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Effect of static foot posture on the dynamic stiffness of foot joints during walking 

Word count: 2997 

Abstract  

This study aimed to analyse the dynamic stiffness of foot joints during gait in the sagittal plane in feet 

with different static foot postures. Seventy healthy adult male subjects with different static postures, 

assessed by the Foot Posture Index (FPI) (30 normal, 20 highly pronated and 20 highly supinated), 

were recruited. Kinematic and kinetic data were recorded using an optical motion capture system and a 

pressure platform, and dynamic stiffness at the different stages of the stance was calculated from the 

slopes of the linear regression on the flexion moment-angle curves. The effect of foot type on dynamic 

stiffness and on ranges of motion and moments was analysed using ANOVAs and post-hoc tests, and 

linear correlation between dynamic stiffness and FPI was also tested. Highly pronated feet showed a 

significantly smaller range of motion at the ankle and metatarsophalangeal joints and also a larger 

range of moments at the metatarsophalangeal joint than highly supinated feet. Dynamic stiffness 

during propulsion was significantly greater at all foot joints for highly pronated feet, with positive 

significant correlations, although small, with the squared FPI. Highly supinated feet showed greater 

dynamic stiffness than normal feet, although to a lesser extent. Highly pronated feet during normal 

gait experienced greatest decrease in the dorsiflexor moments during propulsion. Normal feet were 

found to be the most balanced regarding work generated and absorbed. 

Keywords 

Dynamic Stiffness; foot joints; Foot Posture Index; range of motion; walking. 

Highlights  

 All foot types undergo approximately constant dynamic stiffness in the same phases 

 Dynamic stiffness during propulsion at all joints differs with foot type 

 Pronated feet experience greatest dorsiflexor moment decrease during propulsion 

 Highly pronated feet have to absorb more work, having a higher risk of damage 

 Highly supinated feet present intermediate dynamic stiffness and absorbed work 
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Introduction 

Foot injuries, such as hallux valgus or plantar fasciitis (prevalences 37% and 7%, respectively [1]) are 

related to abnormal joint motion, but more relevantly to abnormal forces [2]. Analysis of the foot 

joints dynamics during gait can help understanding the development of these injuries [3]. Different 

works undertook this analysis by looking at the dynamic joint stiffness [4], [5], defined as the ratio 

between the external moment applied to the joint and the joint angle, at a specific time, assessed while 

performing activities that require muscle activation, such as walking. This stiffness combines the 

effect of muscle forces, inertia and deformation of soft tissue, and was already applied to the ankle in 

the sagittal plane with different purposes [4], [6], [7]. High and low dynamic stiffness have been 

related with a higher incidence of bone injuries [8], [9]  and with excessive joint motion and less joint 

stability [10] respectively. Besides, the analysis of the dynamic stiffness is also valuable for providing 

mechanical properties of the foot joints to be used when designing orthotics or prostheses, and also to 

check the effect of surgeries that may modify joint stiffness. 

Recently, the authors analysed the flexion stiffness of the ankle, midtarsal and metatarsophalangeal 

joints during normal walking in healthy normal subjects [11], identifying different stance phases in 

which moment and angle changes were linearly related, i.e. with an approximately constant dynamic 

stiffness: early and late midstance phases and propulsion phase at the ankle and midtarsal joints, and 

propulsion phase at the metatarsophalangeal joint. The study of these dynamic stiffnesses in feet with 

different static postures may help to understand the well-known relationship between the static foot 

posture and the development of lower limb injuries [12]. To date, only the effect of the static posture 

on foot kinematics during gait has been studied [13]–[16], but reporting contradictory data. These 

works found inconsistent data in peak value dependency, probably because they are affected by the 

reference posture [12], [14], but also by the approach applied to determine relative motion. They also 

reported different results regarding range of motion (ROM). While some studies observed a decreased 

ankle ROM of pronated feet in the sagittal plane [15], [16] and increased in the frontal plane [15], 

[17], [18], other works found no significant differences in any motion plane [19], [20]. At the 

midtarsal joint, one study observed a decrease in the ROM for pronated feet in the transverse plane 

[13], although others found no significant differences in any motion plane [19]. And at the 
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metatarsophalangeal joint one study observed a reduction in the ROM in the sagittal plane for 

pronated feet [15].  

Differences in ROM results among works may be due also to differences in the static foot posture 

index used in each study, and to differences in the samples (age, sex, etc.). There are currently 

different methods available for quantifying the static foot posture [21], the foot posture index (FPI) 

being reported to be more reliable than other indices to estimate the foot dynamic function [22], [23]. 

As the analysis of the effect of the FPI on the foot joints dynamics has been limited to their kinematics 

and reported contradictory data, this study aimed to analyse the effect of FPI on the foot dynamics in 

the principal plane of motion, the sagittal plane, during normal gait. The analysis included the 

comparison of the ROM, the moment ranges and the dynamic stiffnesses throughout the stance phase, 

and their relationship with FPI. 

Material and methods 

Experiment description 

The study was carried out on 70 adult male subjects without a history of neuromuscular problems, 

diabetes or foot or ankle surgery, and who did not use orthotics nor reported pain in the lower 

extremity. The subjects were recruited with normal (from 0 to +5), highly pronated (HP) (higher than 

+10) or highly supinated (HS) (lower than -5) static FPI on both feet, as measured by Redmond et al. 

[22] (descriptive data in Table 1), all participants presenting very similar FPI values in both feet. All 

of them provided written informed consent to participate in the study, which was approved by the 

ethical committee of the Universitat Jaume I (Castellón, Spain). 

The subjects were asked to walk barefoot along a 7-m walkway at a comfortable self-selected speed, 

stepping with their right foot on a pressure platform located in the middle of the walkway. Before data 

collection, the subjects were familiarized with the conditions by walking on the walkway several 

times. The subjects had to look forwards while walking, to avoid platform targeting, and they repeated 

the activity as many times as needed to have five valid trials, trials where they did not step on the 

platform with the right foot being discarded.  

Data acquisition 
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The dynamics of the ankle, midtarsal and metatarsophalangeal joints of the right foot were registered 

using an adaptation of the model proposed by Bruening et al. [24], as presented in Sanchis-Sales et al. 

[11]. This model considered the midtarsal and metatarsophalangeal joints globally, not one particular 

midtarsal or metatarsophalangeal joint. 

Segment position and orientation were tracked at a 100 Hz sampling rate by an eight infrared camera 

motion analysis system (Vicon Motion Systems Ltd., Oxford, UK). Joint angles were calculated, from 

the upright standing static reference posture, using a Cardan rotation sequence between distal and 

proximal segments: 1-dorsiflexion/plantarflexion (DF/PF), 2-abduction/adduction (AB/AD), and 3-

inversion/eversion (IN/EV) [25]. All kinematic data were low-pass filtered with a 4th-order 

Butterworth filter and cut-off frequency of 10 Hz. 

Contact pressures of the right foot were recorded at a 100 Hz sampling rate with a Podoprint pressure 

platform (Namrol Group, Barcelona, Spain) synchronized with the infrared camera system. In each 

frame, pressure data were segmented by comparing the contact-cell coordinates with the 

anteroposterior location of the joint centres for the time when the foot was fully contacting on the 

platform (E.g., cells with anteroposterior-coordinate between those of midtarsal and 

metatarsophalangeal joint centres were assigned to the forefoot segment). The normal component of 

the ground reaction forces and centre of pressure (CoPs) were calculated on each foot segment (taking 

into account the contact cells area), and joint moments in the sagittal plane were then calculated from 

them and expressed relative to the orientation of the local coordinate system of the proximal segment. 

Calculated joint moments were normalized to body-weight, consistently with previous publications 

[4], [5], and were low-pass filtered with a 4th-order Butterworth filter and cut-off frequency of 50 Hz. 

Dynamic stiffness calculation 

As in a previous work [11], dynamic stiffnesses were computed as the slopes of the linear regressions 

at those phases where the dorsiflexion moment-angle relationship was approximately linear (Figure 1): 

early midstance, and propulsion for the ankle (𝐾𝑎𝑛𝑘𝑙𝑒
𝐸𝑀𝑆𝑃 and 𝐾𝑎𝑛𝑘𝑙𝑒

𝑃𝑃 ), late midstance and propulsion for 

the midtarsal joint (𝐾𝑀𝑇
𝐿𝑀𝑆𝑃 and 𝐾𝑀𝑇

𝑃𝑃), and propulsion for the metatarsophalangeal joint (𝐾𝑀𝑃
𝑃𝑃).  

Phases were trimmed by 5% at both the onset and ending of each phase, and then the dynamic 

stiffness was calculated as the slope of the linear regression of the joint moment versus the joint angle, 
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i.e. the tangent of the angle from the horizontal to the interpolated straight line. However, the tangent 

function is non-linear and presents a discontinuity at 90º, which may introduce errors when calculating 

mean values and when applying ANOVAs. To avoid these problems, mean calculations and ANOVAs 

were performed directly on the angles (), and results were finally transformed into dynamic stiffness 

data by computing the tangent of the angle data. 

Statistical analysis 

For each foot type, and in each foot joint, plots with the means and 95% confidence intervals (CI) 

were presented for the dorsiflexion angle and moment along the stance phase from all the trials and 

subjects. And mean joint moments were plotted versus mean joint angles, along with the linear 

regressions representing the dynamic stiffnesses in each of the above-mentioned phases. 

For each subject, the ROMs, the ranges of joint moments and the angles representing the dynamic 

stiffness in each phase were averaged across the five trials recorded, as in a previous work [11]. Three 

sets of ANOVAs were performed to check for the effect of foot type, considering statistical 

significance at 0.05 level: i) one ANOVA on the ROM with foot type as factor (normal, HP or HS) in 

each joint; ii) one ANOVA per joint on the range of joint moments with foot type as factor, in each 

joint; and iii) a set of ANOVAs (one for each phase at each joint) on the angles representing the 

dynamic stiffness as the dependent variable, with foot type as factor. Tukey post-hoc tests were 

performed for a deeper understanding when significant differences were detected. Finally, Pearson’s 

correlations between dynamic stiffnesses and FPI and squared FPI were also calculated.  

Results 

The plots of the joint dorsiflexion moments versus the joint dorsiflexion angles during the stance 

phase (Figure 1) showed a counterclockwise loop at the ankle for the normal FPI feet, in agreement 

with previous works [6], [11], and a clockwise loop for both HP and HS feet, enclosing less area in the 

case of normal FPI feet. At the midtarsal and metatarsophalangeal joints, all loops were clockwise, 

with normal FPI feet also enclosing less area at the midtarsal joint. The lowest linearity in the phases 

studied were for propulsion at the metatarsophalangeal joint, although R2 values were still above 0.90. 

And the dynamic stiffness was greater for HP feet during propulsion, in all joints.  

Insert Figure 1 here 
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The curve profiles for the joint dorsiflexion angle and moment along the stance phase (Figures 2 and 

3) were similar for all foot types, but with differences in the peak values and timings during the 

propulsion, which resulted in the differences in the dynamic stiffnesses mentioned above.  

Insert Figure 2 here 

Insert Figure 3 here 

For each foot type, statistical data for the ROM and range of moments at all joints, together with the 

dynamic stiffness in the different phases considered, are reported in Table 1, and significant statistical 

differences can be observed in Table 2. HP feet had a significantly smaller ROM than the other foot 

types considered at both the ankle and metatarsophalangeal joints. Likewise, they were subjected to a 

significantly larger range of moments than HS feet at the midtarsal joint, while HS feet were subjected 

to a significantly smaller range of moments at the metatarsophalangeal joint than the other foot types. 

At the ankle and midtarsal joints, the dynamic stiffness was significantly different for each foot type 

considered during propulsion, with the greatest values for HP feet, followed by HS feet. At the 

metatarsophalangeal joint the same trend could be observed, but in this case significant differences 

were found only between HP feet and the other feet. No significant differences were observed for the 

dynamic stiffness in any phase of the stance period other than the propulsion phase in any of the foot 

joints.  

Insert Table 1 here 

Insert Table 2 here 

Finally, positive significant correlations, although small, were found between 𝐾𝑎𝑛𝑘𝑙𝑒
𝑃𝑃

, 𝐾𝑀𝑇
𝑃𝑃  and 𝐾𝑀𝑃

𝑃𝑃 , 

and squared FPI (r = 0.614, 0.623 and 0.647, respectively).  

Discussion 

This work aimed to study the differences in the dynamic stiffnesses of the foot joints during normal 

gait in the sagittal plane for feet with different static foot postures. Novelty values of the dynamic 

stiffnesses were provided for normal, HP and HS feet, which could help better comprehend the 

functioning of the different foot joints during gait for these foot types, but also may help surgeons 

quantify the mechanical effect of their operations, and in the design of foot prostheses and orthotics.  
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The dorsiflexion moment-angle curves presented in this study agreed with those from previous works 

[5], [11], having identified similar phases with approximately linear moment-angle behaviour for all 

foot types considered. During the stance phase the foot joints presented a variable dynamic stiffness, 

in agreement with the classical interpretation of the foot as a mobile adapter during the initial contact 

allowing adjustment to varying terrain and as a rigid lever for forward propulsion in locomotion [2], 

[26]. The metatarsophalangeal joint presents less periods with constant dynamic stiffness, with much 

smaller values than those of the ankle or midtarsal joints during propulsion. Although approximately 

constant dynamic stiffness were found for all foot types considered at the same phases, the specific 

values differed among them. 

Before analysing the differences in the dynamic stiffnesses with the static foot posture, it is advisable 

to first look at the variation of joint angle and moment during the stance phase. A significant smaller 

ROM was found for HP feet in both ankle and metatarsophalangeal joints, accordingly to previous 

works [15], [16]. These differences were due basically to the differences in the evolution of the 

dorsiflexion angles during propulsion (Figure 2). The ROM used during the propulsion phase was 

smaller in HP feet for all foot joints considered, with significantly reduced final plantarflexion angle, 

which might be related with the shorter length of the triceps surae muscle reported in HP feet [26], 

[27], which could be studied in future works. Conversely, the dorsiflexion angle curves for HS feet 

during the stance phase were quite close to those of normal FPI feet. Dorsiflexion moment curves 

during the stance phase (Figure 3) followed a bell-shaped profile in all foot types considered, with 

similar peak values except for the metatarsophalangeal joint. Moment ranges (which corresponded 

approximately to moment peak values) were significantly larger at the midtarsal joint in HP feet when 

compared to HS feet (although differences were small), and were significantly smaller at the 

metatarsophalangeal joint in HS feet. Pronation seemed to generate larger peak values of dorsiflexion 

moment, especially at the metatarsophalangeal joint, favoured by a larger distance between the COP 

and the joint centres (about 1.5 times that of the HS feet) because of a smaller dorsiflexion joint angle 

at this time. This might explain the higher incidence of hallux limitus in HP feet [28]. 

Angles and moments data at each joint were combined in the dorsiflexion moment-angle curves. At 

the ankle, a counterclockwise loop was observed in the moment-angle curve for normal FPI feet, 
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revealing a positive net work supplied by the joint internal forces: the area beneath the rising phase of 

the loop (midstance) represents the work absorbed mainly by joint passive structures, with some 

contribution of plantarflexor muscles to stabilise the joint; while the area beneath the descending phase 

(propulsion) represents the work produced by the internal forces, essentially muscular plantarflexor 

forces (under concentric contraction), although some contribution also arises from the energy stored 

and released in passive tissues during walking. This loop became clockwise for HP and HS feet, with 

the largest area (negative net work) for HP feet. At the midtarsal and metatarsophalangeal joints the 

loop was in the clockwise direction for all foot types considered, enclosing very different areas 

depending on the foot type in the case of the midtarsal joint, with the largest negative work 

corresponding to HP feet. Normal FPI feet presented the smallest areas within the loops at the ankle 

and midtarsal joints, i.e. these feet were the best balanced regarding the difference between the work 

generated and absorbed, while passive tissues in HP feet during midstance had to absorb more work 

than that required for propulsion, consequently being more demanded and subjected to a higher risk of 

damage [29]. In practice, the orthoses for HP and HS feet should be designed to favour a more 

balanced net work. 

Focusing on the dynamic stiffness in the phases considered, significant differences were found during 

propulsion in all foot joints, with the largest values in HP feet, and the normal FPI feet being the ones 

with the smallest values. This was consistent with the differences found in the ROM, and could be 

related with the decreased concentric plantarflexion strength of HP feet at the ankle, when compared 

to normals, reported in literature [30]. During propulsion the plantarflexor muscles were subjected to 

concentric contraction, so that their decreased strength became into a more pronounced decrease of the 

moment they generate than that observed in normal FPI feet. This effect was usually presented in 

literature as a loss of rigidity in pronated feet, in the sense that plantarflexor muscles generate less 

torque on the joint [30]. This expression should be avoided, as in fact the dynamic stiffness is greater 

in absolute terms, i.e. there is a greater change (decrease) in the moment generated by plantarflexor 

muscles during propulsion in HP feet. Therefore, the greater dynamic stiffness of HP feet during 

propulsion compared to normal FPI feet reflected a poorer capacity for generating force, therefore 

generating joint instability which increases the joint sprain risk factor. These differences might play a 
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more important role in other situations where propulsion gains importance, such as running or 

climbing stairs. A greater dynamic stiffness was also observed in HS feet when compared to normal 

feet, although to a lesser extent, consistently with the smaller differences observed both in the joint 

angles and joint moments.  

This study presented some limitations and results should be taken cautiously. A greater number of 

subjects could shed light on the influence of static foot posture on dynamic stiffness during the early 

and late midstance phases. The results are limited to the description of the mechanical behaviour of 

adult male subjects, and further research should focus on children, adolescents or the elderly. Also, it 

might be interesting to study the effect of the foot type in women, as they are especially susceptible to 

changes in joint flexibility [31]. The data reported for midtarsal and metatarsophalangeal joints does 

not allow the analysis of a particular joint. And finally, the tangential components of the ground 

reaction force were neglected. Anyway, their effect on the flexion moments is small because their 

magnitudes are much smaller than those of the normal component [32] and also the moment arms, as 

we checked (results not shown for brevity), so that the moment graphs reported here for the normal 

FPI sample are very close to those reported in previous works [33] that took into account the 

tangential components. 

Conclusion 

Novelty values of the dynamic stiffnesses during normal gait in the sagittal plane were provided for 

normal, HP and HS feet. All foot types experienced approximately constant dynamic stiffness during 

the same phases, but the values differed during propulsion. HP feet showed greatest dynamic stiffness 

values and absorbed work, followed by HS feet, which may generate further problems. The data 

presented could be of interest in further studies aimed at analysing the relationship between hallux 

limitus and the appearance of pathologies such as hallux abductus valgus or plantar fasciitis [34] or to 

determine the effect of surgery that modifies joint stiffness, like subtalar arthrodesis or arthrodesis of 

the first metatarsocuneiform joint, as well as plantar fasciotomy. 
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