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SUMMARY 
A method for estimating step length during level walking 
using a single inertial measurement unit (IMU) is proposed. 
An integration method was implemented to reduce the effects 
of the acceleration signals drift. The method takes advantage 
of the cyclic nature of gait. The IMU used was placed at waist 
level on the right side and the method was validated using a 
stereo-photogrammetric system. For the step length estimation 
the results were estimated with 4% error regarding stereo-
photometric system. These errors were due to the 
asymmetrical placement of the IMU and were compensated in 
stride length estimation as the errors on total distance 
estimation were on average %1.  
 
 
INTRODUCTION 
Step length (SL) is a key gait spatial parameter for evaluating 
gait asymmetry and it is defined as the longitudinal distance 
between heels measured at the timing of right/left heel strikes 
(right /left SL). When using inertial measurement units 
(IMUs), SL can be obtained by double integrating the linear 
acceleration between the heel strikes instances after removing 
gravity. However, linear acceleration signals are affected by a 
drift, resulting in remarkable errors in the estimation of the 
linear displacement. Right and left SLs have been often 
estimated by attaching an IMU to each foot [1]. To the 
authors’ knowledge, there is only one study estimating right 
and left SL using a single wearable IMU. In that study, the 
IMU was placed on the back side at waist level and SL was 
predicted by using an inverted pendulum model without 
double integrating the linear acceleration. Left and right foot 
contacts identification failed for 6 out of 15 subjects, 12 % of 
the times [2]. Moreover, the location of the IMU limits the use 
of such method for monitoring daily activities (i.e sitting, 
laying). The aim of this study was to estimate right and left 
SLs during walking using a single IMU attached to right side 
at waist level and ad hoc integration techniques for correcting 
drift effects. 
 
METHODS 
Gait data were acquired using an IMU (FreeSense, 
Sensorize®) featuring a tri-axial accelerometer and two bi-
axial gyroscopes (acceleration resolution 0.0096 m/s2, angular 
rate resolution 0.2441 deg/s). The IMU was mounted on the 
right side of the body at waist level with its x-axis pointing 
downwards, the y-axis pointing backward and the z-axis 

pointing to the left (Figure 1). Acquisitions were sampled at 
100 Hz. 
 

 
Figure 1: The IMU positioned to the right side of the subject 
at waist level. 
 
Six healthy subjects were evaluated. For each subject two 
different datasets were acquired. Dataset A: subjects walked 
along a closed loop track of 25 m varying their speed for 11 
times. For validation purposes, a portion of the walking track 
was included in the calibrated volume of a BTS® SMART-D 
stereo-photogrammetric system which acquired the trajectories 
of two markers, placed one on each shoe (frame rate: 250 Hz), 
(Figure 2). 
 

 
Figure 2 A schematic view of the path and the calibrated 
volume (seen from above). 
 
Dataset B: subjects walked straight for 75 m starting at their 
self selected speed and increasing it every 25 m. The heels of 
the subjects were aligned to the start line and after they 
stopped, the distance between the finish line and their heels 
was measured with a ruler.  
 
Gait temporal events were estimated according to the study of 
Kose et.al [3]. To obtain linear velocity time series along the 
direction of progression vp(t), first, all IMU signals were fed 
into a Kalman Filter to obtain accelerations in a global 
reference frame. Then, two different integration techniques 



were used: Optimally Filtered Integration (OFI) and Optimally 
Filtered Direct and Reverse Integration (OFDRI) [4]. The 
OFDRI can be applied only when both initial and final values 
of the integral are known. Given an arbitrary gait cycle j, let 
be vp(ihj), the velocity at the initial heel strike which is 
supposed to be known. The velocity at the final heel strike 
vp(fhj) is first computed by integrating the acceleration ap(t), in 
the direction of progression using the OFI. Then, if the vp(fhj) - 
vp(ihj), is lower than a selected threshold, the OFDRI 
technique is used to compute, vp(t) otherwise vp(t) is estimated 
using OFI and vp(ihj+1) = vp(fhj). The value of velocity at initial 
heel strike, vp(ih0), was estimated by integrating the 
acceleration in the first three gait cycles using the OFI 
technique. SL values were computed by integrating vp(t) using 
the OFI technique. 
 
The estimated SL values for the dataset A were compared to 
the SL values estimated from heel markers position at heel 
strikes (gold standard). The average error and relevant 
standard deviation was computed. For dataset B, the error was 
determined as the difference between the actual distance 
travelled and that estimated with the IMU. 
  
RESULTS AND DISCUSSION 
Mean error and standard deviation of the SL values estimated 
with the IMU (dataset A) and the difference between the 
distance marked on the walkway (75 m) and the IMU-based 
estimates (dataset B) are reported in table 1. The proposed 
method for estimating SL showed 4% errors on average for 
both right and left sides. The SL values were consistently 
overestimated for the right side and underestimated for the left 
side. In fact, given the asymmetrical location of the IMU 
(located on the right side at waist level), the rotation of the 

pelvis during gait caused an IMU displacement which differed 
from the actual SL. In particular, at the right heel strike 
instant, the pelvis is forward rotated of about 5 deg, while at 
the left heel strike instant, it is backward rotated of about 5 
deg. This implies that the IMU displacement is increased due 
to the forward pelvic rotation during the right SL whereas it is 
decreased due to the backward pelvic rotation during the left 
SL. Solutions aimed at compensating pelvic rotation will be 
developed in future studies. When, stride length is estimated 
as the summation of right and left SL, the above-mentioned 
errors were compensated, thus resulting in total displacement 
errors of an average of 1% of the total walking distance 
(dataset B).  
 
CONCLUSIONS 
In this study, a simple, low-cost solution for determining right 
and left SL using a single IMU was presented. The location 
chosen for the IMU avoids the risk of mislabeling right and 
left steps and it is ideal for monitoring daily life activities.  
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Table 1: Dataset A – Mean errors and standard deviations between SL values estimated with the IMU and with stereo-
photogrammetric system. Dataset B – differences between the actual displacement (75 m). All values are in meters. 
 
  dataset A dataset B 

 Right Left  

Subject avg. error (sd) 
[m] 

avg. error 
[%] 

avg. error (sd) 
[m] 

avg. error 
[%] 

avg. error  
[%] 

S1 0.03 (0.03) 4.3 -0.05 (0.02) 7.1 1.1% 
S2 0.04 (0.03) 5.2 -0.02 (0.03) 3.4 1.4% 
S3 0.02 (0.02) 2.8 -0.03 (0.03) 3.9 0.7% 
S4 0.02 (0.02) 2.7 -0.03 (0.02) 3.7 0.5% 
S5 0.03 (0.03) 4.6 -0.04 (0.03) 5.1 1.0% 
S6 0.04 (0.03) 4.9 -0.04 (0.04) 5.4 1.2% 


