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ABSTRACT 

 

    Sensor-embedded shoes, called smart shoes, have been developed for the use in gait monitoring 

systems. In the gait monitoring systems, ground contact forces (GCFs) are the basic information for 

detecting gait phases. For the smart shoes to measure the GCFs, air bladders are installed in the insole 

of the shoe, pressure changes of which are measured by air pressure sensors. In addition to the smart 

shoes, smart socks are introduced to obtain complementary information related to the posture of a foot.  

For the minimal discomfort, conductive polymer sensors are printed on the socks around the joints in a 

foot. The deformation of the conductive polymer sensors results in a change in resistance, which is 

related to the posture of the foot, e.g., the flexion-extension and inversion-eversion. The combination 

of smart shoes and smart socks enable the full monitoring of 3-D foot motions and walking patterns. 

 

INTRODUCTION 

 

Detecting gait phases is one of the most important processes in a gait rehabilitation treatment or 

designing a gait assistive/rehabilitation system. There are several information that can be used for 

detecting gait phases, e.g., measuring the joint angles or the foot pressures. Since the gait motion is 

cyclic, there are repetitive patterns in the joint motions or the foot pressure patterns during walking. 

Measuring the joint motion using sensors such as encoders is one of the most effective method to 

observe gait motions. But it requires a cumbersome exoskeleton-type linkage to utilize the sensors. 

Some of the previous researchers have developed the exoskeleton-type assistive devices [1, 2, 3, 4], 

but the inconvenience of exoskeletons has not been fully overcome. 

Moreover, despite the functionalities of exoskeleton-type linkages, such wearing devices may 

disturb the gait motions due to their insufficient degrees of freedom, which also reduce the accuracy of 

measurement. Measuring foot pressure patterns is another useful method for observing gait motions, 

since the cyclic gait motions result in repetitive and unique foot pressure patterns. The foot pressure 

contains the necessary information for gait analysis, since the foot is the most distal part of lower 

extremity and it touches the ground indispensably in any shape. In other words, the foot pressure 

pattern reflects abnormal gait motions. Moreover, measuring the foot pressure is less challenging and 
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more practical than measuring the joint angles, as the foot pressure can be easily measured by 

installing pressure sensors in a shoe which people always wear in daily lives. There have been many 

attempts to measure the foot pressure for gait analysis [5, 6, 7]. However, the FSR can not reflect the 

actual foot pressure over a large area due to its small size and the low maximum range of a FSR. 

Several commercial shoes which embed hundreds of FSRs provide detailed pressure distribution [8, 9] 

but they are redundant for gait monitoring and the assessment of gait abnormality in terms of cost-

efficiency. In this aspect, smart shoes have been devised for the detection of gait phases by measuring 

ground contact forces (GCFs) of a foot [10, 11, 12, 13]. In this paper, the concept, the implementation, 

the method for detecting gait phases, and the clinical application of smart shoes are introduced. 

  Plantar pressure profiles are useful for correcting and characterizing human gait. However, more 

than one posture of the foot may give the same 2D sole pressure profile. A complete 3D monitoring of 

the foot is still a research challenge. It has been shown that there is a close relationship between 

observed pressure patterns and the changes in hind foot angular motion corresponding to different 

walking speeds [18], which indicate that combined data may provide a better characterization of foot 

motion and a possible extension to 3D. Conductive carbon sensors printed on fabric can be utilized to 

complement 2D profiles and also help in the characterization of human gait. Socks made of fabric 

were endowed with sensing capabilities. The approach used in this paper to give the socks sensor 

properties is coating the socks’ stretchable fabric with a mixture of a polymer based carbon composite 

[19, 20, 21]. 

  Foot angle determination can be achieved by different methods including photographic techniques, 

video techniques and electro-goniometric techniques. However, none of these are portable. The use of 

sensorized socks intends to enable portability and to provide complementary data for plantar foot 

measurements in a unified effort towards a complete 3D foot monitoring. A study of the sensor output 

for sensor strip mounted on a hinge and a dorsiflexion-plantarflexion pilot study on socks was carried. 

A characterization of the foot angles in real time is intended with this method. Preliminary results 

indicate this approach could be used for monitoring the approximate foot posture by analyzing signal 

characteristics in the time and frequency domains. A complete characterization of the foot is intended 

with the fusion of the smart shoes and the smart socks.  

  

SMART SHOES 

 

Concept of smart shoes 

The body weight is transferred to the foot through bones and the bone in the foot exerts the force to 

the ground. Due to cushioning materials such as the flesh in the sole of the foot and a soft pad in shoes, 

the force is distributed over the large area. Therefore, sensors which measure the force in a small area 

such as FSR sensors and loadcells are not suitable for measuring the ground contact forces (GCFs), a 

novel air pressure sensor was proposed to measure the GCFs [10, 11, 12, 13]. A sensing unit is 

constituted by an air bladder made by winding soft silicone tubes and an air pressure sensor. Fig. 1 

shows the schematic sketch of the proposed sensing unit. When a foot presses the air bladder, it is 

deformed and its pressure change is measured by the air pressure sensor. If it is assumed that the radial 

deformation of the air bladder is constrained and the material of the air bladder has no dynamic effects, 

the pressure change in the air bladder is proportional to the exerted force, i.e. P=F/A. For the detailed 

information of the air bladder sensor (such as linearity, repeatability, and so on), see the previous 

publications [10, 11]. 

 

Implementation of smart shoes 

The proposed sensing unit is implemented in a shoe as shown in Figs. 1 and 2. The weight of each 

sensing unit including an air bladder and an air pressure sensor is less than 20g such that the sensors 

do not disturb wearer’s motion. In a shoe, four air bladders and four air pressure sensors are installed 

and connected independently. 
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Fig. 1. Schematic sketch of ground contact force measurement system 

F = forces exerted by the foot,   P = air pressures in the air bladder, 

A = the cross-sectional area of the air bladder, 

c = a conversion constant of the air pressure sensor, and 

VO = the voltage output of the sensor. 

 

The air pressures sensor apply a BSDX model of Sensor-Technics Company [14] that has the 

sensing range of 0-50mbar and a built-in amplification circuit. They are packaged in a sensor box as 

shown in Fig. 2(a). The signals are transferred by either wires or wireless. For applications of mobile 

gait monitoring, wireless modules of Crossbow Company that include A/D converters are utilized. 

However, since the wireless modules limit the sampling time, signals are acquired by wires in general 

cases. 

Air bladders are located based on anatomical information. Although the force is distributed by the 

flesh, the maximum force still occurs at the location of the bone. Therefore, it is reasonable to locate 

sensors at joints of bones in the foot. Four air bladders are installed under the sole of a shoe as shown 

in Fig. 2(b) where (a), (b), (c) and (d) in the figure indicate the locations of the Hallux, the first 

Metatarsal, the fourth Metatarsal and the Calcaneus in terms of anatomy. To measure the GCF pattern 

more precisely, five air bladders should be placed at the Metatarsal joints (i.e. the region of (b) and (c) 

in Fig. 2(b)) but practically two bladders are enough to distinguish the GCF pattern because those 

joints are strongly connected to each other by muscles. Since the shape of the foot is different from 

person to person, the locations of the air bladders are selected for each single person. For the detailed 

information of smart shoes, see the previous publications [10, 11] 

  

(a) Four air pressure sensors in Sensor box (b) Sole of the Smart Shoes with four air bladders 

Fig. 2. Implementation of smart shoes 

 

Gait phase detection with smart shoes 

To provide the basic functions required for walking and to minimize its required energy, walking 

motion involves unique patterns called gait phases. The basic divisions of the gait cycle are stance and 

swing. These two motion phases can be easily recognized with only one pressure switch on each foot. 

The human gait, however, is more complicated and the dynamics varies even in the same stance 

motion. Therefore, it is usually divided into eight functional patterns (Fig. 3) developed by the Rancho 

Los Amigos gait analysis committee [15]. In Fig. 3, four circles in each foot shape represent the 

expected GCF patterns in each gait phase. ●  and ○  mean that the GCF signal is higher and lower 

than a threshold respectively.  represents that the signal is not used in the condition. For example, 

when only the signal from the heel is higher than the threshold ((a) in Fig. 3), the algorithm detects the 

Initial Contact phase. When every signal is lower than the threshold ((f)-(h) in Fig. 3), the Swing 

phases are detected. 

Air pressure sensors
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(c) Meta4
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Fig. 3. Fundamental gait phases and expected sensor signal patterns 

 

For the detection of gait phases, fuzzy logic has been applied. Generally speaking, the fuzzy logic 

method is a useful method when a set of rules may be established based on a sound understanding of 

the problem. A set of the rules for detection of the phases during walking has been made for the gait 

phase detection using fuzzy logic. For the details of detection of gait phases using fuzzy logic and 

smart shoes, please refer [10, 12, 13]. 

Figure 4 shows the GCF signals measured from smart shoes and the gait phases detected during the 

experiment in a normal gait. The GCF signals have a certain pattern: Heel, Meta4, Meta1 and Toe 

touch the ground sequentially. The location of each sensor is shown in Fig. 2(b). During swinging (e.g. 

at 4sec. in Fig. 4), the smart shoe does not measure any force since the foot is in the air. Fig. 4(b) 

shows the gait phases detected by the fuzzy logic. As expected, all six phases appear sequentially. 

 

 

 

 

 

 

 

(a) GCF signals 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Detected gait phases: IC, LR, MS, TS, PS and S represent the FMV’s of Initial Contact, Loading Response, Mid-Stance, 

Terminal Stance, Pre-Swing, Swing phases, respectively. 

Fig. 4. GCF signals and gait phases in a normal gait 

 

Clinical application of smart shoes 

Smart shoes can be applied to a mobile gait monitoring system (MGMS) to collect the GCF data 

and monitor patients’ gait by providing the GCFs, the center of GCFs (CoGCF), and gait abnormality 

[16, 17]. Fig. 5(a) shoes the concept of the MGMS. GCFs are measured by smart shoes and the 

measured signals are transmitted to a mobile device, which provides GCFs, gait phases, and gait 

abnormality with visual feedback. The MGMS consists of Smart Shoes as a sensing unit, a data 
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acquisition board, a mobile display, and a computing system. The MGMS has been applied to actual 

patients who suffer from gait disorders. Fig. 5(b) shows the MGMS applied the actual patients. With 

this device, the patient’s GCF patterns are measured ((1) in Fig. 5(b)), visual feedback information 

about his gait pattern is provided ((2) in Fig. 5(b)), the patient can correct his gait with this information 

((3) in Fig. 5(b)). Fig. 5(c) shows the most recent MGMS utilizing Intelligent Display Module of 

Luminary Micro which has a 32-bit ARM Cortex-M3 Core and a 2.8’’ touch screen display. The 

experimental results from actual patients show that the patient’s gait pattern becomes closer to the 

normal pattern and gait abnormality decreases. For the detailed discussion about MGMS, please see 

[16, 17]. 

   

(a) Concept of MGMS (b) Clinical test with MGMS (c) New version of MGMS 

Fig. 5. GCF signals and gait phases in a normal gait 

 

SMART SOCKS 

 

Hinge angle measurement with smart socks 

  Smart shoes data could be complemented with the implementation of sensorized socks for an 

expansion to a 3D modeling of the foot. The socks have been sensorized by printing strips of a 

conductive elastomer on the sock fabric at specific foot locations that undergo large strains. A single 

fabric (94%cotton, 6%spandex) sensorized strip was clamped to a hinge and was used as a first 

experiment to correlate angle and sensor output. The strip was clamped longitudinally (Fig. 6) so that 

it would stretch when moving the unfixed wing; the angle between the two wings increases as the strip 

is being stretched. The fabrication method for the sensor strip consisted on uniformly spreading the 

carbon composite over a mask with dimensions of 1cm x 12cm and a thickness of 4mils. Then the strip 

was baked at 130ºC for about 10 min [5] in a convection oven. The remaining fabric was cut to a 

width of about one inch using ASTM standards for textile testing as guideline. Once clamped to the 

hinge the sensor strip was placed in a voltage divider in order to acquire its electrical resistance. An 

auxiliary resistor was used in series with the conductive elastomer sensor. The data acquisition card 

used was a PCI-6024 sampling at 1000Hz and a board voltage range of ±5V. A biometrics F-35 

electro-goniometer was mounted on the top of the hinge to monitor the angle between its two wings; 

each end was attached to each wing axis. The electro-goniometer was calibrated and a second order 

relation between angle and voltage was found. This procedure was repeated at the start of every set of 

measurements due to its sensitivity to temperature and time of usage. However, it presented the 

advantage of being independent of axis of rotation.  

A series of tests were conducted at different hinge wing speeds and at different angles spanned by 

the mobile wing. The wing speed was measured in cycles per minute, where one cycle covers i.e. 10 

degrees in the case of a 10 to 20 wing angle span. The angle spans went from 10 to 20 degrees to 10 to 

60 degrees. Each of these angle span tests were taken at different speeds: 60, 80, 100, 120 and 140 

cpm. A long drift at each angle span was also taken for about 10 minutes, with the purpose of 

generating a correlation between the drift curve characteristics and the angle span. For all the previous 

measurements a simultaneous measurement of angle and sensor output was performed. 
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Fig. 6. Hinge setup. The hinge, electro-goniometer and sensor strip (left), the gain power source and filter-amplifier for the 

electro-goniometer (right). 

 

Ankle foot dorsiflexion angle measurement with smart socks 

  For a characterization of foot dorsiflexion, a sensorized sock prototype and a mechanical 

goniometer were used. The sock fabric used was a 96%Tactel Nylon 4%Lycra Elastane (Fig.7), which 

is lightweight, breathable and humidity resistant. It is also at least twice as soft as most of other fibers 

and three times as resilient as comparable natural fibers. Three sensors were printed on the sock 

substrate: one on the foot joint (heel), one on the metatarsophalangeal joint and one on the ankle joint. 

These were chosen for being three different locations of large strain on the foot. The mechanical 

goniometer was built by attaching two axis indicators to a 5k potentiometer which was powered by a 

13.83 V source. It was calibrated and a linear regression was obtained with a high linear correlation. 

However, it had to be recalibrated for each test. The mechanical goniometer axis was placed near the 

ankle joint to monitor the dorsiflexion angle. Simultaneous measurements of angle (voltage) and three 

sensor outputs (resistance) were taken.  

 

 

 

 

 

 

 

Fig.7. Sensorized socks. First sock prototype (top), Nylon sock used in this study (bottom) 

 

Results and discussion 

For the hinge setup, the measurements of resistance were placed in a histogram. The density and 

scatter of peak values increased as the angle span increased. A range of resistance values can be 

assigned to an angle span, regardless of speed. The scatter in the peaks increases with larger angle 

spans. This is shown in figure 8. Also, a spectrum analysis was performed for each test combination of 

angle span and speed. After filtering the signal, the spectrum of resistance measurements was obtained 

and the amplitude of the Fourier transform had a defined range for each angle span, regardless of 

speed. This would imply that the angle spanned by the hinge wings could be determined at any flexing 

speed. These results are expressed in Fig. 9. 

 

 

 

 

 

 

 

 

Fig. 8. Resistance histograms for different angle spans, similar profiles were found at all speeds. 



     

 

 

 

 

 

 

Fig. 9. Table of FFT of resistance amplitudes for strip on hinge (left). Graph of average FFT amplitudes vs the angle spanned 

by the mobile wing (right). 

 

Drift measurements indicated a very well defined rate of decay through an exponential regression. 

These will be correlated to the angle span in further studies. Dorsiflexion-plantarflexion, inversion-

eversion experiments with the Nylon sock showed frequency reproducibility in all three sensors. The 

spectral analysis gave the same results regardless of speed or angle spanned. Data for inversion-

eversion showed that better sensor locations can be found to get better sensor response. Data for 

dorsiflexion-plantarflexion was nearly optimal. However, the three resistance signals corresponding to 

each sensor did not show a linear correlation, this will be addressed in future studies.  

 

FUSION OF SMART SHOES AND SMART SOCKS 

 

Smart shoes provide 2D information on GCFs. We would like to investigate if this information can 

be enhanced with 3D visualization by providing information about the angles that the foot undergoes 

while in motion. Characterization of gait could be extended to foot angles, which could provide 

another visual aid for the patient’s goals during the therapy sessions. It could provide a good 

visualization of the appropriate foot posture. Socks are comfortable and non-obtrusive, which indicates 

that their incorporation to the monitoring shoes scheme would be a straightforward task in terms of 

comfort for the patient. However, some challenges will have to be addressed. The first one needs to 

correct the shear that the sensor strips experiment while in a shoe. This may be overcome by applying 

a coating or by appropriately filtering the signals. Also, the resistance drift needs to be corrected in 

real time. Further studies will be conducted to properly fuse the pressure profiles from the smart shoes 

and the angular estimations from the smart socks for a 3D real time gait monitoring.   

 

CONCLUSIONS 

 

Smart shoes have been devised to detect gait phases. In the smart shoes, four novel air-bladder 

sensing units are installed to measure ground contact forces (GCFs). Based on the measured GCF 

signals, fuzzy logic has been applied to detect gait phases. The resulting fuzzy membership values 

(FMV) stand for the likelihood of each gait phase. Smart shoes have also been used for a clinical 

application, a mobile gait monitoring system (MGMS). Smart socks are sensorized fabrics which 

intend to give an indication of the foot angles. Preliminary results on dorsiflexion-plantarflexion 

motion have shown that angular estimations a based on signal analysis are possible. The Fourier 

analysis of the resistance signals showed not only a strong correlation between spectrum amplitudes 

and angle spans but also a frequency reproducibility that was impervious to sensor location. Future 

studies will intend to integrate these complementary studies for aiding in the gait phase detection and 

rehabilitation of patients with walking disabilities. 
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