stance phase from initial contact (0%) 263 

to toe-off (100%). 264 

 265 
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 266 

Figure 2: Statistical Parametric Mapping results for lower limb kinetics during 267 

the stance phase. (A) Right hip flexion(+)/extension(-) moment; (B) Right hip 268 

adduction(+)/abduction(-) moment; (C) Right hip internal rotation(+)/external 269 

rotation(-) moment; (D) Right knee flexion(+)/extension(-) moment; (E) Right 270 

ankle dorsiflexion(+)/plantarflexion(-) moment; (F) Right Achilles tendon force. 271 

The solid lines represent group means, with shaded areas indicating the 272 

standard deviation. Grey horizontal bars and shaded regions denote supra-273 

threshold clusters where significant differences between experienced and 274 

novice runners were observed (p < 0.05). The horizontal axis represents the 275 

normalized stance phase from initial contact (0%) to toe-off (100%). 276 

3.2 Key kinematics at initial contact 277 

A significant main effect of runner level was observed for ankle dorsiflexion 278 

angle at IC (4.91= (1,29)ܨ, p=0.034, 𝜂௣2 =0.144, Table 1), with experienced 279 

runners exhibiting a smaller ankle dorsiflexion angle than novice runners. A 280 



12 

 

significant main effect of runner level was also found for hip frontal-plane angle 281 

at IC (  p=0.002, 𝜂௣2 =0.268, Table 1): experienced runners 282 ,10.64= (1,29)ܨ

contacted the ground with the hip in slight adduction (1.64±4.04º), whereas 283 

novice runners contacted with the hip in slight abduction (-3.73±5.21º). 284 

Table 1: Effects of runner level, shoe stiffness and their interaction on lower limb 285 

kinematic parameters  286 

Variable 
Novice Group  Experienced Group  p-value 

T1 T2 T3  T1 T2 T3  G S G*S  

H.F/EIC 
34.26 
(5.14) 

34.21 
(5.78) 

33.65 
(5.37) 

 
31.12 
(5.75) 

31.79 
(5.89) 

31.63 
(5.83) 

 0.221 0.522 0.291 

H.Add/AbdIC 
-3.35 
(4.77) 

-3.56 
(5.57) 

-4.28 
(5.62) 

 
1.53 

(4.26) 
1.51 

(4.56) 
1.88 

(3.83) 
 0.003 0.859 0.143 

H.ERotIC 
-13.72 
(11.10) 

-15.02 
(10.91) 

-15.41 
(11.67) 

 
-11.34 
(7.57) 

-11.63 
(7.88) 

-12.03 
(9.11) 

 0.382 0.130 0.575 

K.FIC 
11.89 
(3.78) 

12.98 
(4.43) 

11.71 
(4.58) 

 
12.31 
(4.64) 

13.22 
(4.53) 

13.54 
(4.13) 

 0.452 0.217 0.211 

A.Dorsi/PlantarIC 
10.83 
(5.65) 

9.82 
(6.38) 

11.06 
(5.92) 

 
5.20 

(6.92) 
5.91 

(7.37) 
4.52 

(7.93) 
 0.035 0.818 0.060 

H.F/EROM 
61.24 
(4.61) 

61.99 
(5.90) 

60.49 
(4.78) 

 65.68 
(6.75) 

67.61 
(6.18) 

66.51 
(5.23) 

 0.006 0.290 0.276 

H.Add/AbdROM 
19.61 
(5.08) 

20.60 
(5.15) 

20.49 
(5.34) 

 24.56 
(4.48) 

26.27 
(6.06) 

26.29 
(7.09) 

 0.009 0.034 0.726 

H.RotROM 
24.35 

(11.42) 
28.08 

(12.53) 
28.37 

(12.01) 
 24.28 

(6.65) 
25.61 
(7.73) 

24.40 
(7.72) 

 0.529 0.003 0.013 

K.FROM 
48.76 
(7.38) 

51.15 
(5.69) 

51.27 
(7.42) 

 52.02 
(9.66) 

53.20 
(8.53) 

53.75 
(6.80) 

 0.326 0.095 0.827 

A.Dorsi/PlantarROM 
47.61 
(6.68) 

49.22 
(7.02) 

48.79 
(7.11) 

 44.24 
(6.34) 

45.37 
(6.49) 

45.20 
(6.08) 

 0.129 0.042 0.911 

T1, low stiffness; T2, medium stiffness; T3, high stiffness; IC, initial contact; ROM, range of motion; H.F/E: 287 

right hip flexion (+)/extension (-); H.Add/Abd: right hip adduction (+)/abduction (-); H.ERot: right hip internal 288 

rotation (+)/external rotation (-); K.F, right knee flexion (+)/extension (-); A.Dorsi/Plantar, right ankle 289 

dorsiflexion (+)/plantarflexion (-); H.Rot: right hip rotation; G, runner level group; S, shoes-stiffness 290 

condition; G*S, the interaction effect between runner level and shoe stiffness.  291 

3.3 Key lower-limb joint angles and range of motion 292 

Across the entire stance phase, a significant main effect of LBS was 293 

observed for the peak hip internal rotation angle (  p=0.004, 294 𝜂௣2=0.171, Table 2): peak internal rotation angle in T1 was significantly smaller 295 ,5.99= (2,58)ܨ

than in T2 (p=0.003, Figure 3C). Peak ankle dorsiflexion also showed a 296 

significant main effect of LBS (28.30=(2,58)ܨ, p<0.001, 𝜂௣2=0.493, Table 2): peak 297 

dorsiflexion angle in L1 was significantly smaller than in T2 (p<0.001) and T3 298 

(p<0.001, Figure 3B).  299 

A significant main effect of runner level was observed for peak hip extension 300 

angle (4.29=(1,29)ܨ, p=0.047, 𝜂௣2=0.129, Table 2): experienced runners reached 301 

greater peak hip extension angle than novice runners. A significant training-302 

level × LBS interaction effect was observed for the peak hip external rotation 303 

angle (5.57= (2,58)ܨ, p<0.006, 𝜂௣2 =0.161, Table 2). Follow-up simple effect 304 
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analysis revealed that in the novice group, peak external rotation angle in T1 305 

was significantly smaller than those in T2 (p=0.030) and T3 (p=0.003, Figure 306 

3A), whereas no significant stiffness effect in the experienced group. A 307 

significant main effect of runner level was observed for the peak hip abduction 308 

angle (5.87= (1,29)ܨ, p=0.023, 𝜂௣2 =0.168, Table 2), with experienced runners 309 

exhibited greater hip abduction angle than novice runners. 310 

Table 2: Effects of runner level, shoe stiffness and their interaction on lower limb 311 

kinetic parameters  312 

Variable 
Novice Group  Experienced Group  p-value 

T1 T2 T3  T1 T2 T3  G S G*S 

Max H.F 
42.92 
(7.02) 

42.71 
(8.06) 

42.38 
(7.40) 

 
43.35 
(8.03) 

44.63 
(8.32) 

43.89 
(7.84) 

 0.647 0.425 0.380 

Max H.Add 
10.24 
(2.78) 

10.72 
(3.58) 

10.31 
(3.82) 

 11.23 
(3.28) 

11.69 
(4.29) 

12.18 
(3.48) 

 0.315 0.198 0.329 

Max H.IRot 
6.43 

(5.74) 
7.98 

(6.44) 
7.67 

(6.36) 
 7.65 

(7.34) 
9.30 

(7.71) 
8.26 

(8.19) 
 0.685 0.004 0.709 

Max K.F 
60.18 
(8.90) 

62.43 
(8.08) 

62.39 
(9.88) 

 63.60 
(10.69) 

65.64 
(9.15) 

66.67 
(7.02) 

 0.235 0.053 0.887 

Max A.Dorsi 
20.70 
(4.38) 

21.91 
(3.65) 

23.26 
(4.21) 

 19.06 
(4.93) 

20.42 
(5.06) 

20.57 
(4.81) 

 0.248 ＜0.001 0.062 

Max H.E 
-18.32 
(5.09) 

-18.29 
(5.28) 

-18.11 
(4.86) 

 
-22.34 
(6.66) 

-22.98 
(5.96) 

-22.62 
(6.84) 

 0.047 0.572 0.632 

Max H.Abd 
-9.37 
(4.24) 

-9.88 
(4.76) 

-10.18 
(4.56) 

 -13.33 
(4.52) 

-14.53 
(5.18) 

-14.11 
(6.10) 

 0.022 0.151 0.719 

Max H.ERot 
-17.92 
(10.12) 

-20.10 
(9.88) 

-20.69 
(10.61) 

 
-16.64 
(5.99) 

-16.31 
(6.52) 

-16.13 
(6.99) 

 0.284 0.192 0.006 

Max A.Plantar 
-26.91 
(7.36) 

-27.30 
(7.59) 

-25.54 
(7.65) 

 
-25.17 
(7.81) 

-24.96 
(8.20) 

-24.62 
(7.22) 

 0.547 0.100 0.345 

T1, low stiffness; T2, medium stiffness; T3, high stiffness; Max, maximum; H.F/E, right hip flexion(+)/ 313 

extension(-); H.Add/Abd, right hip adduction(+)/ abduction(-); H.IRot/ERot, right hip internal(+)/ external(-) 314 

Rotation; K.F, Knee flexion is positive, with 0° at the anatomical position; R Ankle.F/E, right ankle 315 

dorsiflexion (+)/extension(-); G, runner level group; S, shoes-stiffness condition; G*S, the interaction effect 316 

between runner level and shoe stiffness.  317 

For lower-limb joint range of motion, runner level had a significant main 318 

effect on sagittal-plane hip ROM (8.80= (1,29)ܨ, p=0.006, 𝜂௣2 =0.233, Table 1). 319 

Significant main effects of both runner level (7.75=(1,29)ܨ, p=0.009, 𝜂௣2=0.211, 320 

Table 1) and LBS (4.20=(2,58)ܨ, p=0.020, 𝜂௣2=0.127, Table 1) were observed for 321 

frontal-plane hip ROM: experienced runners had a significantly greater frontal-322 

plane hip ROM, and frontal-plane ROM in T1 was significantly smaller than T2 323 

(p=0.017, Figure 3E). Transverse-plane hip ROM showed a significant 324 

interaction effect (4.66=(2,58)ܨ, p＜0.013, 𝜂௣2=0.138, Table 1): in novice group, 325 

transverse-plane hip ROM in L1 was significantly smaller than T2 (p=0.003) 326 

and T3 (p=0.016, Figure 3D), whereas there is no significant LBS effect in the 327 

experienced group. Sagittal-plane ankle ROM showed a significant main effect 328 

of LBS (3.43=(2,58)ܨ, p=0.042, 𝜂௣2=0.106, Table 1), with T1 ROM significantly 329 
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smaller than T2 ROM (p=0.011, Figure 3F). 330 

3.4 Joint moments 331 

A significant training-level × LBS interaction was observed for peak knee 332 

extension moment (6.28= (2,58)ܨ, p=0.003, 𝜂௣2 =0.178, Table 3): in the novice 333 

group, peak knee extension moment in T3 was significantly greater than in T1 334 

(p=0.039) and T2 (p=0.034, Figure 3H), whereas no significant stiffness effect 335 

was observed in the experienced group (Figure 3G). Significant main effect of 336 

LBS was found for peak hip adduction moment ( ) p=0.019, 337 𝜂௣2 =0.134, Table 3), peak hip extension moment ,4.47= (2,58)ܨ  T1 produced a smaller hip adduction moment (p=0.029, 340 .(p=0.022, 339 𝜂௣2=0.138, Table 3 ,4.64= (2,58)ܨ) p=0.004, 338 𝜂௣2 =0.183, Table 3) and peak knee flexion moment ,6.51= (2,58)ܨ

Figure 3I) and a smaller extension moment (p=0.011, Figure 3J) than T2, and 341 

a smaller hip extension moment than T3 (p=0.021, Figure 3J). 342 

3.5 AT force and impulse 343 

Significant main effect of runner level (4.74= (1,29)ܨ, p=0.038, 𝜂௣2 =0.141, 344 

Table 3) and LBS (6.46=(2,58)ܨ, p=0.004, 𝜂௣2=0.182, Table 3) were observed for 345 

the estimated peak AT force: experienced runners showed a significantly 346 

greater AT force than novice runners, and post-hoc analysis revealed that the 347 

T1 produced a smaller peak AT force than T3 (p=0.013, Figure 3K). A significant 348 

main effect of LBS was also observed for the AT impulse over the stance phase 349 

 with T1 producing a smaller AT 350 ,(p=0.006, 𝜂௣2 =0.189, Table 3 ,6.77= (2,58)ܨ)

impulse than T3 (p=0.022, Figure 3L). 351 

 352 
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 353 

Figure 3: Post-hoc comparisons of lower limb kinematic and kinetic parameters 354 

during the stance phase. (A) Max hip external rotation angle; (B) Max ankle 355 

dorsiflexion angle; (C) Max hip internal rotation; (D) Range of motion in hip 356 

transverse plane; (E) Range of motion in hip frontal plane; (F) Range of motion 357 

in ankle sagittal plane; (G) Max knee flexion moment; (H) Max knee extension 358 

moment; (I) Max hip abduction moment; (J) Max hip extension moment; (K) 359 

Max Achilles tendon (AT) force; (L) Achilles tendon impulse. T1, T2, and T3 360 

represent low, medium, and high longitudinal bending stiffness (LBS), 361 

respectively. Bars represent mean values, and error bars indicate one standard 362 

deviation. Asterisks and horizontal lines denote statistically significant 363 

differences between groups or conditions (*p< 0.05, **p< 0.01, ***p< 0.001). 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 



16 

 

Table 3: Effects of runner level, shoe stiffness on Achilles tendon loading and 372 

lower limb kinetic parameters 373 

Variable 
Novice Group  Experienced Group  p-value 

T1 T2 T3  T1 T2 T3  G S G*S 

AT Impulse 
(BW·S) 

0.95 
(0.09) 

0.98 
(0.09) 

0.99 
(0.10) 

 1.03 
(0.11) 

1.04 
(0.10) 

1.05 
(0.10) 

 0.065 0.007 0.321 

Max H.FM 
(BW) 

0.135 
(0.03) 

0.124 
(0.03) 

0.124 
(0.02) 

 0.117 
(0.03) 

0.118 
(0.02) 

0.117 
(0.02) 

 0.227 0.339 0.175 

Max H.AddM 
(BW) 

0.085 
(0.037) 

0.092 
(0.038) 

0.097 
(0.043) 

 0.080 
(0.031) 

0.087 
(0.038) 

0.085 
(0.033) 

 0.588 0.019 0.381 

Max H.IRotM 
(BW) 

0.039 
(0.010) 

0.040 
(0.013) 

0.042 
(0.013) 

 0.038 
(0.012) 

0.040 
(0.013) 

0.038 
(0.010) 

 0.716 0.310 0.266 

Max K.FM 
(BW) 

0.114 
(0.026) 

0.117 
(0.027) 

0.129 
(0.048) 

 0.118 
(0.029) 

0.122 
(0.028) 

0.126 
(0.033) 

 0.900 0.023 0.579 

Max A.DorsiM 
(BW) 

0.012 
(0.002) 

0.012 
(0.001) 

0.012 
(0.001) 

 0.012 
(0.002) 

0.012 
(0.002) 

0.012 
(0.001) 

 0.768 0.262 0.720 

Max H.EM(BW) 
-0.444 
(0.054) 

-0.476 
(0.051) 

-0.484 
(0.067) 

 -0.428 
(0.090) 

-0.451 
(0.089) 

-0.456 
(0.074) 

 0.359 0.004 0.812 

Max H.AbdM(BW) 
-0.170 
(0.03) 

-0.178 
(0.03) 

-0.179 
(0.02) 

 -0.192 
(0.03) 

-0.192 
(0.02) 

-0.186 
(0.02) 

 0.348 0.790 0.486 

Max H.ERotM(BW) 
-0.010 
(0.005) 

-0.010 
(0.004) 

-0.010 
(0.005) 

 -0.008 
(0.005) 

-0.008 
(0.003) 

-0.008 
(0.004) 

 0.115 0.736 0.844 

Max K.EM(BW) 
-0.148 
(0.044) 

-0.153 
(0.052) 

-0.167 
(0.050) 

 -0.159 
(0.046) 

-0.159 
(0.041) 

-0.152 
(0.047) 

 0.972 0.538 0.003 

Max A. PlantarM(BW) 
-0.274 
(0.022) 

-0.283 
(0.029) 

-0.283 
(0.024) 

 -0.291 
(0.025) 

-0.294 
(0.028) 

-0.296 
(0.026) 

 0.122 0.104 0.552 

Max AT Force 
(BW) 

8.11 
(0.84) 

8.43 
(1.08) 

8.51 
(0.93) 

 8.95 
(0.99) 

9.13 
(1.04) 

9.23 
(1.05) 

 0.038 0.004 0.756 

T1, Low Stiffness; T2, Medium Stiffness; T3, High Stiffness; Max, Characteristic Peak; H.FM/EM, Right 374 

Hip Flexion Moment(+)/Extension Moment(-); H.AddM/AbdM, Right Hip Adduction Moment(+)/Abduction 375 

Moment(-); H.IRotM/ERotM, Right Hip Internal (+)/External(-) Rotation Moment; K.F/EM, Right Knee 376 

Flexion Moment(+)/Extension Moment(-); A.DorsiM/PlantarM, Right Ankle Dorsiflexion 377 

Moment(+)/Plantarflexion Moment(-); AT Force, Achilles Tendon Force; AT Impulse, Achilles Tendon 378 

Impulse; G, Runner Level Group; S, Shoes-stiffness condition; G*S, Interaction Effect Between Runner 379 

Level And Shoe Stiffness. 380 

 381 

4. Discussion 382 

This study examined the interaction effects of shoe longitudinal bending 383 

stiffness (LBS) and runner level on lower-limb biomechanical characteristics 384 

and Achilles tendon (AT) loading during overground running in healthy male 385 

rearfoot strikers. AT force was estimated in silico using a full-body 386 

musculoskeletal model with static optimization, and derived as the sum of the 387 

soleus, medial gastrocnemius, and lateral gastrocnemius muscle forces. Three 388 

main findings emerged: (1) experienced runners exhibited significantly greater 389 

peak estimated AT force than novice runners and adopted distinct lower-limb 390 

biomechanical strategies across the stance phase; (2) LBS induced significant 391 

effects on hip joint kinematics and kinetics and on AT loading; (3) significant 392 

runner level × LBS interaction for the peak hip extension moment, transverse-393 

plane hip ROM and peak knee extension moment indicated that experienced 394 
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and novice runners responded differently to stiffness manipulation at proximal 395 

joints. 396 

Compared with novice runners, experienced runners exhibited significantly 397 

greater estimated peak AT force, and this group difference was corroborated by 398 

both the discrete feature analysis and continuous SPM1D mapping (Figure 2F), 399 

which localized the between-group difference to early stance (6.59%-10.11%) 400 

and propulsion (38.8%-55.5%). This is consistent with Yan et al.[30], who 401 

reported higher ankle plantarflexion moments in more experienced runners, 402 

suggesting that long-term training improves triceps surae function and raises 403 

baseline AT loading.  404 

AT impulse showed the same direction (experience > novice), but only 405 

reached marginal significance (p=0.064, 𝜂௣2=0.113). The moderate effect size 406 

combined with the borderline p-value suggests the trend is likely real but 407 

constrained by the present sample size. This finding contradict Li et al.[13], who 408 

reported greater AT impulses in novice runners. This discrepancy is likely 409 

attributable to running speeds. Li et al. tested at 3.33 m/s, whereas we tested 410 

at 4.17 m/s. At slower speeds, the longer contact time observed in novice 411 

runners can drive higher per-step impulse despite lower per-step peak force, 412 

whereas at faster paces the propulsive demand on the triceps surae dominates 413 

and the experienced runners kinetic advantage becomes apparent.  414 

The kinematic and kinetic patterns observed in experienced runners offer a 415 

comprehensive mechanical explanation for their higher AT loading. At initial 416 

contact, experienced runners landed with a smaller ankle dorsiflexion angle (a 417 

flatter foot-strike geometry) and with the hip in slight adduction, in contrast to 418 

the slight abduction observed in novice runners. Across the stance phase, 419 

SPM1D analysis showed that experienced runners maintained a more 420 

extended hip from 19% of stance through toe-off and adopted a more abducted 421 

hip in late stance. The corresponding kinetic SPM analysis (Figure 2) revealed 422 

a distally-loaded mid-stance pattern: experienced runners produced 423 

significantly greater ankle plantarflexion moments during propulsion (26%–27% 424 

and 45%–53%) while generating smaller hip extension moments through much 425 

of mid-stance. 426 

This distal-dominated strategy directs more mechanical demand toward the 427 
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triceps surae, which contributes approximately 41% of total positive lower-limb 428 

work during running [15,35]. By transitioning rapidly from a flatter foot strike into 429 

push-off and engaging the medial gastrocnemius more effectively via a hip 430 

transition from adduction to abduction with external rotation, experienced 431 

runners optimize propulsive force production at the cost of greater per-stride AT 432 

tensile load [30]. Although these adaptations enhance propulsion, it 433 

simultaneously impose higher chronic tensile stress on the tendon. According 434 

to the non-uniform loading theory [27], the confluence of high-intensity, 435 

repetitive loading cycles induces maladaptive stress distribution across tendon 436 

fascicles, initiating damage accumulation at the fibrillar scale and eventually 437 

producing localized “weak zones” within the macro-structure[36]. Combined 438 

with the greater training volume characteristic of experienced runners, this per-439 

step loading profile provides a biomechanical rationale for the ~52% lifetime AT 440 

injury risk reported in this population[37,38]. 441 

LBS contributed a substantial mechanical effect on top of these baseline 442 

group differences [13]. The largest single effect in our dataset was an LBS-443 

driven increase in peak ankle dorsiflexion (η²ₚ = 0.493), accompanied by an 444 

increase in sagittal-plane ankle ROM. Because carbon-fiber plates stiffen the 445 

metatarsophalangeal joint rather than the talocrural joint, sagittal excursion that 446 

would normally occur at the forefoot is redirected proximally to the ankle. This 447 

redirection in turn raised peak hip extension, hip adduction, and knee flexion 448 

moments, indicating a more aggressive movement strategy in stiffer shoes 449 

[39,40]. Both peak AT force and AT impulse rose with LBS, demonstrating that 450 

the mechanical chain linking forefoot stiffening to AT loading is intact and 451 

operative across runners. Notably, the LBS-driven changes in joint ROM and 452 

peak angles did not follow a strictly linear trajectory: further increases from T2 453 

to T3 did not produce proportionally larger kinematic changes, suggesting a 454 

non-linear response. This is consistent with the U-shaped relationship between 455 

LBS and the lower-limb kinetic chain [41]. Each joint and biomechanical 456 

parameter likely has its own stiffness threshold; once this threshold is exceeded, 457 

the effect on the lower-limb kinetic chain may plateau or even diminish [39]. 458 

A significant interaction between shoe stiffness and runner level was 459 

observed for the peak knee extension moment, hip external rotation angle and 460 
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transverse-plane hip ROM. Novice runners up-regulated knee extension 461 

moment, hip external rotation, and transverse-plane hip ROM in response to 462 

increasing LBS, whereas experienced runners remained stable. Stiffer shoes 463 

therefore appear to elevate proximal kinematic and kinetic demand in novice 464 

runners. 465 

Whether this elevation is beneficial is open to question. Elevated knee 466 

extension moments directly intensify quadriceps work demand, which raises 467 

patellofemoral joint contact stress and subsequently increases the risk of 468 

patellofemoral pain syndrome [22]. The interaction pattern observed in this 469 

study is consistent with the individual optimal LBS concept: Roy et al. [41] 470 

identified a U-shaped relationship between LBS and running economy, with 471 

performance gains maximized only when footwear stiffness matches the 472 

runner’s specific neuromuscular and structural capacity. The positioning of this 473 

individual optimum is further modulated by running speed and triceps surae 474 

strength [40,42]. In novice runners, whose triceps surae capacity and inter-joint 475 

coordination are typically less developed, increasing LBS appears to shift the 476 

proximal joints into less stable, less efficient configurations rather than 477 

augmenting performance. 478 

Our findings identify two distinct injury-risk profiles. Experienced runners 479 

carry an elevated baseline AT loading driven by a propulsion optimised distal 480 

kinetic strategy; further increases in LBS amplify this load and, combined with 481 

high training volume, plausibly contribute to the high lifetime AT injury risk 482 

reported in this population [9]. Novice runners, in contrast, do not carry the 483 

same baseline AT load, but adopt unstable proximal compensations, with 484 

greater knee extension moments, larger transverse-plane hip motion, and 485 

larger peak hip external-rotation angles in stiffer shoes, exposing them to acute 486 

risk at the knee and hip rather than at the tendon. Importantly, Hannigan et al. 487 

[43] indicate that this additional proximal torque burden may also offset the 488 

energetic benefits that carbon-fibre plates ordinarily provide at the ankle, so the 489 

trade-off is not simply one of risk against performance gain. 490 

These findings argue against a simple “stiffer is better” approach to carbon-491 

fibre footwear prescription. Instead, LBS should be matched to the runner’s 492 

training level: experienced runners may benefit from moderate stiffness that 493 
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supports propulsion without disproportionately elevating AT load, whereas 494 

novice runners may be better served by lower stiffness until their proximal 495 

control and triceps surae capacity are sufficient to absorb the redistributed 496 

kinetic demand. This recommendation provides a biomechanical basis for 497 

individualised footwear prescription, consistent with the U-shaped, individual-498 

optimum framework [41]. 499 

This study has several limitations. First, only male runners were tested at a 500 

single speed (4.17 m/s). Because both sex and running speed influence AT 501 

loading and footwear biomechanics, the findings may not generalize to female 502 

runners or to slower training paces. Second, AT force was estimated in silico 503 

using a subject-specific musculoskeletal model scaled from a generic model, 504 

combined with static optimization. This approach is well validated for relative 505 

comparisons, but absolute force magnitudes carry inherent uncertainty. 506 

 507 

5. Conclusion 508 

Runner level was the principal determinant of Achilles tendon loading. 509 

Experienced runners used a propulsion-oriented, distally loaded mid-stance 510 

strategy that produced higher per-stride AT force. Shoe LBS added a significant 511 

effect by shifting sagittal excursion proximally and increasing both peak AT force 512 

and AT impulse. Novice and experienced runners did not respond to LBS in the 513 

same way: novice runners compensated through proximal kinetic and 514 

transverse-plane hip adjustments that experienced runners did not show. These 515 

findings support a U-shaped, individualized view of optimal LBS and argue 516 

against a one-size-fits-all “stiffer is better” approach to carbon-fiber footwear 517 

prescription. 518 

 519 
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