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Abstract—This study investigated a functional calibration 
method to define the Cartesian bone-embedded anatomical frame 
necessary to calculate 3D joint angles. This method was combined 
with an inertial ambulatory system and applied to the 
measurement of 3D knee joint angles during gait. This 
combination was compared to a magnetic tracker system 
associated with a functional and postural calibration method. 
The measurement errors due to the shank’s soft tissues were also 
evaluated by the use of a harness. The combinations of the 
inertial acquisition system with the functional calibration method 
show good results. The errors obtained with different attachment 
methods did not show significant differences. The proposed 
combination constitutes a very promising tool for clinical 
evaluations. 

Keywords-component; 3D angle; MEMS based system; 
calibration method; skin movement. 

I.  INTRODUCTION 
The measurement of three-dimensional (3D) joint rotations 

is a core part in biomechanics and constitutes a very promising 
tool for orthopedic evaluation [1]. Although, the standard 
motion capture systems, based on optoelectronic, magnetic or 
ultrasonic technologies, provide valuable information regarding 
joint orientations; they are costly and needs a dedicated 
laboratory and a well trained staff. Moreover, their use for 
ambulatory or long time measurements are usually impossible 
and their use in clinical routine evaluations are very limited. 

Recent progress in microelectromechanical system 
(MEMs), allows the design of small and light sensory units, 
which can be fixed on body segments without interfering with 
the movement. These units can be battery-powered, and offer a 
simple way for ambulatory monitoring [2]. Due to their low 
power consumption and their high memory capacity available 
nowadays, these units can be used for long time recording [3]. 
Sensor configuration depends on the application: for 3D 
measurements, triaxial gyroscopes and triaxial accelerometers 
are often fused [4, 5]. In addition, to avoid long-term drift, 
some authors also considered triaxial magnetometers [6, 7]. 

The information given by inertial systems, such as for 
standard laboratory ones, is the orientation of the body fixed 
units frame respectively to a reference frame. So, if two of 
those units are fixed on two body segments bounded by a joint, 

the 3D rotation of the joint can be calculated based on the 
orientations of the two units. In order to describe the 
kinematics of the joint by three angles, a mathematical model 
must be adopted. The International Society of Biomechanics 
(ISB) recommended the Joint Coordinate System (JCS) as 
proposed by Grood and Suntay [8-10]. This model calculates 
the three angles (and translations) based on the orientation (and 
position) of the two Cartesian bone-embedded anatomical 
frame (BAF). In the paper of Grood and Suntay, an example of 
BAF was proposed for the knee joint. In 1995, Cappozzo et al. 
proposed a definition for the BAF of the pelvis and the lower 
limb bones [11]. As Grood and Suntay, the BAF described by 
Cappozzo et al. were constructed based on anatomic 
landmarks. Others authors suggested functional calibration 
procedure, where the BAF were defined through the execution 
of specific movements [12], or semi-functional procedure, 
where the BAF were defined by localization of anatomic 
landmarks and execution of movements [13]. More recently, 
Hagemeister et al. proposed a functional and postural 
calibration method [14]. But all these methods were used with 
laboratory tracking systems measuring position and orientation, 
and currently no MEMs based device allows the measurement 
of position. 

Whatever the selected motion capture system, the 
orientation measured with sensors or markers on the skin do 
not reflect exactly the bone’s orientation. Measurement 
artefacts due to both active and passive soft tissues will modify 
the transformation between the sensor frame and the BAF. This 
could severely corrupt the 3D motion analysis [15]. Although, 
some improvements were proposed for systems using markers 
glued on the skin [15-16], these solutions can not be applied to 
inertial sensors. 

The purpose of this study was twofold: first, to propose a 
new calibration procedure for knee joint’s BAF definition 
based on MEMS sensors; secondly, to evaluate the effect of 
skin artefacts using an orthoplastic exoskeleton attachment 
system (harness) [17] which can fit well with MEMS based 
recording system. The errors when the 3D knee joint angles are 
calculated with MEMS sensors fixed on the harness or directly 
on the skin were evaluated. 



II. MATERIALS AND METHODS 

A. Inertial measuring system and clibration procedure 
The system is composed of two small sensory units, each 

including a 3D gyroscope and a 3D accelerometer, connected 
to a portable data-logger (Physilog®, BioAGM, CH) (see 
Fig.1). The data were recorded with a sampling frequency of 
240Hz. The orientations of the two units’ frame respectively to 
a common global frame were calculated according to Favre et 
al. [5]. 

 

Figure 1.  A Physilog® data-logger and two units composed of 3D gyroscope 
and 3D accelerometer. 

The alignment of the units’ frame with the BAFs required 
by the JCS was done by a functional calibration in three steps. 
First, the angular velocity of the shank was measured by the 
strapped-down gyroscope while the subject was sitting and 
performing passive knee flexion-extension without moving the 
thigh (Fig. 2a). The X axis of the shank’s BAF was defined as 
the mean rotation axis calculated with the angular velocity. 
Secondly, in sitting position and without moving the thigh, the 
subject performed passive knee abduction-adduction 
movements with the help of an operator (Fig. 2b). The rotation 
axis calculated with this angular velocity defined the mean Y’ 
axis. In order to obtain a Cartesian XYZ BAF, the Z axis was 
defined as the normal to (X, Y’) plane and finally the Y axis 
was defined as the normal to (Z, X) plane. 

 

Figure 2.  Passive movements used to calibrate the inertial system. 

 

In the third step of the calibration, the subject was asked to 
stand in an upright position. In order to get the three knee 
angles equal to zero for this position, the XYZ BAF of the 
thigh was defined collinear with the shank’s BAF while the 
subject was standing still. 

B. Reference measuring system 
The reference system consisted of both parts (thigh and 

shank) of the harness [17] combined with a magnetic tracking 
system (Liberty®, Polhemus, USA) (Fig. 3). The data were 
recorded with a sampling frequency of 240 Hz. The 3D knee 
angles were calculated based on the calibration method using 
the same JCS as described in Hagemeister and al [14]. 

 

Figure 3.  A Liberty® magnetic tracking system fixed on the harness. 

C. Experimental protocol 
Four healthy men (26 ± 2 years old) were included in this 

study. They were asked to walk two times on seven meters 
along a path at self selected speed. For the first trial, the inertial 
system was fixed on the harness whereas during the second 
trial, the thigh’s inertial unit was fixed directly on the skin by a 
silicone strap. Both systems were calibrated before each trial. 
The 3D knee angles obtained through the proposed inertial 
system were compared with those of the reference system for 
two different values. First, the gait cycles were delimited 
according to [18], and the mean range of motion (ROM) was 
calculated for each system based on all subjects in each trial. 
Secondly, the mean and standard deviation of the error between 
inertial and reference systems were calculated separately for 
each trial through all subjects by considering the continuous 
time 3D knee angles. 

III. RESULTS 
Fig. 4 displays the angular velocities of the shank and the 

associated BAF obtained during the functional calibration as 
shown in Fig.2 for a typical subject. Table I depicts the mean 
gait cycles ROMs. When the inertial unit was rigidly fixed on 
the harness the ROM in flexion were equal to respectively 51.5 
and 52.5 degrees. The adduction/abduction movement ranged 
from 10 to 10.5 degrees, and the internal/external rotation 
varied from 14 to 13 degrees. Table II shows the mean (µ) and 
standard deviation (SD) of the errors for the eight trials. Fig. 5 
illustrates the 3D knee angles for a typical walk (subject 3) 
while the inertial system was fixed on the harness (Fig.5a) and 
on the skin (Fig.5b). 



 

Figure 4.  A typical shank’s BAF dfined by passive movements of fig.2. The 
black lines correspond to the angular velocities (°/s) and the gray lines to the 

XYZ BAF associated axes. 

TABLE I.  MEAN ROMS 

Flexion/ 
extension 

Adduction/ 
abduction 

Internal/external 
rotation 

Inertial 
unit 

fixed on MEMS REF MEMS REF MEMS REF 

Harness 51.5 52.5 10 10.5 14 13 

Skin 48.8 49.3 10.3 11.5 12.8 12.3 

MEMS correspond to the inertial system and REF to the reference system. 

The ROMs are expressed in degree 

TABLE II.  3D KNEE ANGLES ERRORS 

Flexion/ 
extension 

Adduction/ 
abduction 

Internal/exter
nal rotation Subject 

µ SD µ SD µ SD 

1 15 1.8 1.8 2.1 1.7 2.0 

2 1.3 2.2 1.9 1.5 2.1 1.1 

3 3 1.5 2.1 2.5 1.2 1.3 

O
n 

th
e 

ha
rn

es
s 

4 6.2 1.3 11 2.1 2.3 2.3 

1 12 2.2 3.3 1.4 3.7 3.1 

2 3 1.8 1.0 1.3 4.2 1.7 

3 1.3 1.4 4.4 2.4 2.9 2.0 

O
n 

th
e 

sk
in

 

4 12 2.2 3.3 1.4 3.7 3.1 

µ and SD are expressed in degree 

IV. DISCUSSION 
The mean ROMs (Table I) obtained through the inertial 

system were very close to those of the reference system, with a 
maximum difference of 1°. For the ROMs, the results obtained 
with the inertial shank’s unit fixed on the harness or on the skin 
were very close. When comparing the ROMs of the first trial 
with the second, almost same amplitudes could be noticed for 
both systems. 

The mean errors obtained for 3D knee angles (Table II), 
varied between 1.7° and 15° for the inertial unit fixed on the 
harness and between 1.3° and 12° for skin attachment. The 
corresponding SD errors were between 1.1° and 2.5° and 
between 1.3° and 3.1°. These errors are attributed probably to 

different calibration methods used in both systems. The small 
SD errors reflect close definition of the axes representing the 
JCS. The systematic errors represented by (µ) were due to the 
different way of defining the zero values (i.e. the offset). 
Despite the agreement in ROM, the correlation between the 
two methods of attachment needs a higher number of subjects 
to be adequately assessed. 

 

 

 

Figure 5.  Characteristic 3D knee angles obtained through the inertial and 
reference system for flat level walks, a) when the inertial system was fixed on 
the harness and b) on the skin. The black lines correspond to reference system 

and the gray lines to the the inertial system. 

a)

b)



The comparison of these two systems should be extended to 
more subjects and include different activities. This will permit 
to characterize the influence of the method of attachment in 
future. The ambulatory system based on MEMs sensors used in 
this study in combination with the proposed calibration method 
provided a very easy-to-use tool to record and calculate the 3D 
knee joint angles. Moreover the proposed system can be used 
outside the laboratory, and allows long-time monitoring. 
Regarding the offset error obtained for some angles, more 
developments are needed, as currently no functional method is 
able to precisely define the neutral posture which corresponds 
to the zero-value. However, the absolute angles values are not 
always necessary for clinical routine evaluation since usually 
only the ranges of motion are used. Although in this study, the 
inertial system was applied to the knee joint, it can be used to 
investigate the 3D ROM of other complex joints such as ankle, 
hip or elbow.  

REFERENCES 
[1] J. Favre, F. Luthi, BM. J.olles, O. Siegrist, B. Najafi, K. Aminian, A 

new ambulatory system for comparative evaluation of the three-
dimensional knee kinematics, applied to anterior cruciate ligament 
injuries, Knee Surg. Sport Traumatol. Arthrosc., in press. 

[2] B. Najafi, K. Aminian, A. Paraschiv-Ionescu, F. loew, CJ. Bula, P. 
Robert, Ambulatory system for human motion analysis using a 
kinematic sensor: monitoring of daily physical activity in the ederly, 
IEEE trans. biomedical engineering, 50(6), pp. 711-723, 2003 

[3] A. Paraschiv-Ionescu, EE. Buchser, B. Rutschmann, B. Najafi, K. 
Aminian, Ambulatory system for the quantitative and qualitative 
analysis of gait and posture in chronic pain patients treated with spinal 
cord stimulation, Gait & posture, 20(2), pp. 113-125, 2004 

[4] HJ. Luinge, PH. Veltink, Measuring orientation of human body 
segments using miniature gyroscopes and accelerometers, Medical & 
bilogical engineering & computing, 43, pp. 273-282, 2005. 

[5] J. Favre, O. Siegrist, BM. Jolles, K.Aminian, Quaternion based fusion of 
gyroscopes and accelerometers to improve 3D angles measurement, 
unpublished. 

[6] ER. Bachman, Inertial and magnetic tracking of limb segment 
orientation for inserting humans in synthetic environements, Naval 
postgraduate school, Monterey, 2000. 

[7] R. Zhu, Z. Zhou, A real-time articulated human motion tracking using 
tri-axis inertial/magnetic sensors package, IEEE trans. neural sys. rehab. 
engin., 12(2), pp. 295-302, 2004. 

[8] ES. Grood, WJ. Suntay, A joint coordinate system for the clinical 
description of three-dimentional motions: application to the knee, Trans. 
ASME, 105, pp. 136-144. 1983 

[9] EYS Chao, Biomechanics of human gait, Frontiers of biomechanics, 
Springer, New York, 1986.  

[10] G. Wu, PR. Cavanagh, ISB recommendation for standardization in the 
reporting of kinematic dat, J. biomechanics, 28(10), pp. 1257-1261, 
1995. 

[11] A. Cappozzo, F. Catani, U. Della Croce, A. Leardini, Position and 
orientation in space of bones during movement: anatomical frame 
definition and determination, Clinical biomechanics, 10(4), pp. 171-178, 
1995. 

[12] S. Martelli, S. Zaffagnini, B. Falcioni, M. Motta, Determination of an 
optimal kinematic protocol for computer-assisted evaluation of anterior 
cruciate ligament deficiency, Annals of biomedical engineering, 29, pp. 
1112-1121, 2001. 

[13] F. Marin, H. Mannel, L. Claes, L. Dürselen, Correction of axis 
misalignement in the analysis of knee rotations, Human movement 
science, 22, pp. 285-296, 2003. 

[14] N. Hagemeister, G. Parent, M. Van de Putte, N. St-Onge, N. Duval, J. de 
Guise, A reproducible method for studing hree-dimensional knee 
kinematics, J. biomechanics, 38, pp. 1926-1931, 2005. 

[15] J. Fuller, LJ. Liu, MC. Murphy, RW. Mann, A comparison of lower-
extremity skeletal kinematics measured using skin- and pin-mounted 
markers, Human movement science, 16, pp219-242, 1997. 

[16] L. Chèze, BJ. Fregly, J. Dimnet, A solidification procedure to facilitate 
kinematic analyses based on video system data, J. biomechanics, 28(7), 
pp. 879-884, 1995. 

[17] S. Ganjikia, N. Duval, L. Yahia, J. de Guise, Three-dimensional knee 
analyzer validation by simple fluoroscopic study, Knee, 7, pp. 221-231, 
2000. 

[18] K. Aminian, B. Najafi, C. Bula, PF. Leyvraz, PH. Robert, Spatio-
temporal parameters of gait measured by an ambulatory system using 
miniature gyroscopes, J biomechanics, 35(5), pp. 689-699, 2002. 


