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SUMMARY 
In this study, moments and powers of ankle, midtalar and 
metatarsophalangeal (MPJ) joints as well as ground reaction 
force (GRF) were measured using an ambulatory system and 
the suitability of this system for outcome evaluation of ankle 
osteoarthritis (AO) treatments, i.e., total ankle replacement 
(TAR) and ankle arthrodesis (AA), was investigated. 
 
Four groups of patients with AO, TAR and AA and healthy 
subjects walked two 50-m trials in hospital corridor and an 
ambulatory system composed of miniaturized inertial sensors 
and pressure insoles measured foot kinematics and 3D GRF. 
Then, moments and powers in ankle, midtalar and 
metatarsophalangeal (MPJ) joints were calculated via inverse 
dynamics. Force-plate and optoelectronic motion capture 
system were used only as reference for calibration and 
validation of the ambulatory measurements. 
 
The proposed ambulatory system was accurate against the 
reference system and suitable for outcome evaluation of AO 
treatments by distinguishing pathological and normal gaits. 
 
 
INTRODUCTION 
Kinetics of multi-segment foot was rarely assessed [1]. On the 
other hand, measurement of foot joints moments and powers 
requires laboratory instrumentations such as optoelectronic 
motion capture systems and force-plate which are not 
available in every clinic. Moreover, gait in limited space of 
laboratory might not be as natural as in daily conditions [2]. 
Therefore, this study suggests the use of miniaturized inertial 
sensors and pressure insoles, which are easy to use in clinics, 
together for ambulatory measurement of foot joints kinetics in 
daily field.  
 
In order to investigate the suitability of such ambulatory 
system for clinical evaluations, outcome evaluation of AO 
treatments (TAR and AA) was considered. Actually, the 
choice between these two is still a clinical challenge and 
assessment of alteration of multi-segment foot kinetics due to 
TAR and AA can be pertinent for this choice [3]. In this study, 
ambulatory assessment of multi-segment foot kinetics was 
proposed for this purpose while stationary system was used 
only for calibration before long-term trials and as reference for 
validation. 
 

METHODS 
Measurement protocol: 14 patients with AO, 11 patients with 
TAR, 9 patients with AA and 10 healthy subjects (Control) 
participated in the study. Four inertial measurement units 
(IMU) composed of 3D gyroscopes and 3D accelerometers 
linked to a portable data-logger (Physilog, CH) were installed 
on shank (SH), hindfoot (HF), forefoot (FF) and toes (TO) of 
subjects. Subjects wore sandals imbedding pressure insoles 
(Pedar, Novel, DE) measuring vertical pressure distribution 
synchronously with IMU (Figure 1). Subjects walked two 50-
m trials in hospital corridor where kinetic parameters of their 
ankle, midtalar and MPJ joints were calculated.  
 
Ambulatory assessment of 3D GRF: Prior to corridor trials, 
subjects walked a few trials over a force-plate (Kistler, CH) 
and data from both force-plate and insoles were used for 
training to estimate 3D GRF based on vertical pressure 
distribution measured by insoles during corridor trials [2]. 
  
Ambulatory assessment of foot kinematics: Orientation of each 
foot segment was calculated by strap-down integration of 
gyroscope signals. Initial orientation in strap-down integration 
was found based of foot inclination obtained by accelerometer 
signals in a low-acceleration instant during foot-flat [4]. 
Before strap-down integration, IMU data were expressed in 
foot segments’ anatomical frame instead of IMUs’ technical 
frame using anatomical calibration [4]. Thus, prior to corridor 
trials, anatomical landmarks of foot were captured using 
cameras (VICON, UK). Also, anthropometric data of foot 
were captured using cameras. 

 

Figure 1: Ambulatory system based on synchronized inertial 
sensors and pressure insoles used for multi-segment foot 
kinetics assessment. 
 
Ambulatory assessment of foot joints kinetics: For each foot 
segment, 3D GRF, anthropometric data and segment 
kinematics, assessed as above, were used in Newton-Euler’s 
equations to calculate joints moments and power in ankle (SH-



HF), midtalar (HF-FF) and MPJ (FF-TO) via inverse 
dynamics approach. During gait lab trials, kinetic parameters 
of ankle assessed by ambulatory system were compared with 
those assessed by reference system (camera and force-plate). 
 
Clinical data analysis: During corridor trials, maxima-minima 
features of 3D GRF components as well as moments in 
Sagittal and Transverse planes and power in ankle and 
midtalar joints were used as outcome parameters for each 
subject. The outcome parameters of subjects in each of patient 
groups (AO, TAR and AA) were compared to those of healthy 
subjects using Wilcoxon rank-sum test. Besides, for each 
subject, the Spearman’s correlation coefficients between the 
assessed kinetic parameters and subscales FFI and AOFAS 
score for ankle-hindfoot were calculated.   
 
 
RESULTS AND DISCUSSION 
During gait lab trials: Normalized RMSE less than 12% (for 
3D GRF components and ankle moment in Sagittal plane) and 
less than 23% (for ankle moment in Transverse plane and 
ankle power) was observed between curves measured by 
ambulatory and reference system for healthy subjects (Table 
1) which indicates closeness of curves (Figure 2) and 
acceptable accuracy of ambulatory measurements. Moments in 
Coronal plane were not accurately estimated and were not 
considered in clinical evaluation.  
 
Table 1. Normalized RMSE % (correlation coefficient) 
between 3D GRF, ankle moments (MSagittal and MTransverse) and 
ankle power (P) by ambulatory and reference systems. 

GRFAnt-Post GRFLat-Med GRFVertical 
5.6(0.99) 11.5(0.94) 3.2(0.99) 
MSagittal MTransverse P 

8.6(0.99) 22.6(0.93) 20.4(0.89) 
 
During corridor trials: Maxima of power in ankle and 
midtalar joints, midtalar moment in Sagittal plane (Table 2) 
and maxima-minima of GRF in anterior-posterior and vertical 
directions showed significant difference with controls in all 
patients groups which indicate impairment even after 
treatments. Only, ankle moment in Sagittal plane (Table 2) 
showed no more significant difference with controls after both 
treatments which indicates improvement after both treatments. 
Thus, accuracy of the ambulatory measurements was enough 
for distinguishing the populations in clinical evaluation. 
 

0 50 100
-2

2

6

10
MSagittal  [BW.BH%]

Stance time %   

 MTransverse [BW.BH%]

Stance time%
0 50 100

-0.5

0

0.5

1.0

1.5

2.0

  Stance time%

P [BW.BH%.rad/sec]

0 50 100

0

20

40

60

 
Figure 2: Ankle moments and power measured by reference 
(black) and ambulatory (red) systems. Mean (solid) and 
mean±std (dashed) patterns are presented. 
 
Furthermore, the kinetic features in Table 2 and GRF features 
showed significant correlation (p-value<0.05) with most of 
subscales of FFI and AOFAS. This fact proved the convergent 
validity of the assessed features with these clinical scores.  
 
 
CONCLUSIONS 
The ambulatory system developed in this study for kinetics 
assessment of multi-segment foot joints showed accurate 
against the reference systems and suitable for outcome 
evaluation of ankle osteoarthritis treatments via distinguishing 
pathological and normal gaits. Nevertheless, further clinical 
conclusions about comparison between TAR and AA require 
larger population size. In future, we can avoid using stationary 
systems even for calibration before long-term trials by using 
functional approaches. This system was only composed of 
devices which are commercially available in clinics and its use 
is suggested for field measurements in outcome evaluation of 
other foot and ankle treatments.  
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Table 2. Maxima of moments in Sagittal and Transverse planes and power of ankle and midtalar joints presented as 
median±IQR (IQR: inter-quartile range). (*) shows significant difference (p-value<0.05) with the control group. 
Parameter Joint Control AO TAR AA 
Maximum of moment in 
Sagittal plane [BW.BH%] 

Ankle 7.44±1.26  6.12±1.02* 6.85±0.84 6.63±1.51 
Midtalar 5.22±0.68  3.91±1.19* 4.16±1.04* 4.69±1.10* 

Maximum of moment in 
Transverse plane [BW.BH%] 

Ankle 0.81±0.41  0.67±0.25 0.57±0.17* 0.84±0.39 
Midtalar 0.65±0.26  0.50±0.25 0.37±0.14* 0.63±0.29 

Maximum of power 
[BW.BH%.rad/sec] 

Ankle 22.44±16.88  5.23±10.53* 5.05±5.78* 3.26±6.16* 
Midtalar 9.95±8.40  3.99±3.04* 4.60±3.60* 4.52±2.50* 

 


