1 - Introduction

* Ground reaction force (GRF) can be used to quantify biomechanical load
In running [1], which Is Important to monitor runners and get better
Insights In the development of running Injuries. However, GRF
measurements are restricted to a laboratory.

 Artificial Neural Networks (ANNSs) can be used to estimate GRF from

Inertial Measurement Units (IMUs). An ensemble of multiple ANNSs can
Increase the performance [2].

 With GRF estimation models, the forces can be estimated In the runners’
environment to get more insights into loading during running.

The main aim of this work is to predict GRF in 3D with 3 IMUs
In an outdoors setting

3 =Validation and Ensemble

|_eave-one-subject-out cross validation

Per subject, 7 different models with random splits in validation (n=4)
and training (n=7) subjects, combining the 7 different models In one
ensemble by taking the average (Fig. 1)
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his Is the first study that uses generic ensemble models in to estimate 3D
GRF In runners. The average accuracy of the ensembled model was
higher than conventional models with a RMSE of 10.8%, 7,8 and 7,3 In
the medio-lateral, anterior-posterior and vertical direction, respectively.

Ensemble models leads to higher accuracy of 3D GRF estimation In
running than conventional models as typically reported in literature
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2 - Methods

Protocol Data Processing

* 12 heel strike subjects (4M/8F, 31.5y < Gravity subtracted acceleration
+ 11.7y), 9 trials In global frame

« 10, 12, 14km/h * Accelerations in X, y and z-

» 90, 100 and 110% of preferred stride direction, filtered at 10Hz, low
frequency, imposed pass filter

+ 3 IMUSs, 240Hz, at pelvis and tibias ~ * Force plate data filtered at

- 3D Instrumented treadmill 30Hz, low pass filter

/ Gravity subtracted acceleration in global frame
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4 - Results
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The ensemble models do have a lower rRMSE than most ensemble members In
all directions (Fig. 2)

The 3D GRF waveforms are shown In Fig. 3 for a representative subject, with
estimated GRF (eGRF) in blue and measured (mGRF) in orange

250 neurons 100 neurons

hidden layer 1 hidden layer 2 0.0 1—

Estimating 3D Ground Reaction Forces during Running using 3 IMUs

Bouke L. Scheltinga'~#, Jaap H. Buurke'-#, Jasper Reenalda’-

!Biomedical Signals and Systems Research Group, University of Twente, The Netherlands, “Roessingh Research & Development, The Netherlands

Neural Network Outcome Measures
e 2 Layers with 100 » Root Mean Squared
neurons Error between measured
normalized over the full

 RelLu activation profile
P range (rRMSE)

« Mean squared error as
loss function

Estimated and measured ground reaction force for S04

—_— MGRF
—_— 2GRF
std mGRF
std eGRF

/ RMSE = 0.09
’ | PE‘BFSDJ"ISIF = 0,99 |

T T
0 20 40 60 80 100
Stance phase (%)

Ensemble fits for S02

mediolateral direction

" Q\\’&C‘\\f W\\c A Wfi\///}*

0.2 A

% anterior-posterior direction
- NRMSE mediolateral direction - NRMSE anterior-posterior direction - NRMSE vertical direction [= 0.5 - ~ /\ S
® Ensemble © N 4
Q 4
1 N 00 ‘/\ 'i:/ N ﬁ\( P if/l\/
20 - ] 20 - 20 g v \/’ \,/ \v/
o) O —-0.5-
0 || GC) | | | |
157 iﬁ ° [j 151 151 o vertical direction
S % I ii ® o 2 3
é 10_8\] O iii Lo - ° r;! 10 - i;ig D @i;i!i! 2 - / \ ‘/f \ / \ «if
R Ve i7¢ y 2 v/ \/ A4 \/
% o i:i y : / \
5 sle @ ;! . 515 ¢ P @ 0 - ~ \ ! \
18650 18700 18750 18800 18850 18900
. . . Samples
1 2 3 456 7 8 9 1011 12 1 2 3456 7 8 9 101112 1 2 3456 7 8 9 1011 12 —— oGRF <td ensemble  —— min  —— max MGRE
Subject
Fig. 2: Performance of the models in 3D with the ensemble members shown as boxplot Fig. 3: Estimated GRF from ensemble model in three different
and the ensemble model as blue markers directions for a representative subject
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