
  


 

Abstract— Gait retraining is an important rehabilitation 

method for re-establishing health gait patterns resulting from 

disease or injury. Optical marker-based motion capture systems 

are effective for sensing but aren’t used widely, due to cost and 

lack of portability. Moreover, to perform gait retraining, 

feedback is needed in addition to sensing. This paper presents a 

wearable sensing and haptic feedback research platform for gait 

retraining. The platform contains eight distributed nodes (Dots) 

and a central control unit (Hub) that wirelessly connects to the 

Dots. Each Dot provides 9-axis inertial sensing and can be 

configured for sensing or/and providing vibrotactile feedback 

according to movement training requirements. The Hub 

receives the sensor data, performs algorithm computation and 

distributes feedback commands based on the feedback strategy. 

A foot progression angle (FPA) gait retraining task was 

performed by six healthy older adults. Participants used the 

wearable system to learn toe-in gait (foot pointing more inward) 

and toe-out gait (foot pointing more outward) by adjusting their 

FPA based on haptic cues to fall within the no feedback zone, i.e. 

the desired range of acceptable FPAs. After gait retraining, FPA 

during toe-in gait (1.8±5.6 deg) was significantly higher than 

during baseline walking (-4.3±5.1 deg) (p<0.01) and during 

toe-out gait (-9.9±3.2 deg) (p<0.01). The no feedback zone was 

easily found by participants as the percentage of time with no 

feedback for toe-in gait was 68.3%, and for toe-out gait it was 

89.4%. This work demonstrates that the wearable system can be 

an effective gait retraining research platform. 

I. INTRODUCTION 

Haptic gait retraining is an important rehabilitation method 

for diseases like knee osteoarthritis and stroke [1]. Optical 

marker-based motion capture systems are effective for 

sensing but limited by high cost and a lack of portability. 

Wearable systems have been widely used for gait 

rehabilitation [2]. However, while most commercial wearable 
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devices can monitor simple gait parameters such as step count 

and stride length [3], more complex gait parameters generally 

require customized design and algorithms, such as for the foot 

progression angle [4]. In addition, a wearable soft sensing suit 

has been used to monitor hip, knee, and ankle sagittal plane 

joint angles [5].  

While the vast majority of wearable systems are used for 

diagnosing gait, relatively few are capable of providing 

real-time training to correct movement patterns [6]. To 

perform gait retraining, feedback is needed in addition to 

sensing. For example, haptic wearables have been shown to 

be effective for training and rehabilitation [7], and  vibration 

feedback has been used as non-interrupting interfaces for 

movement training [8]. Skin stretch haptic feedback can also 

be effectively used for training human movement though it is 

often too bulky for practical applications [9]. One example of 

a wearable sensing and feedback system is a smart phone 

based sensory feedback system designed for balance 

rehabilitation training. Postural information was measured by 

accelerometers in an iPhone (Apple, Inc. iPhone 3GS) and 

vibrotactile feedback was provided to the torso via a “tactor 

bud” accessory that plugged into the smart phone audio jack 

[10]. Another example of a wearable sensing and feedback 

system consisted of a 6-axis inertial sensor and a LCD screen 

designed for training balance and gait in Parkinson’s disease. 

Trunk tilt was detected and visual feedback was provided to 

alarm patients correct their posture [11]. In another system, a 

wireless sensory feedback device was developed for 

symmetry gait training; force sensitive resistors were 

embedded in a insole and real-time gait data were wirelessly 

transmitted to a phone via Bluetooth connection. An app 

provided auditory, vibrotactile and visual feedback to users to 

train the gait [12]. While most current wearable systems are 

typically designed to sense and train a single, simple gait 

parameter, a distributed sensing and feedback system could 

enable a wider array of gaits and applications. The purpose of 

this research was to design a wearable sensing and feedback 

research platform for gait retraining and evaluate the usability 

and feasibility with preliminary experimental testing. We first 

introduce the overall system hardware design and software 

control architecture. Next, we present gait training 

experiments and experimental results, and finally we discuss 

these findings and how they related to current research.  
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II. OVERALL SYSTEM DESIGN 

A. Hardware design: 

Eight Dots and a central control unit (Hub) and the primary 

components of the wearable research platform (Fig. 1). Each 

Dot can be configured for sensing and/or feedback according 

to requirements of the specific application. The Hub is 

responsible for receiving sensor data, control and algorithm 

computation, and transmitting feedback data. All data are 

stored on the Hub for future analysis and processing. 

Sensing on each Dot is performed via a 9-Axis inertial 

measurement unit (MPU-9150, InvenSense, USA) and 

feedback via a flat eccentric vibrotactor motor (Fig. 1). The 

vibrotactor vibrates at approximately 220 Hz, which is near 

the peak human skin sensitivity frequency region [13]. Data 

are wirelessly transmitted via a ZigBee module (EMZ3048C, 

MXCHIP, China) and data is processed via the 

Microcontroller Unit (STM32W108, ST, Italy). Each Dot 

was powered by a 100 mAh lithium-ion battery, and all Dot 

components were packaged together with silicone into a 

single module (Fig. 1). The overall size and weight of each 

Dot is 22.5 x 20.5 x 15 mm and 12 g respectively. The Hub 

was designed to collect all Dots sensor data, process the 

control algorithm, and then transmit the feedback commands 

back to the Dots. Three ZigBee modules were connected to 

the MCU (STM32F401RB, ST, Italy) to enable higher speed 

data transfer when connecting simultaneously to multiple 

Dots. Data was stored on a 2 GB Micro-SD card (capable of 

storing 100 hours of data). The overall size and weight of the 

Hub were 95 x 65 x 20 mm and 95 g, respectively. 

 

 

Figure 1. The wearable sensing and haptic feedback research platform is 

composed of eight Dots and one Hub. Each Dot is for sensing and/or haptic 
feedback and contains a 9-axis IMU, vibration feedback motor, ZigBee 

wireless communication module, and a 100 mAh lithium ion battery. The 

Hub is for real-time data analysis and control. The Hub can be clipped to the 
waist of pants and the Dots are meant to be adhered to skin or clothing.  

B. Software architecture: 

In general, data flow from sensor Dots to the Hub and from 

the Hub to feedback Dots (Fig. 2). Hardware and wireless 

connections are initialized and control and processing 

parameters (e.g. filter cutoff frequencies and algorithm 

feedback gains) are set based on a configuration file stored on 

a Micro-SD card. The Hub begins receiving raw data from the 

Dots which are then stored in a buffer. In the Data processing 

block, data filtering and sensor calibration transformations 

are performed after reading in raw data from the buffer.  

Magnetometer data is initially calibrated [14], and 

accelerometer and gyroscope data are filtered via a 

configurable low-pass filter. In the Sensor Algorithm block, 

movement parameters are estimated with the processed 

sensor data via sensor fusion algorithms. In the Feedback 

Strategy block, feedback data are computed according to the 

movement parameters and feedback strategy. The sensor 

algorithm and the feedback strategy are configurable 

depending on the required application. Finally, the feedback 

commands are sent to the Dots.  

 

 
Figure 2. Sensor Dots send IMU data to the Hub which performs sensor 

fusion algorithms and then sends feedback commands to the feedback Dots 

based on the feedback strategy. Each Dot can be configured as a Sensor Dot, 
Feedback Dot, or Sensor and Feedback Dot. 

III. EXPERIMENTAL VALIDATION  

Six older adults (72.5±6.0 years, 3 female/3 male) 

performed a gait retraining task. This study was performed in 

accordance with the Declaration of Helsinki. We excluded 

participants with BMI greater than 30 and those unable to 

walk for longer than 30 minutes, or the inability to rotate the 

foot internally or externally during gait by themselves. The 

purpose of this task was to train changes in the foot 

progression angle (FPA), an important kinematic 

measurement related to knee loading and pain for knee 

osteoarthritis [15], [16]. The FPA is defined as the angle 

between the line from the calcaneous to the second metatarsal 

and the line of progression from heel strike to toe off during 

the stance phase of walking (Fig. 4, left); a previously 

validated algorithm was used to estimate the FPA [4]. One 

126



  

Sensor Dot was adhered to the top of the foot and two 

Feedback Dots on two sides of shank (Fig. 3).  

Initially a baseline walking trial on the treadmill with no 

feedback was performed to determine each participant’s 

baseline FPA. The feedback system was then used to train 

participants to adopt two separate gait patterns: a toe-in gait 

(foot internally rotated) and a toe-out gait (foot externally 

rotated). The FPA was estimated during stance phase 

(heel-strike to toe off) and vibrotactile feedback was given to 

cue participants to adjust their FPA on the subsequent step. 

For training toe-in gait, a vibrotactile stimulation on the 

lateral side of shank occurred when the FPA was less than -1° 

and a vibrotactile stimulation on the medial side occurred 

when the FPA was greater than 9° (Fig. 4, right). For toe-out 

gait, the feedback thresholds were -15 degrees and -5 degrees, 

respectively (Fig. 4, right). No feedback was given when the 

FPA did not exceed either threshold (referred to as the no 

feedback zone). Before each training trial, participants 

practiced for two minutes to get used to walking on a 

treadmill and to learn how to adjust gait patterns in response 

to feedback. Each training trial lasted two minutes and the 

treadmill walking speed was 1 m/s. A one-way ANOVA was 

performed to determine if there were any differences in FPA 

and the percentage of time inside the no feedback zone among 

baseline, toe-in, and toe-out gait conditions; in the case of a 

difference, Tukey’s post hoc analysis was used to determine 

whether there were differences between various pairs of gait 

patterns. Statistical significance was defined as the p<0.05, 

and all data analysis was performed using MATLAB (The 

MathWorks, Natick, MA). 

 

 
Figure 3. A Sensor Dot was adhered to the top of foot to estimate the FPA and 

two Feedback Dots were adhered to the medial and lateral sides of the shank 
to provide feedback. Participants were trained to walk with a new gait by 

adjusting their FPA to fall within the no feedback zone. Medial vibration 

stimulus was given when FPA was higher than the inward threshold, lateral 
vibration stimulus was given when FPA was lower than the outward 

threshold, and no stimulus was given when FPA was between the two 

thresholds. 

IV. RESULTS 

FPA results of gait training testing are depicted in Fig. 5. FPA 

during toe-in gait (1.8±5.6 deg) was significantly larger than 

during baseline walking (-4.3±5.1 deg) (p<0.01) and during 

toe-out gait (-9.9±3.2 deg) (p<0.01). FPA during toe-out gait 

was significantly smaller than during baseline (p<0.01). FPA 

within the no feedback zone was easily achieved by 

participants as the percentage time with no feedback for 

toe-in gait was 68.3%, and for toe-out gait it was 89.4%.  

 

 
Figure 4. (left) The foot progression angle (FPA) is defined by the angle 
between the line from the calcaneous to the second metatarsal and the line of 

progression. (right) Participants were trained to walk either with a desired 

toe-in or a desired toe-out. Vibrotactile feedback cues were given during 
stance on each step when FPA was not in the desired region. 

 

 
Figure 5. Gait retraining task results. Circles indicate mean FPA and bars 
indicate standard deviation FPA. The no feedback zone is between the target 

lines. 

V. DISCUSSION 

The purpose of this study was to design a wearable sensing 

haptic research platform for gait retraining. A wireless gait 

retraining research platform with eight sensing and feedback 

nodes was introduced and described in detail. In the gait 

retraining task, six participants were trained changing their 

FPA from baseline based on the feedback provided. Toe-in 

and toe-out FPA were significantly different compared with 

baseline values. The mean toe-out FPA roughly corresponded 

with the middle of the no feedback zone (Fig. 5) and the 

percentage of time inside the no feedback zone was relatively 

high (89%), suggesting that the no feedback zone was easily 

found and maintained by participants during toe-out gait. 

Mean toe-in FPA in contrast was not as near the center of the 

no feedback zone (Fig. 5) and the corresponding percentage 
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of time inside the no feedback zone was relatively lower 

(68%). Also, during toe-out gait, the amount of feedback 

indicating more toe-out was approximately equal to the 

amount of feedback indicating less toe-out, but during toe-in 

gait, feedback was more than 3 times as likely to suggest that 

it was relatively more difficult for participants to maintain a 

large toe-in than a large toe-out gait, which may be due to 

physical limitations, discomfort, or the inability to perform 

large toe-in gaits [16]. The standard deviation in FPA values 

in this study with wearable inertial-based sensing was higher 

than in other marker-based motion capture studies [17], 

which could be due to a larger no feedback zone or less 

accuracy of the IMU-based system, though future research is 

needed to explore and quantify sources of error resulting in 

large FPA standard deviations.  

Compared with traditional training systems, limited by 

tethered wires and stationary cameras or wearable systems 

which are generally only designed for a single application, the 

presented system is portable and configurable for gait training 

rehabilitation. Simic et al. [18] used a laboratory system with 

real-time visual feedback to effectively train a variety of 

different FPAs for knee osteoarthritis patients. Other similar 

approaches with laboratory systems using real-time visual or 

haptic feedback have also been shown to train various FPAs 

for healthy participants and knee osteoarthritis patients [1], 

[15], [19]. The presented wearable system provides similar 

functions as laboratory-based training systems and more 

flexibility for rehabilitation and training outside of the 

laboratory. The battery life of each Dot is roughly 1.5 hours, 

which is long enough to meet most rehabilitation demands but 

could be insufficient for longer training sessions. Most energy 

is consumed by the motors and ZigBee module, which in the 

future could be replaced by linear actuators [20] and 

Bluetooth Low Energy networking [21] for lower energy 

consumption. Higher capacity and more efficient batteries 

could also extend battery life. The usability and feasibility 

experiments performed were preliminary in nature and 

focused on demonstrating this system as a proof-of-concept. 

As this study was preliminary in nature, we only enrolled six 

participants, thus future research should focus on more 

participants to strength the findings. Two participants were 

excluded from this study due to the inability to internally 

rotate their foot far enough. Therefore, the presented system 

is not well suited for persons with extreme muscle weakness 

where passive or active assisted guidance of a therapist is 

required. 
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