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Abstract. Use ofwearable devices is an efficient solution to collect quantitative information about gait with lower costs 
than standard gait analysis systems like motion tracking cameras and force platforms. In this paper, we present the 
development and testing o f a wearable device to be worn on the feet, capable o f measure, store and transmil gait data. 
The device is equipped >vitlz two six-axis inertial measurement units (IMUs) to capture foot 's kinematics, two force­
sensitive resistors (FSRs) to detect contact between foo t and ground, and one Arduino Uno board to petform data 
processing. We demonstrated the utility o f the developed device by performing online detection o f the gait phases of 
healthy subjects. To do that, we propose two threshold-based algorithms for phase detection: one based on the FSR 
signals. and the other based on lhe sagittal angular velocity o f the foot, measured with lhe IMU placed on tlze heel. Both 
algorithms where evaluated during treadmill walking by a healthy subject. Experimental results demonstrated the 
reliability of the proposed device to measure gait signals and to use those signals for gait phase detection. We also 
validated the f easibility o f the phase detection relying solely on the inertial sensors. 
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1. INTRODUCTION 

Recent technological advances in robotics, espec ially in exoskeletons, have allowed substantial improvements in 
rehabilitation, therapy and assistance foc used on the recovery of independent walking in subj ects with compromised 
motor ski lls (H ussain, 2014). 

Adaptation of the robot actuation during therapies requires continuous monitoring of the human activity, including 
timely identifica tion ofthe di fferent events and phases during gait. Acquisition, monitoring and ana lysis of gait data can 
be done using wearable and non-wearable systems. Oue to their small size, low cost, high mobility, durability, and low 
operating power, Tnertial Measurement Units (I.MUs) have been increasingly used for gait analysis, in rep lac ing o f the 
most cornmonly used Force Sensitive Resistors (FSR). Lee and Park (2011) proposed examples of similar appl ications, 
where sensors were put in tbe sole ofthe foot. Sabatini et a l. (2005) use IMUs attached to aluminum plates and 30 -printed 
heel supports. 

In tbis paper, we develop and evaluate a novel wearable device for acquisition and analysis of gait data . lt uses two 
six-axis inertial measmement units (IMUs) to captme foot's k inematics, two force-sensitive resistors (FSRs) to detect 
contact between foot and ground, and one Arduino Uno board to perform data processing. In order to evaluate the usability 
o f the device in real-time setups, we implemented two tbreshold-based algori.tbms for online detection o f gait phases. The 
fi rst algorithm uses the signals from two FSRs placed under the heel and under the second metatarsus. The second 
a lgorithm uses the measurement o f the foot's angular velocity in the sagittal plane. Due to their low computa ti o na! cost, 
we could implement the proposed algorithms directly in the Arduino microcontroller. The proposed device is an improved 
version o f the wearable device that the authors described in Perez-l barra et ai., (20 18). 

We evaluated the reliability ofthe developed device through an experi mental walking tcst over a treadmill performed 
by a healthy subject. In addition, we also demonstrated tbat an algorithm for detection of gait phases based only in tbe 
IMU signals is feasible . Our device showed promi sing imp lications that encourage us to use it inside thc control loop of 
an exoskele ton robot, and for the gait analysis o f impaired subj ects. 
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The paper is organized as follows: in Section 2, we describe the materiais and methods including the wearable device 
and the phase detection algorithms. ln Section 3, we present and discuss experimental results. Finally, we present some 
conclusions. 

2. MATERIALS AND METHODS 

2.1 WEARAB LE OEVICE 

Figure l presents the wearable devices constmcted for the projecr. Each device consists of a 3D printed are that is 
fixed to a baseplate built in aluminum. Each shoe uses two six-axis inertial mcasurement tmits (MPU6050) to capture 
foot's kinematics, one placed on the back of the heel and the other at the side of the ftfth metatarsus; devices also are 
equipped with two force-scnsitive resistors (FS Rs) to detect contact between foot and ground, one was placed under the 
heel and the other under the second mctatarsus. Data processing and communication is pcrfonned on one Arduino Uno 
board for each foot. The prototypes can be attached directly to the user's footwear with Velcro straps. Despite the 
sensitivity o f FSR sensors being affected by their position, there is no necd to remove the patient's shoes, thus facil itating 
their use. 

, 

Figure l. Phase detection devices developed with resistive and inertial sensors 

Data acquisition occurs in the Arduino Uno at 100Hz. A C routine receives serial packets of data from both Arduinos 
and creates a file containing ali inertial signals and FSR outputs; system architecture is illustrated in Fig. 2. 

Left foot 

Serial 

Right foot PC 

Figure 2. Schematic ofthe system architecture, with its four IMUs, four FSRs and two Arduino Uno. Inertial data of 
each foot, as well as FSR readings, are acquired by an Arduino, which then sends those to a PC. 
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2.2 PHASE DETECTION ALGORlT HMS 

Phase detection aigorithms were impiemented in the Arduino itseif, where detection occurred during the healthy 
subjects' walk, and verified offline in Python (Python Software Foundation), with mathematical and data processing 
Iibraries. These algorithms consider a gait cycle with the following four phases: stance (ST), terminal stance (TS), swing 
(SW), and loading response (LR), as shown in Fig. 3. Detection ofthe transitions among phases occurs respectively with 
the identilication ofthe following four evenls: toe strike (TSt), heel o.ff(HO), toe o.ff(TO), and heel strike (HS). 
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Figure 3. Gait cycle with its four phases and triggeri ng events. 
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We proposed and evaiuated two aigorithms: the first aigorithm uses the voitage signals read by the force -rcsistive 
sensors; and, the second uses the measurement o f the sagittai angular veiocity o f the foot by the heel's IMU. The fi rst 
algorithm was aiso uti I ized to provide labeis with cunent gai t phase for vai idation o f the phases detected by the other. 

2.2.1 Algorithm 1: Event detection using the output voltage o f the FSRs 

In the first approach, current gait phase is identified by evaluating the state ofthe FSR sensor, according to its output 
voltage. We defincd an experimental threshoid (T) and the sensor state is determined as explained in Tabie I and as 
presented in Aigorithm I. 

Table I. Association o f senso r states (I = posterior, 2 =anterior) indicates the gait phase. 

FSR 2 < T 
FSR 2 >T 

FSR 1 < T 
sw 
TS 

FSR 1 > T 
LR 
ST 

Algoritllm I . Event detection using the output voltage of the FSRs. 
if (fsrl < T) and (fsr2 < T) then 

phase +- SW 
end if 
if (fsrl < T) and (fsr2 > T) t hen 

phase <- TS 
end if 
if (fsrl > T) and (fsr2 < T) t hen 

phase +- LR 
end if 
if (fsrl > T) and (fsr2 > T) then 

phase <- ST 
end if 

2.2.2 Algorithm 2: Thrcshold-based detection using angular velocity of the foot 

The second algorithm consists o f a Switch-Case logic evaluating the sagittal angular velocity o f the foot (w ), where 
at each time sample is evaluated the current state and d1e transitions between these phases are determined using thc finitc 
state machine (FSM) described in Fig. 4. 



L. N. Maitan, R. A. Matumoto, J. C. Jaimes, J. C. Pérez-lbarra, A. A. G. Siqueira 
A Foot-Mounted Wearable Device for Online Identification o f Gait Phases 

Figure 4. State machine representing the phase-detection system based on angular velocity thresholds. 

Defining four empirical thresholds and two delay parameters, the conditions needed for these changes are: 

I . Case I (HO): w less than threshold. 
2. Case 2 (TO): w greater than the threshold. 
3. Case 3 (HS): w less than the limit wi thin a predetermined time window. 
4. Case 4 (TSt): abso lute value of w less than a thresho ld, considering a ti me window. 

Algorithm 2 presents the pseudo-code used for this detection. 

Algorithm 2. Threshold-based detection using angular velocity of the foot. 
swi tch ( state) : 

case ST : 
if (velocity < threshol d_ho ) t hen 

state <- TS 
end i f 

case TS : 
if (ve l ocity > th reshold_to) then 

state <- SW 
end if 

c ase SW : 
if (velocit y < th reshol d_hs) then 

delay_hs <- del ay_hs + 1 
if (delay_hs > delay_t hreshold_hs) then 

state <- LR 
e nd i f 

end if 
case LR: 

if (abs (vel ocity) < t hreshold_t st) then 
delay_tst <- delay_tst + 1 
if (del ay_tst > delay_threshold_tst ) then 

end if 
end if 

default: 

end switch 

del ay_hs <- 0 
delay_tst <- 0 
state <- state 
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3. RESULTS AND DlSCUSSION 

3.1 Typical Signals 

Data collection consisted of a healthy subjects' walk on a treadmill for 2 minutes, al two different speeds: 1 and 2 
km/h. Typical signals for the angular velocity and acceleration measurements of lhe inertial and lhe resistive sensor 
outputs o f lhe left foot are shown in Figures 5 and 6, respectively. 

Typica/ inertia/ signa/s 
,.102 Heel ,.1 0 3 Forefoot 

~-:~~-:~ 
~-:~~-:~~ 

t (si -x y - z t (s) 

Figure S. lnertial signal s. Graphs show representative s ignals fo r the angular velocities in °/s (above), and linear 
accelerations in g (below), measured by the IMUs placed back on the heel (left) and at the side ofthe forefoot (right). 
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Figure 6. Example o f an FSR response curve under normal gait. In such cond ition, the heel makes contact with the 
ground fi rst, as illustrated by tbe blue curve. representing the output o f the hecl senso r. 

3.2 Comparison between both methods 

The algorithms previously described were app lied to both angular velocities measured by the heel sensor and FSRs 
outputs. Figure 7 compares the results obtained by those approaches. 
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Figure 7. Comparison o f the two methods. 

The labels defined with the FSR detection method were then used for validation of the IMU algorithm; the confusion 
matrix in Tablc 2 summarizes its performance. 
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Table 2. Confusion matrix evaluating the performance ofthe IMU algorithrn. FSR detected phase was 
used as true label. 

IMU 
ST TS SW LR 

.-.. ST 1986 o 141 116 
~ 

TS L 18 928 lO 50 ("> '"!:j 
..... 00 ; ;;:; sw 13 723 2 168 368 
c LR 230 2 179 772 

Based on the confusion matrix above, the following performance metrics are evaluated for each ind ividual phase: 
precision, recall , and thcir harmonic mean, the F 1-score, defined as 

TJUe Positive 
Precision = . . 

1 
p . . 

True PosttJve + Fa se ostttve 

Truc Positive 
Recall = . . . 

TJUe Postttve + False Ncgattve 

(
Precision·' + Recal r 1

)_ , Precision x Rccal l 
F 1-score = = 2 x -------

2 Precision + Recall 

Accuracy metrics prescnted in Eq. l-3 are assessed for each phase, and the results presented in Table 3. 

Table 3. Precision , recall and F l -sc01·e regarding the identification o f individual phases. Dctection o f 
loading response had the worsr performance among them. 

Precision Recall F t-score 
ST 0.85 0.89 0.87 
TS 0.56 0.84 0.67 
sw 0.87 0. 66 0.75 
LR 0.59 0.65 0.62 

(1) 

(2) 

(3) 

Information summarized in Table 3 strongly suggests that parameters adopted here should be reconsidered for 
performance enhancement. As shown, LR phase is highly misidentified: either SW or ST are detected instead, meaning 
that the algor ithm's threshold and time window for this transition are not adequare. The same happens with TS, where 
almost 50% o f the events are misclassified; Fig. 7 indicates that TS detection is delayed, thus the threshold should be 
decreased to better identify that event. On the other hand, ST -TS t:ransition is detected simulraneously. 

4. CONCLUSIONS 

A novel wearable device for acquisition and analysis o f gait data, which consists o f two six-axis inertial measurement 
uni ts (IMUs), two force -sensitive resistors (FSRs) and one Arduino Uno board, is presenteei. Two threshold-based 
algorithm s for online detection of gait phases were evaluated considering walking tests on a treadmill. The results 
indicated that phase detection using only inertial sensors is feasible and can be applied for rehabilitation purposes when 
integrated with exoskeletons. 
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