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Summary 

We propose and evaluate a method for measuring energy 
exchange between a transtibial prosthesis and the residual limb 
using only wearable sensors. We reconstruct leg movement 
from inertial sensors on the foot and shank, and incorporate 
force and moment from a pylon load cell to compute energy 
storage and return using a deformable body model. Results 
show discrepancies between wearable and lab-based estimates 
of energy exchange, attributable to small errors in reconstructed 
shank velocity. The deformable body model is sensitive to these 
errors, rendering current inertial motion reconstruction with 
commodity sensors inadequate for this method. 

Introduction 

Energy storage and return (ESR) is a crucial property that 

enables transtibial prostheses to mimic the natural ankle. 

Current methods to evaluate ESR behavior require a gait lab, 

limiting the activities in which ESR can be studied. A more 

complete picture of prosthesis performance could be obtained 

if ESR behavior could be measured using wearable sensors 

outside the lab. We propose a method to estimate energy 

exchange between the prosthesis and the residual limb using 

only wearable inertial sensors and a pylon load cell. 

Methods 

We compared energy storage and return estimates from 
wearable sensors to matched estimates from standard laboratory 
systems. Two healthy subjects walked on a prosthesis simulator 

with a 6-axis load cell (iPecs) atop the prosthetic foot and two 
inertial measurement units (IMUs; Xsens Awinda) fixed to the 
load cell and the foot. We reconstructed motion of the 
prosthesis using strapdown integration of inertial signals, with 
drift corrected by assuming zero velocity during stance phase 
[1]. We reconstructed motion of the load cell using similar 
calculations, correcting drift by a rigid body coordinate offset 
from the prosthesis during swing phase. Both corrections are 
propagated through the whole trajectory using Kalman 
smoothers. We computed power flow through the load cell 
using a unified deformable body model [2] that combines linear 
( v F ) and rotational ( ω M ) power terms:  
 Power =  v F +ω M . (1) 
Force F  and moment M  are measured directly by the load 
cell; angular velocity ω  is measured directly by the IMU on the 

load cell; and velocity v  is obtained from the motion 
reconstruction. We computed energy storage and return during 
early (0-50%) and late (>50%) stance by integrating negative 
and positive portions of the power estimate. We compared the 
results against “gold standard” pylon trajectory and power flow 

estimates using optical motion capture and force plates.  

Results and Discussion 

Rotational and linear power terms from the wearable sensors 
matched well to measurements from motion capture (Fig 1a-b), 
but due to mutual cancellation, overall power flow (Fig 1c) and 
energy storage and return estimates (Table 1) were substantially 
different. Errors can be traced to small discrepancies in the 
wearable linear shank velocity estimate, which is the crux of 
this method. However, accuracy increases with the quality of 
the IMU, so a better IMU may improve results in future work. 

Conclusions 

Current inertial motion reconstruction with commodity sensors 
is not accurate enough for deformable-body estimates of 
prosthesis power, but may be improved by using a better IMU. 
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Table 1: Prosthesis work estimated by IMU & load cell (IMU–LC) vs. optical motion capture & force plate (OMC–FP) for two subjects. 

 Subject 1 Subject 2 
 Early stance 

work (J) 
Late stance  

work (J) 
Total work 

(J) 
Energy return 

(%) 
Early stance 

work (J) 
Late stance  

work (J) 
Total work 

(J) 
Energy return 

(%) 
IMU–LC: total 

(pos, neg) 
-3.3±1.3 

(+1.2, -4.5) 
-6.8±0.9 

(+1.6, -8.4) 
-10.0±2.0 

(+2.8, -12.9) 22.4±7.6 
-3.8±2.2 

(+3.4, -7.1) 
-9.0±1.1 

(+0.7, -9.7) 
-12.8±2.9 

(+4.1, -16.9) 25.0±9.3 

OMC–FP: total 
(pos, neg) 

-3.6±1.2 
(+0.5, -4.2) 

0.0±1.2 
(+3.3, -3.3) 

-3.7±2.0 
(+3.8, -7.5) 54.0±22.6 

-9.9±1.0 
(+0.6, -10.5) 

-2.8±0.9 
(+1.8, -4.6) 

-12.7±1.4 
(+2.4, -15.1) 16.1±6.1 

Figure 1. Example linear, rotational and total power terms (subject 1). 
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