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Abstract 21 

We examined the accuracy of ‘Smart Socks’ – a device that measures foot pressure during 22 

gait for detecting step-count across a range of walking speeds. Thirty six participants (17 23 

men; 19 women) wore Smart Socks (Sock), a pedometer (Pedometer), and a smart phone 24 

with a commercially available pedometer Phone Application (Phone) to measure step-count 25 

during 3-min of either treadmill and over-ground walking at 1.3, 2.2, 3.0, 3.8, and 4.7km/h. 26 

Steps were compared to a gold-standard tally-counter (Count), collected by two independent 27 

assessors. All devices (Sock, Pedometer, and Phone) underestimated step-count when 28 

compared to Count at 1.3km/h (p<0.05); however, Sock (27±18%) demonstrated a lower 29 

percent error compared to Phone (40±28%) and Pedometer (98±5%) (both p<0.01). At 30 

2.2km/h, Sock was not different compared to Count (Sock: 213±39; Count: 229±24steps, 31 

p=0.25); however, both Phone (271±55steps) and Pedometer (169±166steps) were different 32 

compared to Count (p<0.05). At 3.0 km/h, both Sock (258±30steps) and Pedometer 33 

(254±45steps) were similar to Count (267±22steps) (p>0.05); however, Phone (291±28steps) 34 

overestimated step-count (p<0.01). All devices (Sock, Pedometer, and Phone) were similar to 35 

Count at 3.8, and 4.7km/h (p>0.05). These findings demonstrate that Smart Socks are more 36 

accurate than pedometers for detecting step-count during treadmill or over-ground 37 

ambulation at slower walking speeds. 38 
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Introduction 42 

Regular physical activity is endorsed as an integral therapeutic modality for the management 43 

of patients with chronic heart and lung disease (8, 12). Indeed, an increase in daily physical 44 

activity in these patients has been shown to improve health-related quality of life, and reduce 45 

morbidity and mortality, whereas a decline in daily physical activity may in fact accelerate 46 

disease progression and result in a worsening of disease-related symptoms. Consequently, the 47 

measurement of physical activity is an important clinical outcome measure. Traditionally, 48 

levels of physical activity have been assessed using questionnaires. However, these self-49 

reported methods rely on the individuals’ recall ability and subjective interpretation of 50 

exercise intensity, and become less valid when attempting to capture the light-to-moderate 51 

levels of physical activity that is often present in this population (14). As a result, clinicians 52 

and researchers have become increasingly interested in methods that provide an objective 53 

measure of physical activity that includes lower activity levels.  54 

To date, several studies have examined the use of pedometers to quantify physical activity 55 

levels through measuring the number of steps taken across a range of different exercise 56 

intensities/walking speeds and populations (1, 3, 6). To detect steps, pedometers use changes 57 

in acceleration at the location where the device is worn as to detect foot contact. Recent 58 

advances in technology have enabled smartphones to communicate with pedometers; or for 59 

the sensors within smartphones themselves to be used as pedometers. However, whilst 60 

proving to be reasonably accurate measuring the number of steps taken during healthy 61 

walking, pedometers have typically proven inaccurate during slower walking speeds (1, 2, 7). 62 

Given that individuals with chronic disease often walk at slower walking speeds (often below 63 

3 km/h) where pedometers are less accurate (4, 10), particularly during household activities, 64 

pedometers may not be able to provide an accurate representation of daily activity in these 65 

individuals.  It is well-established that reduced levels of physical activity are associated with 66 



poor long term outcomes in both health and disease (13). Measuring physical activity through 67 

the number of steps taken remains one of the most commonly reported, least invasive, 68 

methods of determining activity levels. If we are to accurately determine the level of physical 69 

activity in health and disease, a more accurate measurement of steps at slow walking speeds 70 

remains essential for clinicians and researchers. 71 

Recently, Lu et al (9) reported on a ‘sensor sock system’ device (i.e., Smart Socks) designed 72 

to measure step-count during gait using pressure sensors embedded in the textile material of 73 

the socks. This device wirelessly transmits recorded data via Bluetooth to a dedicated 74 

smartphone application. These authors demonstrated that Smart Socks exhibit a high level of 75 

accuracy (i.e., < 5% error compared to actual number of steps counted) during self-paced 76 

walking and running in both healthy young and older individuals. Since Smart Socks detect 77 

steps by the direct measure of pressure under the foot rather than the surrogate measure of 78 

acceleration used by pedometers, Smart Socks could therefore be more accurate at slower 79 

walking speeds that are particularly important in the elderly and those with chronic disease. 80 

Given that there has only been one study to date examining the theoretical framework for the 81 

Smart Socks system (9), it is worth noting, however, that this study only reported on data 82 

collected for six individuals, and this device was not compared with any other commercially 83 

available physical activity monitors (i.e., pedometers) for measuring step-count. As such, a 84 

comprehensive, independent, study examining the accuracy of the Smart Socks device 85 

compared to commercially available pedometers across a range of walking speeds in a greater 86 

sample size is warranted. 87 

The purpose of this study was to examine the accuracy of the step-count from the Smart 88 

Socks, a pedometer, and a commercially available pedometer Phone Application  relative to a 89 

visual step-count across a range of walking speeds both on a treadmill and over-ground 90 

walking (i.e., 1.3, 2.2, 3.0, 3.8, and 4.7 km/h). It was hypothesized that the Smart Socks 91 



system would demonstrate a greater accuracy in recording steps compared to the pedometer 92 

and pedometer Phone Application across all walking speeds, but particularly at slow walking 93 

speeds. 94 

 95 
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Methods 97 

A total of 36 individuals; 17 men and 19 women volunteered to participate in this study. 98 

Given we wished to measure the accuracy of the devices across a range of slow to fast 99 

walking speeds, we chose to measure walking sped in a younger group of participants. 100 

Participants were apparently healthy non-smokers, free from cardiopulmonary, neurological 101 

and/or metabolic diseases and were not taking any medications at the time of participation in 102 

the study. Prior to all testing, the study purpose and experimental protocols were disclosed, 103 

and all participants provided written and witnessed informed consent. The experimental 104 

procedures were reviewed and approved by the Griffith University Human Research Ethics 105 

Committee (reference: GUHREC 2011/326), and complies with the guidelines set out in the 106 

Declaration of Helsinki. The study also conformed to the principles outlines in the ethical 107 

standards of the International Journal of Sports Medicine (5). 108 

Participants underwent pre-participation health screening and were familiarized with all 109 

experimental equipment and procedures. Following pre-participation health screening, 110 

participants then performed either a walking test on a treadmill or during over-ground 111 

walking at five dedicated speeds on separate days.  112 

Sixteen participants (age: 21 ± 1 yr, height: 1.7 ± 0.1 m, body mass: 70 ± 13 kg, body mass 113 

index: 23 ± 2 kg/m2); 8 men and 8 women completed the treadmill walking test. The walking 114 

test comprised of walking on a treadmill (Quinton Q-Stress, Waukesha, WI, USA) at five 115 

different speeds in a randomized order: 1.3, 2.2, 3.0, 3.8, and 4.7 km/h for 3-min per test. 116 

Each walking test was separated by 1-min.  117 

A separate group of twenty participants (age: 24 ± 4 yr, height: 1.7 ± 0.1 m, body mass: 67 ± 118 

10 kg, body mass index: 23 ± 2 kg/m2); 9 men and 11 women completed over-ground 119 

walking test. The walking test comprised of walking over-ground at five different speeds in a 120 



randomized order: 1.3, 2.2, 3.0, 3.8, and 4.7 km/h for 3-min per test. The walking speed was 121 

set using an interval timer, with the participants required to walk at a constant pace on a 122 

dedicated walking track throughout the 3-min. Prior to each walk test the subject was allowed 123 

to practice walking at each of the required speeds for 15 s.   124 

Participants were required to wear the Smart Socks device (Sock), a pedometer (Pedometer: 125 

Omron, HJ-720ITC), and a smart phone with a commercially available pedometer Phone 126 

Application (Phone: Cross Forward Consulting, LCC, Herndon, VA, USA) to record the 127 

number of steps taken during each of the walking tests. Note that all participants wore shoes 128 

when performing the Sock trial, and that a single-use liner sock was worn over the foot (to 129 

ensure hygiene), so that consecutive tests could be performed. The Pedometer and smart 130 

phone were mounted to the participants left and right hip, respectively. The number of steps 131 

were counted using a tally counter and compared with recorded video for accuracy. This 132 

value represented the gold-standard (Count).  133 

Statistical analysis was performed using SPSS 22.0 (SPSS Inc, Chicago, IL, USA). A one-134 

way analysis of variance with repeated-measures was performed with condition (Sock, 135 

Pedometer, and Phone) as the within-subject factor to determine any differences in step-count 136 

at each walking speed (1.3, 2.2, 3.0, 3.8, and 4.7 km/h). Pair-wise comparisons using 137 

Bonferroni adjustments were applied when a significant main effect was detected. Separate 138 

analyses were performed for each test (treadmill walking: n = 16; over-ground walking: n = 139 

20) and were subsequently combined (n = 36) for additional analysis. Bias was calculated as 140 

the mean difference of steps recorded between devices and Count. Bland-Altman plots and 141 

95% limits of agreement (LoA) were presented as an indicator of typical measurement error. 142 

Linear regression analyses were used to compare the number of steps recorded from each 143 



device to the Count (i.e., the gold-standard). Statistical significance was accepted at p < 0.05. 144 

All data are presented as mean ± standard deviation.  145 
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Results 147 

Treadmill walking test: Mean values for the number of steps taken at each walking speed and 148 

the percent error of devices compared to Count for the treadmill walking test are displayed in 149 

Table 1. At 1.3 km/h, all devices (Sock, Phone, and Pedometer) underestimated the number 150 

of steps taken when compared to Count (all p < 0.05), with the pedometer barely registering 151 

any steps at all and having a 99% error. However, at the slowest walking speed, Sock 152 

demonstrated a lower percent error when recording steps compared to Phone and Pedometer 153 

at this speed (p < 0.01). At 2.2 km/h, Sock step-count was not significantly different to Count 154 

(p = 0.92), while Phone underestimated and Pedometer overestimated the number of steps 155 

taken (p < 0.05). At 3.0 km/h, the number of steps recorded by Sock and Pedometer were not 156 

significantly different than Count (p > 0.05); however, Phone overestimated the step-count (p 157 

< 0.01). At the higher speeds of 3.8 and 4.7 km/h, there were no differences between any of 158 

the devices and Count (p > 0.05), with the percent error also similar for the three devices (p > 159 

0.05). 160 

Over-ground walking test: Mean values for the number of steps taken at each walking speed 161 

and the percent error of devices compared to Count for the over-ground walking test are 162 

displayed in Table 1. Similar to the treadmill, during over-ground walking at 1.3 km/h, all 163 

devices (Sock, Phone, and Pedometer) significantly underestimated step-count when 164 

compared to Count (all p < 0.05); however, both Sock and Phone demonstrated a lower 165 

percent error when compared to Pedometer (p < 0.01). At 2.2 km/h, there were no significant 166 

differences in step count between any of the devices and Count (p > 0.05); however, Sock 167 

demonstrated a lower percent error when compared to both the Pedometer and Phone (p < 168 

0.01). At the higher speeds of 3.0, 3.8, and 4.7 km/h, the step-count for all devices were not 169 

different than Count (p > 0.05). Similarly, there were no differences in the percent error 170 

between the three devices (p > 0.05). 171 



Correlation and Bland-Altman analysis for combined treadmill and over-ground walking: 172 

Given that there were no differences in steps measured during treadmill and over-ground 173 

walking for each device, the data was combined for subsequent analysis. The correlational 174 

and Bland-Altman analysis comparing the devices with Count are shown in Figures 1 and 2, 175 

respectively. Compared to Count, Sock (Figure 1, Panel A) demonstrated a stronger 176 

correlation (p < 0.01) than Phone (Figure 1, Panel B) and Pedometer (Figure 1, Panel C) 177 

across the range walking speeds. Additionally, the Bland-Altman plots showed that the Sock 178 

(Figure 2, Panel A) showed a good level of agreement at all walking speeds and had narrower 179 

LoA than the Phone or Pedometer. While the Phone (Figure 2, Panel B) had the smallest 180 

Bias, this device tended to have a greater variability across all walking speeds, where it 181 

tended to underestimate at lower walking speeds. Similarly, the Pedometer (Figure 2, Panel 182 

C) demonstrated the poorest agreement, as evidenced by a small Bias and wide LoA. At slow 183 

walk speeds, this device significantly underestimated the number of steps, and there was 184 

better agreement at higher speeds (>3.8 km/hr). 185 
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Discussion 187 

To the best of our knowledge, this is the first study to compare the accuracy of the Smart 188 

Socks device to other physical activity monitors across a range of walking speeds during 189 

treadmill and over-ground walking. Our findings show that Smart Socks were more accurate 190 

than the Phone and Pedometer, but still underestimated the number of steps taken at very 191 

slow (i.e., 1.3 km/h) treadmill and over-ground walking speeds. At slow-to-moderate walking 192 

speeds (i.e., 2.2 and 3.0 km/h), the accuracy of the Smart Socks improved, and tended to be 193 

the most accurate device for recording the number of steps taken at higher speeds (i.e., > 3.0 194 

km/h) during both treadmill and over-ground walking. 195 

Although pedometers are commonly used in both clinical and research environments to 196 

objectively measure physical activity by detecting steps taken during ambulatory activities, a 197 

number of studies have reported that pedometers tend to underestimate the number of steps 198 

taken at walking speeds at, or below 3 km/h (1, 2, 7).  In addition, Macko et al (10), and more 199 

recently Harris et al (4), demonstrated that slower gait speeds typically seen in elderly 200 

individuals compromise the accuracy of pedometers in measuring step-count. Similarly, the 201 

pedometers used in the present study (Phone Application and Pedometer) demonstrated poor 202 

accuracy in recording step-count at slower speeds (i.e., < 3.0 km/h) during both treadmill and 203 

over-ground walking. This was evidenced by a high percentage error for these devices when 204 

compared to Count, and that Phone and Pedometer demonstrated wide LoA indicating these 205 

devices exhibit large variability when detecting step-count during ambulation. Of note, the 206 

accuracy of both pedometers improved when detecting the number of steps taken during 207 

higher treadmill and over-ground walking speeds (i.e., > 3.0 km/h). Therefore, these findings, 208 

as well as the findings of previous studies (4, 7, 10), suggest that the use of pedometers 209 

should only be encouraged when measuring step-count at walking speeds that are > 3.0 km/h. 210 



Recently, Lu et al (9) recently demonstrated that Smart Socks are highly accurate (< 5% 211 

error) for recording the number of steps taken during 10-min of self-paced walking and 212 

running in both healthy young and older individuals. Given that Smart Socks measure foot 213 

pressure during gait using pressure sensors embedded in the textile material of the socks, 214 

these authors suggested that this device may be more accurate than some other devices (i.e., 215 

pedometers) at detecting step-count and subsequently estimating daily physical activity 216 

levels. In the present study, although Smart Socks underestimated the number of steps taken 217 

at very slow walking speeds (i.e., 1.3 km/h), this device demonstrated a higher level of 218 

accuracy than Phone or Pedometer across speeds of less than 3.0 km/h. Notably, the Smart 219 

Socks also demonstrated the highest accuracy of all devices at higher walking speeds (i.e., > 220 

3.0 km/h). These findings combined suggest the Smart Socks system may be an appropriate 221 

alternative device to pedometers for recording the number of steps taken during ambulation 222 

in a clinical and/or research environment as an indicator of daily physical activity levels. 223 

This study examined young, healthy individuals between the ages of 20 and 30 years, which 224 

limits the generalization of our findings. However, choosing this population for this 225 

validation study allowed us to examine accuracy across a large range of gait speeds. We 226 

acknowledge that gait patterns of individuals with true functional limitations (i.e., elderly and 227 

chronic disease populations) may be unique and are not naturally reproducible by young 228 

healthy participants. Therefore, the findings of the present study are not necessarily indicative 229 

of what would occur for elderly individuals or chronic disease populations. Future studies 230 

should examine these populations directly. 231 

Although the present study demonstrates that Smart Socks are more accurate for detecting 232 

step-count during ambulation compared to pedometers – particularly at the slower walking 233 

speeds (i.e., < 3.0 km/h) which typically represents that of older individuals (11) – these 234 

findings do not necessarily suggest that Smart Socks are the most appropriate device for 235 



estimating daily levels of physical activity. Of note, the high-cost associated with Smart 236 

Socks limits the availability of this device for general public use (i.e., outside of a clinical 237 

setting). Therefore, prior to implementing Smart Socks into a clinical environment, it must be 238 

determined whether the increase in accuracy for recording step-count and subsequently 239 

estimating daily physical activity justifies the use of this device in favor of more readily-240 

available and cost-effective tools such as pedometers. In addition, it is worth noting that 241 

while Smart Socks can be worn indefinitely, the battery life of the Bluetooth device limits the 242 

length of test that can be performed. Lastly, the findings of the present study can only 243 

attribute to young healthy individuals. Hence, to ensure the clinical and translational 244 

relevance of Smart Socks, it is essential that the efficacy of this device in measuring step-245 

count is examined in elderly and/or clinical populations. 246 

  247 



Conclusions 248 

The present study represents the only study to date to have performed a comprehensive 249 

investigation into the accuracy of the Smart Socks device for measuring step-count at slower 250 

speeds during treadmill and over-ground walking. Our findings demonstrate that Smart Socks 251 

are more accurate than pedometers for detecting the number of steps taken during ambulation 252 

at slower walking speeds. While the findings of present study suggest that Smart Socks may 253 

serve as a more accurate, and alternative device to pedometers for estimating daily physical 254 

activity levels, this device should first be examined in elderly and chronic disease populations 255 

before being implemented in a clinical environment.   256 
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Figure legends 320 

Figure 1. Correlation plots comparing Smart Socks (A), Pedometer (B), and Phone 321 

Application (C) against Count during a combination of treadmill and over-ground walking. 322 

Figure 2. Bland-Altman plots comparing Smart Socks (A), Pedometer (B), and Phone 323 

Application (C) during a combination of treadmill and over-ground walking. LoA: limits of 324 

agreement. 325 



Table 1. Step-count and percent error for different treadmill and over-ground walking speeds for each device 

 Count  Sock 
 

 Phone 
 

 Pedometer 
 

Speed 
(km/h) Steps  Steps % Error  Steps % Error  Steps % Error 

Treadmill walking 

1.3 165 ± 16  126 ± 29* 24 ± 13  104 ± 42* 36 ± 25†  2 ± 5*†# 99 ± 3†# 

2.2 225 ± 19  209 ± 39 15 ± 12  279 ± 45*† 24 ± 13†  139 ± 88*# 42 ± 35† 

3.0 266 ± 14  259 ± 22 8 ± 7  294 ± 30* 11 ± 7  257 ± 34†# 6 ± 11# 

3.8 301 ± 19  295 ± 22 2 ± 4  301 ± 26 4 ± 5  264 ± 102 14 ± 33 

4.7 337 ± 20  333 ± 21 2 ± 3  334 ± 22 2 ± 3  338 ± 20 1 ± 1 

Over-ground walking 

1.3 172 ± 24  134 ± 54* 29 ± 20  129 ± 82* 43 ± 30  6 ± 12*†# 97 ± 6†# 

2.2 231 ± 27  216 ± 38 16 ± 13  265 ± 61† 24 ± 21  193 ± 202 49 ± 61† 

3.0 268 ± 26  258 ± 34 11 ± 10  288 ± 25 12 ± 13  253 ± 51 11 ± 13 

3.8 317 ± 30  304 ± 23 4 ± 6  317 ± 22 4 ± 6  315 ± 27 4 ± 7 

4.7 332 ± 26  327 ± 26 3 ± 5  328 ± 26 3 ± 5  332 ± 24 2 ± 2 
Data are mean ± SD. *Significant different from Count, p < 0.05; †Significantly different from Smart Socks, p < 0.05; #Significantly different from 
Phone Application, p < 0.05. 
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