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Abstract. Marker placement can be a significant source of error in biomechanical studies of human movement. The toe 
marker placement error is amplified by footwear since the toe marker placement on the shoe only relies on an approximation 
of underlying anatomical landmarks. Three total knee replacement subjects were recruited and three self-speed gait trials per 
subject were collected. The height variation between toe and heel markers of four types of footwear was evaluated from the 
results of joint kinematics and muscle forces using OpenSim. The reference condition was considered as the same vertical 
height of toe and heel markers. The results showed that the residual variances for joint kinematics had an approximately 
linear relationship with toe marker placement error for lower limb joints. Ankle dorsiflexion/plantarflexion is most sensitive 
to toe marker placement error. The influence of toe marker placement error is generally larger for hip flexion/extension and 
rotation than hip abduction/adduction and knee flexion/extension. The muscle forces responded to the residual variance of 
joint kinematics to various degrees based on the muscle function for specific joint kinematics. This study demonstrates the 
importance of evaluating marker error for joint kinematics and muscle forces when explaining relative clinical gait analysis 
and treatment intervention. 
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1. Introduction 

The fundamental role of human movement analysis is to better understand the physiopathology of 
musculoskeletal system. Stereophotogrammetry is usually recruited to undertake this task of collecting 
raw data for this analysis. However, some errors exist when using stereophotogrammetry, at least in 
three aspects: (1) the instrumental errors associated with stereophotogrammetric system; (2) marker 
movement caused by the skin deformation and displacement; and (3) the misplacement of anatomical 
landmark [1-3]. Evaluation and estimation of these errors are crucial for assessing the precision and 
reliability of human movement analysis and prevent to misexplain the relative results, such as joint 
kinetics and kinematics.    
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Gait analysis is widely used to investigate normal and pathological gait to describe how human 
walks, and has significant clinical value to define treatment programs for abnormal gait [4]. The most 
commonly applied method of gait analysis is performed by tracking clusters of reflective markers 
placed on the skin to identify various anatomical landmarks. These markers are used to reconstruct 
body segments and to define orientations of segments in space and time. However, marker placement 
error exists and causes up to about 75% failures of kinematic parameters during the period of marker 
capture [5]. Previous research focused on marker placement error for different cases. Szczerbik and 
Kalinowska found that lower limb joint kinematics were significantly altered when knee marker 
position was changed in a systematic way [6]. O'Connor et al. indicated that marker placement had a 
significant effect on measuring the range of motion of spinal flexion/extension and lateral side-
bending [7]. France and Nester suggested that the quadriceps angle was sensitive to the error of 
identifying anatomical landmarks and the center of the patella [8]. 

In practice, it is very common that foot markers are placed on footwear instead of underlying 
anatomical landmarks during gait. The marker placement error is amplified in this situation because 
the toe marker position only relies on the best approximation as shown in Figure 1. Since joint 
kinematics were effected by marker placement and play a great role in the prediction of muscle forces 
using marker-driven musculoskeletal models [9]. It is important to know how much marker placement 
error affects estimation of joint kinematics and predicted muscle forces when evaluating individual 
muscle functionality and treatment intervention. Therefore, the purpose of this study was to evaluate 
the effect of toe marker placement in the vertical direction on lower limb joint kinematics and muscle 
forces during gait. 

2. Methods 

2.1. Experiment data 

Three total knee replacement males (age 81�2 years, height 173�6 cm, and mass 70�4 kg) were 
the subjects for this study. The subjects were asked to walk at a self-speed pace and were give a pair of 
flat bottom sneaker. For each subject, three normal gait trials were collected, which included marker-
based video motion and ground reaction data [10]. The marker trajectory followed a modified 
Cleveland clinic marker set. The toe and heel markers were put at the same height on the sneaker, like 
the standard barefoot gait marker set requested and considered as the reference condition in this study. 
Marker motion was measured using a 10-camera motion capture system (Motion Analysis Corp., 
Santa Rosa, CA) and Ground reaction forces was measured using three force plates (AMTI Corp., 
Watertown, MA).  

In order to evaluate practical toe marker placement error in the vertical direction, four types of 
footwear, including work shoe, sport shoe, leather shoe and walking shoe, were chosen to determine a 
common range of height difference between heel and toe markers. The heel and toe markers were 
carefully put on the best approximation of the posterior calcaneus and center of the foot between the 
2nd and 3rd metatarsals on the surface of each shoe. The height difference (h) between the heel and 
toe markers in the sagittal plane was measured using a 3D motion analysis system (NaturalPoint Inc., 
Corvalis, OR) calibrated with sub-millimeter accuracy (<0.5 mm residual error). The different h values 
were 5.5 cm for work shoe, 3.0 cm for sport shoe, 1.5 cm for leather shoe and 1.0 cm for walking shoe, 
respectively. 

H. Xu et al. / The effect of toe marker placement error on joint kinematics and muscle forces using OpenSim gait simulationS686



Fig. 1. To
positions o
of these m

2.2. Gait

An Op
freedom 
the knee
anteropo
a single 
Then seg
segment 

Major
threshold
simulate
adjusted 
placeme
of toe m
with a w
control a

2.3. Data

The re
knee pla
subjects 
(NRMSE
(1) and (

oe marker plac
on a shoe respe

markers. 

t simulation 

penSim mod
m (DOF) and 

e was repres
osterior trans
DOF univer
gment length
t masses were
r gait events
d to identify

e the referenc
d in the vert
nts on the fo

marker positi
weighted leas
algorithm [12

a process 

esults of low
acement lim

compared b
E) was used 
(2). Results w

cement error. T
ectively. � repre

del was recru
54 muscles 

sented as a s
slations occu
rsal joint. Th
hs were obta
e scaled base
s (heel strike
y the gait cy
ce situation 
tical directio
ootwear, and
ion error. Du
t squares sol
2]. 

wer limb join
mb were first

between fou
to describe 

were conside

The toe marker
esented the ankl

ited in this st
[11]. The h

single DOF 
rring as a fun

he model wa
ained from t
ed on anthrop
e and toe of
cle. Three s
(h=0 cm) in

on to match 
d the three tri
uring OpenS
lution and m

nt kinematics
tly normaliz
ur height dif
the residual 

ered significa

rs P2a and P2s
le angle error in

tudy, which 
hip was repre

hinge joint 
nction of kn

as firstly scal
the marker p
pometric dat
ff) were def
elf-speed ga

n one gait cy
the various

ials for each
Sim gait sim

muscle forces 

s (hip, knee a
zed by 101 
fferences an
variance. Th

ant differenc

represented an
n the sagittal pl

consisted of
esented as a 
in the sagitt
ee flexion. T
led to match
positions acq
ta and subjec
fined via for
ait trials for 
ycle. Then, t
s height diff
h subject wer

mulation, the 
were reporte

and ankle) a
data point, 

nd h=0. Nor
he formulas 
e when NRM

natomical posit
lane caused by 

f 12 body seg
three DOF b

tal plane wit
The ankle join
h the subject
quired during
ct’s body wei
rce plate act
each subject
the toe mark
ference (h) i
re resimulate
joint kinema
ed based on 

nd muscle fo
then averag

rmalized roo
for NRMSE

MSE above 1

tion and the a
the error in the

gments, 23 d
ball-and-soc

ith proximod
int was repre
’s height and
g the static 
ight. 
tivation with
t were firstly

ker on the m
identified by

ed to assess t
atics was de
the compute

forces (16 mu
ged among t
ot mean squ
E were show
10% [13]. 

pproximate 
e placement 

degrees of 
cket joint, 
distal and 
esented as 
d weight. 
trial, and 

h a 20 N 
y used to 

model was 
y marker 
the effect 
etermined 
ed muscle 

uscles) in 
trials and 

uare error 
wn in Eqs. 

H. Xu et al. / The effect of toe marker placement error on joint kinematics and muscle forces using OpenSim gait simulation S687



���
Where 

���
 

	
�� a
joint kin
reference

3. Resu

The co
which w
placeme
comparin

Fig. 2. A re

�� � ��
����

�� � �� �������

and 	
�� rep
nematics or m
e position an

ults and disc

orresponding
was layered f

nt error show
ng toe mark

presentative low

� !
"���# $% &''

���(�"�)(�*)
+,+ $$$$$$

presented the
muscle forces
nd four differ

ussion 

g joint kinem
for all three 
wn in Figure
ker referenc

wer limb joint k

'-$              

$$$                 

e maximum a
s. 	+(� and 	.
rent height o

matic curves 
subjects, a r

e 2. The resu
ce position

kinematics by t
 

                   

                   

and minimum
(� represented
f joint kinem

were similar
representativ

ults of joint k
were presen

oe marker place

                  

                    

m values in 
d the corresp

matics or mus

r except for 
ve lower limb
kinematics an
nted in Tab

ement error for 

                    

                    

the normaliz
ponding norm
scle force. 

ankle dorsifl
b joint kinem
nd muscle fo
le 1. We f

r one subject. 

                   

                    

zed 101 data
malized data 

flexion/planta
matics by to
orce differen
found that t

 

          (1) 

         (2) 

a point of 
point for 

arflexion, 
oe marker 
ces when 
the ankle 

H. Xu et al. / The effect of toe marker placement error on joint kinematics and muscle forces using OpenSim gait simulationS688



dorsiflexion/plantarflexion was significantly different when comparing h=5.5 cm (NRMSE=42.9%), 
h=3.0 cm (NRMSE=25.1%) and h=1.5 cm (NRMSE=10.5%) with h=0 cm. The hip and knee joint 
kinematics were not significantly influenced by toe marker placement error except for hip 
flexion/extension when h=5.5 cm (NRMSE=13.5%). Five of sixteen muscle forces were different 
when comparing h=5.5 cm with h=0 cm. These muscles were iliacus (NRMSE=16.2%), psoas 
(NRMSE=16.8%), rectus femoris (NRMSE=12.7%), soleus (NRMSE=12.4%), and tibialis posterior 
(NRMSE=17.8%).  

The results showed clearly that toe marker placement error affected hip, knee and ankle joint 
kinematics using OpenSim simulation. Although the hip and knee joint kinematics were mainly 
determined by the markers located on the thigh and shank, other markers and the weighting of markers 
still played a function in these joints since all joint kinematics were determined together and have 
interaction in OpenSim. Therefore, theoretically, toe marker placement error affected all the joint 
kinematics though the magnitudes varied significantly by joints. The residual variances for joint 
kinematics had an approximately linear relationship with toe marker placement error for lower limb 
joints, which was shown in Figure 3. The ankle joint kinematics were more sensitive to the toe marker 
placement error as expected since toe marker directly involved to determine the ankle joint motion in 
the sagittal plane. The residual variance was relatively larger for hip flexion/extension and rotation 
than hip abduction/adduction and knee flexion/extension. That may explain by the relative large 
motion range for hip joint motion in the sagittal and transverse planes than the frontal plane. But the 
phenomenon of small knee flexion/extension was still unclear. 
 

Table 1 

Joint kinematics and muscle force differences when comparing toe marker reference position 

joint kinematics and muscle force 
NRMSE 
h=5.5 cm h=3.0 cm h=1.5 cm h=1 cm 

hip flexion/extension 13.5% * 7.6% 3.3% 2.5% 
hip abduction/adduction 2.5% 1.3% 0.5% 0.6% 
hip rotation 9.6% 5.6% 2.7% 1.6% 
knee flexion/extension 5.6% 3.2% 1.3% 0.7% 
ankle dorsiflexion/plantarflexion 42.9% * 25.1% * 10.5% * 7.8% 
gluteus maximus1 5.3% 3.1% 1.9% 1.5% 
gluteus maximus2 4.6% 3.0% 1.9% 1.6% 
gluteus medius1 3.9% 2.4% 1.0% 0.8% 
gluteus medius2 2.9% 2.1% 1.2% 1.2% 
gluteus medius3 6.2% 4.0% 2.2% 2.2% 
iliacus 16.2% * 8.6% 3.1% 2.3% 
psoas 16.8% * 8.4% 3.1% 2.4% 
adductor magnus 9.0% 5.9% 1.9% 1.7% 
biceps femoris long head 5.1% 3.0% 1.4% 1.0% 
biceps femoris short head 6.4% 3.9% 1.9% 1.4% 
rectus femoris 12.7% * 6.4% 2.6% 2.4% 
vastus intermedius 8.6% 4.9% 1.8% 1.1% 
soleus 12.4% * 9.4% 4.6% 4.0% 
gastrocnemius 7.9% 5.1% 2.3% 2.6% 
tibialis anterior 5.3% 3.8% 1.5% 1.2% 
tibialis posterior 17.8% * 9.5% 3.6% 2.8% 

Note: * indicated result was significant at the NRMSE >10% level 
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