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Abstract 

Many people in post-industrial societies have weaker foot muscles and lower foot 

arch stiffness. The most common explanation for this phenomenon relates to footwear. We 

propose a different hypothesis: risk of developing weak, pliable feet may be related to the 

increasingly sedentary lifestyles in post-industrial societies. We hypothesize that people who 

do not use their feet much for physical activity are less likely to develop strong, stiff feet. We 

collected data on physical activity levels and foot strength and stiffness among a sample of 

adults in the United States who normally wear restrictive footwear. We measured daily step 

counts and time spent in moderate-to-vigorous physical activities, cross-sectional areas of 

foot muscles, longitudinal arch height and stiffness, and dynamic longitudinal arch stiffness 

during walking. Our results suggest that physical activity levels are not significantly 

associated with foot strength or stiffness, highlighting the key role of footwear in foot 

strength and stiffness.  

Keywords: Longitudinal Arch, Physical Activity, Foot Strength, Foot Stiffness, Muscle, 

Minimal-shoes, Human.  

 

The human foot is unique. It is drastically different than even our closest relatives, the 

apes (Harcourt-Smith & Aiello 2004:406). The morphological evolution of the foot seems to 

be beneficial for economical bipedal walking. In other words, the foot morphology of modern 

humans enables them to save energy when producing bipedal walking (Hu et al. 2021:8). The 

longitudinal arch present in the human foot is one of its key distinctive features. The abductor 
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hallucis, the flexor digitorum brevis and the abductor digit minimi, three intrinsic muscles of 

the foot, are thought to have an important role in the support of the longitudinal arch. The 

longitudinal arch isn’t acquired at birth; rather, it develops through childhood (Wang et al. 

2022:352). Since the longitudinal arch matures through childhood, one may wonder whether 

different environmental conditions might yield different longitudinal arch morphology or 

stiffness. Flat feet occur when the longitudinal arch collapses. The flat foot condition seems 

to have multiple origins. In some individuals, the longitudinal arch never develops. Flat feet 

can also be acquired as an adult and is usually thought to be the result of injuries or weakened 

feet (Staff 2021). It is estimated that about 20 to 25% of adults in the United States and 

Canada suffer from the flat foot condition (Gross et al. 2011:939).  

Many studies have indicated that the rates of the flat foot condition in non-

industrialized countries was significantly smaller than in developed/industrialized countries. 

This phenomenon has been linked to the wear of minimal shoes. In industrialized countries, 

individuals tend to wear conventional shoes which provide support for the longitudinal arch. 

On the other hand, minimal shoes or barefoot walking provides little to no support. To 

produce efficient bipedal walking, one must activate their muscles and stiffen their arches. 

An Indian study has found that individuals who didn’t wear shoes before their 16th birthday 

were two times less likely to develop flat feet (Sachithanandam & Joseph 1995:255). These 

data seem to indicate flat footedness being a mismatch disease. Conventional shoes might 

provide too much support and in doing so, inhibit the action and development of the intrinsic 

foot muscles and the longitudinal arch. Because shoes were nonexistent or in minimal forms 

for most of hominin’s evolutionary history, humans might not be adapted to wear them.  

A recent study investigated the effects of shoes on foot strength and longitudinal arch 

stiffness (Holowka et al. 2018:1). In this study, the investigators assessed the foot strength 

and longitudinal arch stiffness of minimally shod population (here the Tarahumara) in 
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comparison to conventionally shod populations. It was found that minimally shod populations 

have higher and stiffer longitudinal arch stiffness and larger intrinsic foot muscles than 

conventionally shod populations. This study concluded that flat foot condition might be a 

mismatch disease resulting from the use of comfortable and supporting shoes (Holowka et al. 

2018:10). However, this specific study design didn’t allow the investigators to control for 

physical activity. Indeed, the Tarahumara as a whole population are on average more 

physically active than an average conventionally shod American. One can thus wonder if and 

to what extend physical activity might be a confounding variable. In this case, physical 

activity rather than shoe wear might explain differences in prevalence of flat feet between 

industrialized and non-industrialized populations.  

Physical activity in relation to foot strength is an emerging field of interest. Physical 

activity has been found to improve foot structure and function in obese population (Zhao et 

al. 2018:878). Foot muscle volume has also been seen to increase with foot strengthening 

program. This specific study investigated foot strength in relation to running performances 

(Taddei et al. 2020:113). Daily physical activity has also been seen to improve foot strength 

when wearing minimal shoes which provide little to no support (Curtis et al. 2021:7). 

Another study compared lifesaver athletes and “normal” individuals and found that lifesaver 

athletes possessed higher arches and more developed intrinsic foot muscles. They attributed 

this difference to physical activity on sand (Ichikawa et al. 2021:9). 

Physical activity and foot strength are often studied in relation to other variables. 

There is little evidence in the scientific literature for the sole effect of physical activity on 

foot strength and longitudinal arch stiffness. The lack of targeted research on the relationship 

between foot strength and physical activity inspired the research question: What are the 

effects of physical activity on foot strength and longitudinal arch stiffness? This study 

hypothesizes that individuals with higher levels of physical activity have better foot strength 
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and stiffer longitudinal arches than individuals with lower levels of physical activity. To 

assess this hypothesis, physical activity levels are recorded among a large sample with 

different physical activity levels. In this study, we predict that physical activity will be 

positively correlated with intrinsic muscle size. We also predict that physical activity will be 

positively correlated with longitudinal arch stiffness.  

 

Materials/ methods 

Sample. Data were collected for a sample of 40 participants (Mean ± SD: age, 26 ± 9 yrs; 

body weight, 75 ± 18 kg; height, 175 ± 11 cm). The participants are mainly recruited from 

UNM. No age limit or other demographic constraints restricted recruitments. Exclusion 

criteria however included foot pain, injuries to the foot, or any abnormality with the foot or 

the limbs that would impact physical activity levels. All levels of physical activity are 

desired. The recruitments process is done randomly. Participants are recruited through posts 

on social media, emails sent out to the anthropology undergrad list and flyers on the UNM 

campus.  

All participants provided written consent after careful explanation of the research and 

its purpose. The study was approved by the University of New Mexico Institutional Review 

Board. The research follows the procedure outlined in the accepted proposal.  

Accelerometer. Physical activity was recorded using accelerometers. The 

accelerometer used in this study is the Axivity AX3. This device records acceleration, or the 

change in velocity of an object over time. The accelerometer was placed on the left wrist as a 

bracelet to measure average daily step counts and average daily time spent in moderate-to-

vigorous physical activity (MVPA). The bracelet was positioned in such way that the arrow 

inside of the bracelet would point at the body when on the wrist (Figure 1). The bracelet was 
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put on the wrist following the mounting convention of the AX3 user guide. The bracelet was 

kept on the wrist for two weeks. The data from the accelerometers were collected using the 

Open Movement application. The accelerometer was set on the following settings: the 

frequency was set on a 100 Hz. The range was set on 8g. The recording time was set on 

Immediately on Disconnect. Other settings were left blank. The recording session ID number 

corresponds to the ID number of the participant.  

Lab procedure. Participants came into the lab to have measurements taken on their feet. The 

data were collected in the following order. Anthropometrics data were gathered. An 

ultrasound was performed on the right foot. Participants walked on a treadmill and a force 

plate which recorded the ground reaction forces applied by their right foot. Go Pro camera 

captured videos of the treadmill walk. Photos of the foot were taken while sitting and 

standing.  

Anthropometrics. Participants weight and height were measured in kilograms and 

centimeters. The weight was measured using a standard Taylor scale. The height was 

measured using a stick on the wall measuring tape. Height and weight were measured to 

calculate Body Mass Index (BMI) with the formula: 

𝐵𝑀𝐼 = 𝑏𝑜𝑑𝑦 𝑚𝑎𝑠𝑠/ℎ𝑒𝑖𝑔ℎ𝑡2. 

The foot length was measured in centimeters using a foot caliper. The distance from 

the hip bone, or greater trochanter, to the ground (hip height or trochanter height) was also 

measured in centimeters. The right hip height was measured in centimeters. These 

measurements were used in the analysis of kinematic and kinetic data.  

Ultrasound. The ultrasound is performed on the right foot of participants. The cross-

sectional areas of the abductor hallucis, flexor digitorum brevis, and abductor digiti minimi 

were captured using a Philips L12-4 B-Mode Ultrasound Transducer (Philips Ultrasound, 

Inc., Bothell, WA) with a 4–12 MHz frequency range and a 41 mm linear array. The images 
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were captured on a Samsung Tablet Galaxy Tab S7 using the Lumify application. The 

Lumify application was used with the following settings. MI: 0.9; TIB: 0.1; Frame Rate: 

30Hz; 2D Gain: 50; Depth: 3.5cm; Transducer: L12-4; Preset: MSK; Power: -0.3dB. The 

ultrasound was performed by a single investigator to avoid instrumentation threats. The 

navicular tuberosity was taken has a point of reference for the ultrasound. The ultrasound was 

performed on a line starting from the navicular perpendicular to the foot.  

The images from the ultrasound were used to calculate the cross-sectional areas of the 

abductor hallucis (AH), the flexor digitorum brevis (FDB) and the abductor digiti minimi 

(ADM) (Figure 2). AH and FDB are thought to have a crucial role in stiffening the LA during 

locomotion. ADM was included because it has been found its size increases in runners 

wearing minimal shoes. When the images didn’t show clear muscle boundaries they weren’t 

included in the analysis. Assuming that (body mass) is proportional to cross-sectional area, 

cross-sectional area was divided by (body weight) 0.67 for purpose of scaling (Holowka et al. 

2018:3-4).  

Walking task. Participants walked on a track composed by two wood parts (4m x 1m) and a 

AMTI force plate used to record ground reaction forces while walking (Figure 3). 

Participants were recorded by 2 8Black Go Pro video cameras labeled 1 and 2. Gro Pro 1 was 

used to record a medial view of the right foot and was placed 22cm from the force plate and 

at a 10cm height. Go Pro 1 recorded under the following settings: Standard 1080-120-L 

(video). Go Pro 2 was used to record a lateral view of the right foot and was placed 2.5m 

from the force plate at a 72cm height. Go Pro 2 recorded using the following settings: 

Standard 2.7k-60-L (video). The video was started by the investigator who gave green light 

for the participant to start walking. The video was ended when the participant got off the 

track. 
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Before recording, markers (small, circular white tape) were placed on the participants’ 

right foot and hip. Markers were placed on the following locations: head of the first 

metatarsal, navicular tuberosity, medial malleolus, heel, proximal shank, and hip bone 

(Figure 4). Participants were asked to walk barefoot. Participants were asked to walk with a 

normal comfortable gait and to have their right foot only touch the force plate. Participants 

performed this task three times.  

The lateral camera videos were used to calculate walking speed using ImageJ. The 

distance traveled by the greater trochanter was measured through multiple strides. By 

dividing this distance by the time it took to travel, we measured walking speed.  

 ImageJ was used to calculate mid-stance dynamic LA stiffness (kmid). kmid  was 

calculated using the following formula: 

 

𝑘𝑚𝑖𝑑 =
𝐹𝑚𝑖𝑑

Δ𝐿𝐴 ℎ𝑒𝑖𝑔ℎ𝑡
 

 

Fmid, was measured with the force plate. It is the vertical ground reaction force 

exercised by the foot at 50% of stance phase. Δ𝐿𝐴 ℎ𝑒𝑖𝑔ℎ𝑡was calculated as the difference 

between LA height at touchdown and LA height at 50% of the stance phase. LA height was 

measured as the distance between the line passing through the calcaneus and the first 

metatarsal markers, and the navicular tuberosity marker. 50% of stance phase was taken as a 

point of reference because it corresponds to a time where ground reaction force vector is 

about perpendicular to the ground. It is also convenient because at that point the foot is 

almost entirely in contact with the ground, making the linear dimension in which LA height is 

measured perpendicular to the ground and the ground reaction vector as well. Because of 

these precautions, the change in LA-stiffness at midstance is thought to reflect changes in 

vertical ground reaction forces only. Thus, kmid is assumed to represent relative LA stiffness. 
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Under the assumption that kmid scales geometrically, it was divided by (𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)0.67 

(Holowka et al. 2018:4-5). 

Foot photos procedure. Photographs of the right foot were taken from the medial view 

(Figure 5). The photographs were taken with a 8Black Go Pro labeled 3. Go Pro 3 captured 

photographs under the narrow photo setting. Go Pro 3 was placed at a distance that remain 

the same through the different photographs. The right foot (still with the white markers) was 

photographed. The right foot was placed on two blocks of wood (15cm x 15cm) with the foot 

arch in between the two blocks. A scale was placed on the block supporting the toes.  

Two photographs were taken with the participant sitting on a chair. Under this 

condition the participant exerts no load on the right foot. Two photographs were also taken 

with the participant standing up. Under this condition, the participant exerts maximum 

loading on the right foot. A black measuring tape was placed on the floor to indicate the 

standing position.  

These photographs were used to calculate the Arch Height Index (AHI). AHI is 

calculated using the standing pictures. The AHI is calculated by dividing the foot’s dorsum 

height at 50% of the foot length by the total foot length excluding the toes when participants 

are standing. The Arch Height Index is a reliable measure of the Longitudinal Arch (Holowka 

et al. 2018:3).  

The Static Arch Stiffness (SAS) was calculated according to the following formula 

(Holowka et al. 2018:3):  

𝑆𝐴𝑆 =
(𝑏𝑜𝑑𝑦 𝑚𝑎𝑠𝑠 ∗ 0.4)

(𝐴𝐻𝐼𝑠𝑒𝑎𝑡𝑒𝑑 − 𝐴𝐻𝐼𝑠𝑡𝑎𝑛𝑑𝑖𝑛𝑔)
 

In this case AHI is calculated in both seated and standing position. The procedure for 

calculating AHI on standing images is thus repeated on the sitting images.  

Statistical Analysis  
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General linear models (GLMs) were used to test for associations between physical activity 

measures (step counts, MVPA) and foot strength and stiffness variables (muscle cross-

sectional areas, LA height and stiffness), controlling for gender, age, and other variables. 

Analyses were conducted in JMP software and statistical significance was judged using 

p<0.05. 

Results 

Muscle Cross-Sectional Areas and Physical Activity. The association between the abductor 

hallucis, the flexor digitorum brevis and the abductor digiti minimi sizes and average daily 

step count was calculated using GLMs. It was found that all tests showed p>0.2, clearly 

showing no association between any of the muscle sizes and average daily step count (Figure 

6).  

In the same way, abductor hallucis, flexor digitorum brevis and abductor digiti minimi 

sizes were not associated to average daily minutes of moderate to vigorous physical activity 

with once again p>0.2 for all tests using GLMs.  

Longitudinal Arch and Physical Activity. No significant association was found between 

foot stiffness and daily levels of physical activity using GLMs (Figure 7). GLMs were used to 

look at the association between three variables: arche height index (AHI), static arch stiffness 

index (ASI), and dynamic arch stiffness index (DASI), and two independent variables: 

average daily step count and average daily minutes of moderate to vigorous physical activity 

(MVPA).  

 Neither average daily MVPA time nor average daily step count were significantly 

associated with AHI with respectively p=0.67 and p=0.88. In this two test, age, gender, and 

body mass index were controlled for.  
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 Average daily step count was not significantly associated with ASI with p=0.17. 

However, average daily MVPA time was significantly negatively correlated to ASI with 

p=0.03. In both tests, age and gender were controlled for.  

Average daily MVPA time as well as average daily step count were not significantly 

associated with DASI with respectively, p=0.23 and p=0.58. In both tests, age, gender, and 

voluntary walking speed were controlled for.   

Discussion 

This study compared foot muscles size and biomechanics across a group of 

individuals with diverse levels of physical activity while controlling for age, gender and body 

mass index to test the hypothesis that lower level of physical activity would yield weaker 

more pliable feet. This hypothesis was not supported by the findings. We found that neither 

AHI nor DASI were significantly correlated to either daily step count or daily amount in 

minutes of medium to vigorous physical activity. ASI was negatively correlated to daily 

amount of MVPA however, no significant association was found with daily step count. 

Likewise, cross-sectional areas of the abductor hallucis, the flexor digitorum brevis and the 

abductor digiti minimi weren’t correlated to daily step count or daily amount in minutes of 

MVPA.  

These results, although surprising, seem to indicate a nonexistent role of physical 

activity in foot strength and longitudinal arch stiffness. However, previous literature indicated 

that minimally shod populations had higher foot strength and stiffer longitudinal arches 

(Holowka et al. 2018:10). From that, it was proposed that flat feet were a product of an 

environment in which conventional shoes provide too much support, thus weakening the 

longitudinal arch and foot muscles (Holowka et al. 2018:10). Because flat feet are highly 

prevalent in industrialized societies, this hypothesis made sense. Industrialized societies are 
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also more sedentary. Because this study investigated the effects of physical activity, we can 

assume that the differences observed between minimally shod versus conventionally shod 

populations in terms of foot strength and LA stiffness cannot be attributed to differences in 

physical activity levels. In this case, shoe wear provides a better explanation than physical 

activity for differences observed between minimally vs conventionally shod populations.  

This study however possesses limitations. Physical activity was measured on a 10-day 

scale which constitutes a snapshot in an individual’s life. Although this method is highly 

reliable to infer physical activity at a given moment, it doesn’t reflect physical activity 

performed throughout life. This issue might introduce bias in the sample by assigning people 

high level of physical activity when in fact they weren’t as physically active throughout the 

rest of their life. Moreover, if physical activity plays an important role in the development of 

the longitudinal arch, this would not be accounted for in this study. The lack of literature on 

the role of physical activity during the development of the longitudinal arch is concerning and 

need to be addressed to fully comprehend the flat foot condition.  

Another limitation of this study produced interesting thoughts. It seems like the 

sample used is pretty active by USA standards, or any industrialized country for that matter. 

Indeed, American have an average of 3,000 to 4,000 daily steps (Rieck 2020). In the sample 

of this study, all subjects had an average daily step count over 5,800. Thus, the absence of 

correlation between foot strength and longitudinal arch stiffness and physical activity might 

be the result of a non-linear or threshold effect. Passed a certain, moderately high amount of 

physical activity, the results indicate non-restricted anatomical outcomes. People not meeting 

that threshold might on the other hand exhibit weaker feet and collapsed arches. This specific 

question deserves to be looked into and might be a good target for expansion of this research.  
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Conclusion.  

The results of this study do not support the hypothesis that individuals with higher 

levels of physical activity have higher foot strength and stiffer longitudinal arches. No 

significant association between physical activity and foot strength and longitudinal arch 

stiffness among individuals with above average physical activity levels in restrictive shoe-

wear was found. These results seem to be consistent with the hypothesis that individuals who 

wear minimal shoes have stiffer LAs (Holowka et al. 2018:10). Further research is necessary 

to investigate the effects of physical activity on longitudinal arch stiffness among populations 

with lower physical activity levels and among populations with minimal footwear. Future 

research should also tackle the medical implication of footwear and physical activity in the 

development of flat feet.  
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Appendix 

 

 

 

 

 

Figure 1. Accelerometer mounting convention from the AX3 User Manuel.  
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Figure 2. Examples of cross-sectional areas of intrinsic foot muscles captured by ultrasound. 

From top to bottom: Abductor Hallucis, Flexor Digitorum Brevis, Abductor Digiti Minimi. 
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Figure 3. Recording of ground reaction forces. The participant walks at a self-selected speed 

on the force plate. 

 

 

Figure 4. Foot LA height was defined as the perpendicular distance between a marker on the 

navicular tuberosity and a line bisecting markers on the first metatarsal head and medial 

calcaneus.  

 

 



 20 

 

Figure 5. Foot photo used to measure AHI. The participant is sitting on a chair (unloaded 

condition) and the arch is positioned between two wood plates. 

 

Figure 6. Foot muscle cross-sectional areas vs. average daily step count (left) and moderate-

to-vigorous physical activity time (right). Green dots are women. 
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Figure 7. Foot LA variables vs. average daily step count (left) and moderate-to- vigorous 

physical activity time (right). Green dots are women. 
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