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a b s t r a c t

This paper describes a novel functional body-to-sensor calibration procedure for inertial
sensor-based gait analysis. The procedure is designed to be easily and autonomously per-
formable by the subject, without the need for precise sensor positioning, or the perfor-
mance of specific movements. The procedure consists in measuring the vertical axis
during two static positions, and is not affected by magnetic field distortion. The procedure
has been validated on ten healthy subjects using an optoelectronic system to measure the
actual body-to-sensor rotation matrices.

The effects of different sensor positions on each body segment, or different levels of sub-
ject inclination during the second static position of the procedure, resulted unnoticeable.
The procedure showed accuracy and repeatability values less than 4� for each angle except
for the ankle int–external rotation (9.7�, 7.2�). The results demonstrate the validity of the
procedure, since they are comparable with those reported for the most-adopted protocols
in gait analysis.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The recent technological advances in MEMS caused a
renewed interest in the use of Inertial Measurement Units
(IMUs) to perform effective biomechanical studies such as
fall detection, gesture recognition, and locomotion analysis
in healthy subjects and in patients with pathology [1–9].
IMUs are generally referred to as a combination of linear
accelerometers and gyroscopes – from a minimal setup
to measure 3D motion to redundant setups [10–12] – and
when the cluster also includes magnetometers, they are
referred as MIMUs. From the comparative examination of
IMU/MIMUs with optoelectronic systems (OSs), which are
considered the golden standard for human motion analy-
sis, it emerges that the IMU/MIMUs have the following
general advantages: they do not require a dedicated labo-
ratory, they permit a wider workspace, and they are low
cost devices [13]. Their main drawbacks are as follows.
Firstly, IMU/MIMUs are affected by intrinsic bias and inac-
curacy due to the drift related to the integration of gyro-
scope data; actually, this produces large inaccuracy in the
estimation of angular rotations and still greater effects in
the evaluation of linear velocities and displacements
[14,15]. Secondly, MIMUs are prone to disturbance effects
induced by the presence of ferromagnetic materials around
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the sensors [16–20]. Nevertheless, the main strength of
IMU/MIMUs is represented by data fusion algorithms,
designed to reduce these errors under values acceptable
for human motion analysis. So far several algorithms have
been proposed [15,19,21–24].

An additional issue related to IMU/MIMU-based sys-
tems in the study of human motion is the alignment of sen-
sor axes with anatomical ones. In fact, due to their
inaccessibility, the problem is solved performing a calibra-
tion procedure for the assessment of the relative rotation
between sensor and body segment frames. Picerno et al.
[25] proposed an ad hoc tool instrumented with a MIMU,
nominally identical to the sensors placed on the subject,
for the evaluation of the body-to-sensor rotation matrices
for the lower limb. The tool was designed to touch some
anatomical landmarks, while the sensor placed on the tool
measured the orientation of the vector connecting the
landmarks expressed in its reference frame. This interme-
diate step led to the computation of each body-to-sensor
matrix, under the assumption that both the pointer MIMU
and the one placed on the body segment had the same ref-
erence frame.

From a survey of the literature, it emerges that most of
the calibration procedures proposed were based on a func-
tional approach for the kinematic evaluation of upper
[26,27] and lower limbs [28,29]. In the functional
approach, the estimation of anatomical axes is carried-
out measuring the components of the gravity acceleration
vector in predefined segment orientations, and/or the
components of the angular velocity vector between two
consecutive body segments during joint rotations, often
performed with the help of an operator. The mentioned
vectors measured in the sensor frame were assumed to
be parallel to the anatomical axes during static positions
or movements. Focusing on lower limb analysis, O’Dono-
van et al. [28] defined a two-phase functional calibration
procedure. Anatomical axes, for ankle kinematics evalua-
tion, were estimated in the sensor frame during two body
segment rotations: the first around the longitudinal axis of
tibia and the second around the knee flexion axis. How-
ever, accurately performing a whole-body rotation while
maintaining the longitudinal axis of tibia parallel to the
vertical axis may be difficult, especially for patients. In
order to perform the knee kinematics evaluation, in fact,
Favre et al. [29] let an examiner move the shank of the sub-
ject during the calibration procedure to estimate anatomi-
cal axes of tibia in the corresponding sensor frame. Cutti
et al. [30,31], introduced the ‘‘Outwalk’’ protocol for MIMU
sensors placement and a functional calibration procedure,
in order to make fast and comfortable the use of MIMUs
for joint kinematics evaluation. The protocol is the most
complete in terms of segments involved and procedure
description, as well as the easiest to perform. It provides
indications for MIMU positioning and anatomical frame
definition of 7 segments modeled lower limb plus thorax,
during standing position, and a knee flexion movement
to compute the mean knee flexion–extension axis. How-
ever, the protocol requires a precise positioning for some
sensors, positioned at the pelvis, thorax or shank. The
effects of mounting the sensors with a slightly different
orientation or position may cause a further degradation
of experimental data with an increase of standard devia-
tion both in retesting the same subject and in examining
different individuals.

The previously mentioned calibration procedures
require: (i) the presence of an expert operator to help the
subject in performing specific movements or to mount MI-
MUs in well-defined positions; or, finally, (ii) to handle
additional tools. These requirements actually restrict the
use of IMU/MIMU in day-to-day life. Instead, the indepen-
dent use of the procedure by the subject represents a
relevant feature in the context of motion analysis sessions
conducted outside of a clinical environment and
during daily activity as also reported by previous studies
[32–34]. In addition, most of the proposed calibration pro-
cedures described above allow the computation of the cal-
ibration matrix of a sensor by means of data provided by
one or more sensors placed on other body segments.
According to Picerno et al. [35], due to local magnetic field
distortions, sensor data may be referred not to the same
ground frame, compromising the reliability of joint
kinematics. Thus, calibration procedures that allow the
computation of the body-to-sensor rotation matrix for
each sensor independently should be preferred.

It is also worth noting that none of the proposed proce-
dures used the anatomical frame definition introduced by
Wu et al. [36], generally accepted as a standard in biome-
chanics. Actually, the assessment of the orientation of axes
defined in their work is not feasible with a functional pro-
cedure. This represents a relevant limitation in comparing
results of motion analyses conducted via IMU/MIMU and
OS.

Taking into account the previously mentioned findings,
the aim of the present work is the proposal of a novel two-
phase functional calibration procedure for lower-limb
kinematics evaluation, designed to obtain the body-to-sen-
sor alignment independently for each sensor and without
requiring a skilled experimenter. Then, we intend to eval-
uate the accuracy and the repeatability of the proposed
calibration procedure performed with a commercially
available MIMU system relative to the calibration obtained
using an OS. In particular, we plan to investigate whether
the effects of the calibration repeatability on the measure-
ment of hip, knee and ankle angles during gait were
acceptable by gait analysis practices. Additionally, we
intend to evaluate the difference between the joint kine-
matics obtained with the anatomical axes definition intro-
duced for the calibration, and the one obtained with the
standard Joint Coordinate System (JCS) definition proposed
by Wu et al. [36] and adopted by International Society of
Biomechanics (ISB).

2. Matherial and methods

2.1. Lower-limb joint kinematics

The estimation of joint angles consists in the evaluation
of joint rotations between two body segments and, there-
fore, in the calculation of joint rotation matrices. The rota-
tion matrix bi Rbj

between two coordinate systems (CSbi
and

CSbj
) relative to the body frames bi and bj can be computed

as follows:
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bi Rbj
¼ ðgRbi

ÞT gRbj
ð1Þ

where the CSg is the ground fixed coordinate system. Intro-
ducing the coordinate systems CSsi

, associated to the i-th
sensor, we obtain:
gRbi
¼ gRsi

si Rbi
ð2Þ

where gRsi
represents the output of the i-th inertial sensor

placed on the i-th body segment and si Rbi
is the related

body-to-sensor rotation matrix. The rotation matrix of
the joint between i-th and j-th body segment is, therefore,
equal to:

bi Rbj
¼ ðgRsi

si Rbi
ÞT gRsj

sj Rbj
ð3Þ

The si Rbi
matrix depends on the biomechanical conven-

tion chosen to define the CSbi
. In our work, CSbi

is defined,
while the subject is in standing position, as following: zbi

axis coincident with the vertical one zg and the plane yzbi

parallel to the sagittal plane with ybi
pointing forward. This

coordinate system is not an anatomical frame, as the one
defined by ISB recommendations, but a technical frame
also referred to in the following as TF. TF can be evaluated
by means of both MIMUs (TF_MIMU) and an optoelectronic
system (TF_OS), which represents the reference technical
frame.

2.2. Evaluation of TF_MIMU – functional calibration
procedure

The TF_MIMU can be evaluated by means of a func-
tional calibration procedure (FC) that consists in the gath-
ering of the sensor outputs for five seconds with the
subject keeping still during two consecutive phases
(Fig. 1). Phase A, addressed as FC(A), is conducted while
the subject is in a standing upright posture. Phase B,
addressed as FC(B), can be carried out while the subject
is in a sitting position with the trunk backwards inclined
and the legs stretched, addressed as FC(B)-C, or alterna-
tively, while the subject is lying on a table, addressed as
FC(B)-T. We proposed the two alternatives for phase B to
permit the FC conduction for patients with different
pathology severity. We also hypothesize that irrelevant
differences in the body-to-sensor rotation estimation are
obtained by the combination of FC(A) & FC(B)-C or FC(A)
& FC(B)-T. The subject was asked only to maintain the sag-
ittal planes of each body segment parallel between FC(A)
and FC(B), avoiding rotations of body segments in frontal
and transverse planes. In order to make the procedure easy
to be performed by the subject autonomously, we decided
to avoid the use of additional tools and/or procedures
devoted to limit rotations of body segments in frontal
and transverse planes, despite it represents a possible
source of uncertainty in the evaluation of body-to-sensor
rotation matrices. Thus, one of the aims of this study is
the evaluation of accuracy and repeatability of the procedure,
including also the above mentioned source of uncertainty.

In FC(A) the z-axis si zMIMU
bi

of i-th body frame is defined
parallel to the vertical axis zg , which is coincident to zgi

measured by the MIMU sensor in the local frame:

si zMIMU
bi

¼ si zMIMUA
gi

ð4Þ
In FC(B), the sagittal plane (yz-plane) is defined parallel
to si zMIMU

bi
and zgi

, with ybi
pointing forward, which is again

measured by the MIMU sensor locally:

si xMIMU
bi

¼
si zMIMU

bi
� si zMIMUB

gi

si zMIMU
bi

� si zMIMUB
gi

���
���
; si yMIMU

bi
¼ si zMIMU

bi
� si xMIMU

bi

ð5Þ

Finally, the rotation matrix si RMIMU
bi

is obtained grouping
the three unit vectors:

si RMIMU
bi

¼ si xMIMU
bi

si yMIMU
bi

si zMIMU
bi

h i
ð6Þ

We point out that the FC permits calculating si RMIMU
bi

using si zMIMUA
gi

and si zMIMUB
gi

, which are computed only by
means of the accelerometer signals and not by the magne-
tometer sensor. The procedure is, therefore, inherently
unaffected by soft-iron and hard-iron disturbances. More-
over, it is worth noting that, during FC(B), a precise inclina-
tion angle in the sagittal plane is not required for each
body segment.
2.3. Evaluation of TF_OS

si ROS
bi

represents the actual relative body-to-sensor ma-
trix measured by means of OS and related to the technical
frame. It can be evaluated as:

si ROS
bi
¼ ðgROS

si
ÞT gROS

bi
ð7Þ

where gROS
si

represents the rotation matrix between each
sensor and the ground reference frame. It can be evaluated
by positioning at least three markers on each MIMU. More-
over, gROS

bi
represents the rotation matrix between each

body segment and the ground reference frame and is
defined by the gzOS

bi
axis coincident with the vertical one:

gzOS
bi
¼ ½0 0 1 �0

For pelvis, thigh and shank, plane xzbi
is defined parallel

to the frontal plane:

gyOS
bi
¼

gzOS
bi
� gpOS

bi

gzOS
bi
� gpOS

bi

���
���
; gxOS

bi
¼ gyOS

bi
� gzOS

bi
ð9Þ

where gpOS
bi

represents the generic vector connecting two
anatomical landmarks as described in Table 1.

For the foot, plane yzbi
is defined parallel to the sagittal

plane:

gxOS
bi
¼

gpOS
bi
� gzOS

bi

gpOS
bi
� gzOS

bi

���
���
; gyOS

bi
¼ gzOS

bi
� gxOS

bi
ð10Þ

Finally, for each body segment, the rotation matrix gROS
bi

is obtained grouping the three unit vectors:

gROS
bi
¼ ½ gxOS

bi

gyOS
bi

gzOS
bi
� ð11Þ

TF_OS is evaluated when the subject is in standing posi-
tion which, therefore, is coincident with FC(A) of TF_MIMU.



Fig. 1. Functional calibration procedure, FC. Vertical axis gathered in: (a) standing upright posture, FC(A); (b) sitting position with the trunk backwards
inclined and the legs stretched, FC(B)-C; and (c) lying on a table, FC(B)-T.

Table 1
Vector g pOS

bi
definition basing on anatomical landmarks.

Body
segment

Vector gpOS
bi

Origin End point

Pelvis Left anterior superior iliac
spine (LASI)

Right anterior superior
iliac spine (RASI)

Thigh Estimated knee joint
center (R/LFEO)

Lateral epicondyle of the
knee (R/LKNEE)

Shank Estimated knee joint
center (R/LTIO)

Lateral malleolus (R/LTIB)

Foot Calcaneous (R/LHEE) Second metatarsal head
(R/LTOE)
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2.4. Experimental set-up

Ten healthy subjects (mean age 25 ± 2 years) were
enrolled in the study. All volunteers gave informed consent
for participation in the experiment. Each subject was instru-
mented with 7 MIMUs (MTws Xsens Technologies,
Enschede, The Netherlands), placed on pelvis and thigh,
shank and foot of both sides by means of click-in body
straps. The sampling rate was set at 60 Hz. Before the exper-
imental sessions, the MTws were warmed-up for 20 min
and then they were aligned outdoors, at least 3 m away from
metallic objects, and their heading output was reset.



Fig. 2. MIMU positions in: (a) MP-1, and (b) MP-2.
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An 8-camera VICON system (MX camera-workstation,
Oxford Metrics Group, UK) was used as OS. The sampling
rate was set at 200 Hz. Static and dynamic calibration tests,
performed in accordance with the manufacturer’s indica-
tions, showed that the overall RMSE of marker coordinates
in three-dimensional space was about 1 mm. Each subject
was instrumented with sixteen reflective markers accord-
ing to the Lower Limb PiG protocol, allowing the computa-
tion of anatomical coordinate frames of each body segment
[37]. Moreover, three reflective markers were placed on
each MIMU in order to acquire its absolute orientation by
means of OS. The OS acquired the position of each marker
when the subject was in standing position in order to mea-
sure TF_OS and the anatomical frame JCS [36]. Finally, the
gait kinematics was acquired only by means of MIMUs,
because the accuracy of inertial sensors in respect to OS
in the evaluation of joint angles is not a subject of this
work.

2.5. Experimental procedure

Subjects performed two experimental sessions which
differed in the position of MIMUs (MP) on each body seg-
ment (we referred to these conditions as MP-1 and MP-2,
see Fig. 2) in order to verify whether the FC procedure is
affected by a different position/orientation of inertial
sensors. During each experimental session, subjects per-
formed the functional calibration procedure in two differ-
ent ways, changing the inclination of the body in the
sagittal plane during phase (B): FC(A) & FC(B)-C and
FC(A) & FC(B)-T. The purpose of the two subject positions
is to evaluate, as previously mentioned, whether the
FC(B) can be conducted without paying attention on the
inclination angles of each body segment in the sagittal
plane. In order to evaluate the repeatability of TF_MIMU,
the whole FC procedure – FC(A), FC(B)-C and FC(B)-T –
was repeated three times. The reference technical frame
TF_OS and the anatomical frame ISB were evaluated basing
on position of reflective markers acquired during the first
repetition of FC(A). Finally, the subjects performed 4 gait
analysis trials in order to collect kinematic data from MI-
MUs in 20 strides. The experimental session is divided into
two subsections which differ in sensor position (MP-1 and
MP-2). The time sequence of the overall procedure is
reported below:

1. Sensor position MP-1 (Fig. 2(a)):
1.a. MIMUs were positioned on the subject in MP-1

configuration.
1.b. Subject performed three repetitions of FC(B)-C and

three repetitions of FC(B)-T; during each repetition
output of the MIMUs was acquired for five seconds.

1.c. Reflective markers were placed on subject and on
MIMUs.

1.d. Subject performed three repetitions of FC(A) (five
seconds each); OS captured marker positions only
during the first repetition.

1.e. Subject performed walking trials, acquired only by
means of MIMUs.

2. Sensor position MP-2 (Fig. 2(b)):
2.a. MIMUs were shifted to MP-2 position, without

removing markers.



Fig. 3. Scheme of the data processing procedure. O-ISB and O-TFos contains 2 curves per joint angle, deriving from trials conducted in MP-1 and MP-2
condition. O-TFMIMU, instead contains 12 curves per joint angle (3 repetitions for both FC(B)-C and FC(B)-T).
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2.b. Subject performed three repetitions of FC(A) (five
seconds each); OS captured marker positions only
during the first repetition.

2.c. Subject performed walking trials, acquired only by
means of MIMUs.

2.d. Reflective markers were removed.
2.e. Subject performed three repetitions of FC(B)-C and

three of FC(B)-T (five seconds each).

As observable, the time sequence after sensor shifting in
MP-2 position is composed by the same activities per-
formed in MP-1 condition, but in a different order. This
choice has been made only to avoid the repetition of mar-
ker positioning procedure, which could be affected by
measurement repeatability. In post processing phase the
processing order of computations described in section for
FC procedure has been restored.
2.6. Data processing

Fig. 3 represents a scheme of the data processing proce-
dure. As reported in (2), the time varying rotation matrix of
each body segment gRbi

was obtained knowing matrix gRsi

during walking trials, and the body-to-sensor matrix si Rbi
.

Three different si Rbi
were performed to validate the FC pro-

cedure. In particular, si RMIMU
bi

and si ROS
bi

, which represent the
body-to-sensor matrices related to the technical frame,
were evaluated by means of the MIMU and OS output fol-
lowing the methodology proposed in Sections 2.2 and 2.3.
Moreover, si RISB

bi
, which represents the body-to-sensor rota-

tion matrix related to the standard anatomical frame and
obtained following the ISB recommendations [36], was
also calculated by means of the OS while the subject was
in FC(A). Since the accuracy of inertial sensors is not a topic
of this work, we used the same motion tracking data
obtained from MIMUs to obtain gRsi

. Subsequently, three
joint rotation matrices bj Rbi

were evaluated for each couple
of consecutive body segments: bj RMIMU

bi
, bj ROS

bi
and bj RJCS

bi
.

Therefore, from these joint rotation matrices, the angle
curves of each joint related to TF and ISB were obtained
in 20 strides and the curves from the different strides have
been appended to each other. Finally, we obtained three
output sets referred to as O-TFMIMU, O-TFOS and O-ISB. In
particular, for each subject O-TFMIMU includes twelve
curves for each joint angle: 3 repetitions x 2 subject posi-
tions (i.e., FC(B)-T and FC(B)-C) � 2 MIMU positions (i.e.,
MP-1 and MP-2). Both O-TFOS and O-ISB, instead, include
two curves for each joint angle: one for each MIMU posi-
tion (i.e., MP-1 and MP-2).

Joint angular curves from O-TFMIMU, O-TFOS and O-ISB
have been combined to obtain three main curve similarity
indicators: mean absolute variability (MAV), waveform
distortion (WD), and the Pearson correlation coefficient (r).

MAV indicator is defined as [31]:

MAV ¼
PT

t¼0jMðtÞ �mðtÞj
T

ð12Þ

where M(t) and m(t) are respectively:

MðtÞ ¼maxðyðtÞi; yðtÞREFÞ
mðtÞ ¼minðyðtÞi; yðtÞREFÞ

ð13Þ

y(t)i represents the i-th angle curve reported in O-TFMIMU;
y(t)REF represents the i-th reference curve reported in
O-TFOS or O-ISB depending on each experimental test that
will be described in the following section; T is the total
number of frames.

In particular the MAV can be interpreted as an index of
the overall uncertainty of the FC procedure. Thus, we re-
ferred to mean and standard deviation MAV values as accu-
racy and repeatability respectively. WD indicator, which
represents the intensity of distortion between the i-th angle
curve y(t)i and the reference curve y(t)REF, is defined as:

WD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPT
t¼0 eðtÞi � eðtÞi
� �2

T

vuut
ð14Þ

where:

eðtÞi ¼ yðtÞi � yðtÞREF ð15Þ

The Pearson coefficient r is evaluated between each y(t)i

and y(t)REF. The values of r were interpreted as follows [31]:

� 0.65–0.75: moderate correlation;
� 0.75–0.85: good correlation;



E. Palermo et al. / Measurement 52 (2014) 145–155 151
� 0.85–0.95: very good correlation;
� 0.95–1 excellent correlation.

Finally, the joint angle curves considered were the three
hip rotations – flex-extension (HFE), ad-abduction (HAA)
and int–external rotation (HIE) – the three ankle rotations
– dorsi-plantar flexion (ADP), inv-eversion (AIV) and int–
external rotation (AIE) – and the knee flexion/extension
(KFE), since the knee varus-valgus and internal-external
rotation are not considered in the clinical routine due to
their low accuracy [38].
2.7. Data analysis

In order to evaluate the repeatability and the accuracy
of the FC, we decided to perform three analysis tests,
reported below.
2.7.1. Test 1 – influence of MP and subject position in FC(B)
The three above-mentioned indicators were computed

between each curve in O-TFMIMU and the corresponding
one in O-TFOS. Mean and standard deviation of MAV and
WD for MP-1 and MP-2 and for FC(B)-T and FC(B)-C were
computed. Then, two-way ANOVA tests were performed
to assess whether the FC proposed can be considered
independent from subject position in FC(B), that is
FC(B)-C and FC(B)-T, and/or MIMU position, that is MP-1
and MP-2.
2.7.2. Test 2 – evaluation of the accuracy and repeatability of
FC in respect to a non-anatomical frame (O-TFMIMU vs. O-TFOS)

Mean and standard deviation values of MAV and WD
were computed between O-TFMIMU and O-TFOS in order to
assess the accuracy and precision of the FC. Moreover,
the MAV values were compared to the corresponding val-
ues reported by Ferrari et al. [39], obtained performing gait
analysis trials with five different OS protocols. Minimum
values of r have been evaluated to assess the correlation
between O-TFMIMU and O-TFOS curves.
2.7.3. Test 3 – evaluation of the accuracy and repeatability of
FC in respect to the standard anatomical frame ISB (O-TFMIMU

vs. O-ISB)
Similarly to Test 2, the same values were computed

between O-TFMIMU and O-ISB in order to assess the
influence of a non-anatomical frame definition in the joint
angle evaluation.
3. Results and discussion

Fig. 4 shows means (blue lines) and standard deviation
areas (pink stripes) of joint angular curves related to a
stride for one subject, taking into account each body-
to-segment rotation matrix determined with the FC
procedure. In Fig. 4 are also depicted the corresponding
joint angular curves measured with OS and expressed both
in the technical frame TF_OS (black dashed lines) and in
the anatomical one JCS (black solid lines).
3.1. Test 1 – influence of MP and subject position in FC(B)

Table 2 reports means and standard deviations for MAV
calculated between O-TFMIMU and O-TFOS as a function of
subject position and sensor position in FC(B). Differences
in sensor position conditions were significant only for KFE

and AIV of the left side (p < 0.01) and for AIV and AIE of the
right side (p < 0.01). The MAV index, instead, was signifi-
cantly different in subject position only for AIE on the right
side (p = 0.03). These differences can be ascribed to an inac-
curate orientation of the foot during FC(B). In fact, the feasi-
bility of the FC procedure is based on the hypothesis that the
sagittal plane of each body segment is coincident during the
two phases of FC. Keeping the sagittal planes of body seg-
ments in FC(B)-C or in FC(B)-T parallel to the same planes
when the subject is in FC(A), is more difficult for the foot
than for other body segments, due to its higher mobility. Ex-
cept for AIE in both sides, the reported MAV were always <5�
and the MAV differences between MP-1 and MP-2 were
never >2.4� and between FC(B)-T and FC(B)-C were never
>1.1�. Despite variance analysis results, such low difference
values imply that different sensor and/or subject positions
are de facto non influential on the estimation of joint kine-
matics during gait.

In Table 3 mean and standard deviation values of WD
obtained comparing O-TFMIMU and O-TFOS as a function of
subject position and sensor position in FC(B) are reported.
The WD index was significantly different in sensor position
conditions for KFE and ADP on the left side (p < 0.01) and for
ADP and AIV on the right side (p < 0.01). Differences in sub-
ject position were significant for ADP and AIV on the left
side (p < 0.01). WD differences between MP-1 and MP-2
and between FC(B)-T and FC(B)-C were never higher than
0.5�. Such small values, in respect to the above reported
MAV values, suggest that the sensor position and the sub-
ject position during FC(B) determine offsets between com-
pared joint angles with negligible waveform distortions. In
fact, contrary to MAV, WD has been defined to be not af-
fected by offset between curves. Moreover, WD values for
AIE are not higher than the ones obtained for the other
angles. This implies that a small misalignment between
frontal planes of foot in FC(A) and FC(B) does not deter-
mine an important distortion of ankle angles during gait.

The analysis of the influence of different sensor posi-
tions and/or different subject positions in FC demonstrated
that the calibration procedure here proposed can be con-
sidered robust in respect to the variability in sensor posi-
tioning, and in the subject position assumed in FC(B).
Regardless, the highest differences among conditions were
observable for ankle angles, demonstrating that the posi-
tion of the foot during FC(B) represents the most delicate
part of the FC procedure. This implies that subjects have
to pay attention to avoid rotations of feet in frontal or
transverse planes when they are performing the second
phase of the FC procedure.

3.2. Test 2 – validation of FC in respect to a non-anatomical
frame (O-TFMIMU vs. O-TFOS)

Fig. 5 shows means and standard deviations of MAV
(light gray bar) obtained comparing O-TFMIMU and O-TFOS,



Fig. 4. Example of joint angular kinematics on one stride obtained from the three different output sets for subject 1 in MP-1 condition (right side). Six
curves obtained from O-TFMIMU are summarized by blue curve (mean) and pink stripe (±std). Black dashed curve was obtained from O-TFOS, and black solid
from O-ISB. Knee angles in frontal and transverse plane are grayed since they are not generally considered in clinical gait analysis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Mean (std) of mean absolute variability (MAV) values obtained in Test 1 reported in the different subject and sensor positions. Conditions statistically
significant are marked.

Joint angle Mean (std) MAV (�)

Left side Right side

FC(B)-T FC(B)-C FC(B)-T FC(B)-C

MP-1 MP-2 MP-1 MP-2 MP-1 MP-2 MP-1 MP-2

HFE 2,9 (2,4) 2,3 (1,9) 2,9 (2,4) 2,3 (1,9) 3,0 (2,9) 3,3 (3,1) 3,1 (2,9) 3,2 (3,1)
HAA 2,0 (1,8) 2,6 (2,0) 1,9 (1,6) 2,8 (2,0) 1,9 (1,2) 2,8 (2,0) 2,2 (1,3) 2,7 (1,8)
HIE 3,9 (2,7) 2,5 (2,6) 2,8 (1,8) 2,3 (1,8) 3,3 (3,2) 3,0 (2,0) 3,1 (2,2) 3,7 (1,9)
KFE 3.7 (2,4)* 1,3 (1,3)* 3,6 (2,4)* 1,3 (1,4)* 3,0 (2,7) 2,1 (1,7) 3,0 (2,7) 2,2 (1,7)
ADP 3,1 (3,4) 2,3 (1,4) 3,2 (3,3) 2,1 (1,2) 3,4 (4,6) 1,7 (1,2) 2,6 (1,8) 1,7 (1,4)
AIV 4,4 (2,9)* 2,2 (1,9)* 4,5 (2,7)* 2,5 (1,8)* 2,5 (2,0)* 3,9 (2,9)* 2,1 (1,5)* 4,0 (2,8)*

AIE 11,5 (8,1) 9,7 (7,1) 8,9 (6,6) 8,2 (7,0) 10,2 (4,6)*,� 6,5 (3,2)*,� 9,5 (4,5)*,� 4,7 (3,8)*,�

* Sensor position significant.
� Subject position significant.

152 E. Palermo et al. / Measurement 52 (2014) 145–155
averaging data among all the conditions in order to take
into account the inter-subject variability of the FC(B) pro-
cedure, i.e. FC(B)-T and FC(B)-C, and the MIMU position
(MP-1 and MP-2). Striped bars instead represent, for each
angle, the reference values of MAV obtained with OS taking
into account the inter-variability of five different protocols
typically adopted in gait analysis [39]. It is observable that
the MAV value for each rotation comparing O-TFMIMU and
O-TFOS is always lower than the reference ones. Thus, it
is possible to state that uncertainty associated with the



Table 3
Mean (std) of waveform distortion (WD) values obtained in Test 1, reported in the different subject and sensor positions. Conditions statistically significant are
marked.

Joint angle Mean (std) WD (�)

Left side Right side

FC(B)-T FC(B)-C FC(B)-T FC(B)-C

MP-1 MP-2 MP-1 MP-2 MP-1 MP-2 MP-1 MP-2

HFE 0,3 (0,3) 0,3 (0,2) 0,3 (0,2) 0,3 (0,2) 0,2 (0,1) 0,2 (0,1) 0,2 (0,2) 0,3 (0,1)
HAA 0,6 (0,5) 0,7 (0,3) 0,6 (0,4) 0,7 (0,3) 0,6 (0,4) 0,7 (0,3) 0,6 (0,4) 0,6 (0,4)
HIE 0,4 (0,2) 0,3 (0,2) 0,4 (0,1) 0,4 (0,2) 0,3 (0,2) 0,3 (0,2) 0,4 (0,2) 0,4 (0,2)
KFE 0,4 (0,3)* 0,2 (0,1)* 0,3 (0,3)* 0,2 (0,1)* 0,2 (0,1) 0,5 (0,3) 0,2 (0,1) 0,5 (0,3)
ADP 0,7 (0,4)*,� 0,3 (0,1)*,� 1,0 (0,5)*,� 0,7 (0,3)*,� 0,7 (0,3)* 0,3 (0,1)* 0,7 (0,3)* 0,3 (0,2)*

AIV 0,8 (0,7)� 0,6 (0,2)� 1,3 (0,6)� 0,9 (0,5)� 0,9 (0,8)* 0,5 (0,3)* 0,8 (0,4)* 0,5 (0,3)*

AIE 0,4 (0,2) 0,3 (0,2) 0,4 (0,1) 0,4 (0,2) 0,3 (0,2) 0,3 (0,2) 0,4 (0,2) 0,4 (0,2)

* Sensor position significant.
� Subject position significant.

Fig. 5. Mean absolute variability (MAV) mean values (with ± std error bar) computed in Test 2 (O-TFMIMU vs. O-TFOS) and Test 3 (O-TFMIMU vs. O-ISB) for
each joint angle. Reference value bars have been obtained from [39].

E. Palermo et al. / Measurement 52 (2014) 145–155 153
proposed calibration procedure can be considered compa-
rable with the repeatability usually accepted in OS-based
gait analysis, and due to the use of different protocols.
The procedure showed accuracy and repeatability values
less than 4� for each angle except for the ankle int–external
rotation. In particular, the smallest value of accuracy
(mean MAV) was observable for left HAA (2.3�); the highest
value for left AIE (9.7�). The lowest value of repeatability
(MAV std) was obtained for right HAA (1.6�), the highest
one for left AIE (7.2�). These results confirm that a low accu-
racy of the FC procedure is due to the wrong orientation of
the feet during FC(B).

Table 4 reports mean and standard deviation values of
WD, expressed also as a percentage of the specific angle
ROM. It is possible to observe that waveform distortions
are never higher than 1� for each angle. The maximum
value was obtained for left AIV (4.1%), minimum values
for left KFE and right HFE (0.5%). Left AIV presented also
the highest variability (2.7%). Lower values obtained for
WD, respect to MAV ones in Test 2, indicate that FC inaccu-
racy and unrepeatability are dominated by the offset be-
tween the reference curve obtained via OS and the FC
repetitions curves.

It is worthy to remind that O-TFMIMU was generated by
the outputs of FC repetitions and the walking trial data both
obtained via MIMU. Instead in O-TFOS we merged the body-
to-sensor calibration matrices obtained via OS, assumed as
a reference, and the same walking trial data-set acquired by
MIMU. Thus, the computed errors can be ascribed only to
the inherent differences between the calibration proce-
dures, and not to the worst metrological performances in
3D motion tracking of MIMU in respect to the OS.

Table 5 reports minimum values of the Pearson correla-
tion coefficient. In Test 2 the correlation coefficients are
between ‘‘very good’’ and ‘‘excellent’’. These results con-
firm that the estimation of technical frame orientation
with FC implies a small offset, without a noticeable distor-
tion of joint angle waveforms.



Table 4
Mean (std) waveform distortion (WD) values expressed in degrees and as a percentage of the specific joint angular RoM, obtained in Test 2 and Test 3.

Joint angle WD

Left Right

Test 2 Test 3 Test 2 Test 3

(�) (%) (�) (%) (�) (%) (�) (%)

HFE 0.3 (0.2) 0.8 (0.5) 0.4 (0.2) 1.1 (0.5) 0.2 (0.1) 0.5 (0.3) 0.4 (0.3) 1.1 (0.8)
HAA 0.6 (0.4) 3.5 (2.3) 0.9 (0.4) 5.3 (2.3) 0.6 (0.4) 3.5 (2.3) 0.8 (0.4) 4.7 (2.3)
HIE 0.4 (0.2) 2.5 (1.3) 0.6 (0.4) 3.8 (2.5) 0.4 (0.2) 2.5 (1.3) 0.8 (0.5) 5.1 (3.2)
KFE 0.3 (0.2) 0.5 (0.3) 0.6 (0.6) 0.9 (0.9) 0.4 (0.3) 0.6 (0.5) 0.6 (0.4) 0.9 (0.6)
ADP 0.7 (0.4) 2.1 (1.2) 1.3 (0.8) 3.9 (2.4) 0.6 (0.3) 1.8 (0.9) 0.8 (0.4) 2.4 (1.2)
AIV 0.9 (0.6) 4.1 (2.7) 1.9 (1.3) 8.6 (5.9) 0.7 (0.5) 3.2 (2.3) 1.1 (0.7) 5.0 (3.2)
AIE 0.3 (0.2) 1.2 (0.8) 0.6 (0.3) 2.3 (1.2) 0.6 (0.5) 2.3 (1.9) 0.8 (0.5) 3.1 (1.9)

Table 5
Minimum values of Pearson correlation coefficient obtained in Test 2 and
Test 3. Moderate correlation: r between 0.65 and 0.75; good correlation: r
between 0.75 and 0.85; very good correlation: r between 0.85 and 0.95;
excellent correlation: r between 0.95 and 1.

Minimum values of the Pearson correla�on 
coefficient (r) 

Joint angle Le�  Right 
Test 2 Test 3 Test 2 Test3 

HFE 0.951 0.950 0.989 0.978 
HAA 0.946 0.870 0.957 0.945 
HIE 0.968 0.963 0.896 0.945 
KFE 0.981 0.978 0.972 0.954 
ADP 0.922 0.841 0.921 0.894 
AIV 0.918 0.685 0.913 0.729 
AIE 0.968 0.963 0.896 0.945 

Moderate 
correla�on 

Good
correla�on

Very good 
correla�on 

Excellent 
correla�on
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3.3. Test 3 – validation of FC in respect to the standard
anatomical frame ISB (O-TFMIMU vs. O-ISB)

In Fig. 5 dark gray bars represent mean and standard
deviation of MAV values obtained comparing O-TFMIMU

and O-ISB, similarly to Test 2. Accuracy values obtained
with FC with respect to OS using JCS definition are always
lower than the reference ones (striped bars). The smallest
values were observable for KFE and AIV on the right side
(3.2�); the highest value has been reported for left AIE

(11.6�). Considering repeatability, the lowest value was
obtained for right KFE (1.8�), the highest one for left AIE

(9.7�). Accuracy and repeatability reported for Test 3 are
higher than in Test 2, which can be ascribed to inter-
subject variability. In fact, relative rotations between TF
and the standard JCS are subject-dependant. In the FC
procedure the z-axis direction for body segments is defined
as parallel to the vertical axis during the upright posture.
Each subject, anyway, has a particular posture in the up-
right standing, with a different inclination of anatomical
axes of each body segment with respect to the vertical axis.
This entails the presence of an offset between TF and JCS
defined by ISB, which is different for each subject. For this
reason, the variability of the MAV index is definitely higher
than the one evaluated in Test 2 (error bars in Fig. 5).

Mean and standard deviation values of WD, expressed
also as a percentage of the specific angle ROM for the Test
3 are reported in Table 4. Mean WD values are always low-
er than 2�, and they are slightly greater than the corre-
sponding ones in Test 2. The same trend is observable for
the standard deviation of WD. The maximum value was
obtained for left AIV (8.6%), the minimum value for KFE on
both sides (0.6%). Similarly to Test 2, left AIV also showed
the highest variability (5.9%), and left HFE the lowest
(0.5%). These results suggest that the offset is the main
component of uncertainty also with respect to standard
JCS definition.

Table 5 reports minimum values of correlation coeffi-
cients obtained in Test 3. Most of the angles presented a
high level of correlation (from good to excellent), with
unnoticeable differences in respect to Test 2. Instead,
decreases in r values are observable between Test 2 and
Test 3 for: left ADP (from very good to good); left AIV (from
very good to moderate); right HAA (from excellent to very
good); and, finally, right AIV (from very good to moderate).

That behaviour can be justified considering that a relevant
offset, occurred in the estimation of TF with respect to
standard JCS, affects the whole Cardan decomposition of
the movement, entailing angle curves dissimilarity.

Hence, it is important to underscore that the main lim-
itation of the here proposed calibration procedure resulted
in the ability of the subject to maintain the sagittal plane,
of each involved body segment, as parallel as possible dur-
ing the two phases of the FC procedure, especially for the
foot.
4. Conclusions

In this work we proposed a novel functional body-
to-sensor calibration procedure for MIMU-based gait
analysis. The procedure has been designed to be easy for
the subject to perform autonomously. In fact, the calibra-
tion protocol needs neither a precise sensor positioning,
nor the performance of specific and accurate movements.

The procedure produced robust results in respect to dif-
ferent sensor positions on the body, or different levels of
subject inclination during the second static position. Proce-
dure accuracy and repeatability have been found encour-
aging, both with respect to technical frame and the Joint
Coordinate System definition evaluated by means of an
optoelectronic system. In particular, the index for the
mean absolute variability (MAV) value produced lower
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results in both cases than the same index reported in the
literature for a comparison among the five most-adopted
protocols in OS-based gait analysis. The joint angle offset
proved to be the main component of the inaccuracy related
to the proposed functional procedure; waveform distor-
tions (WD), instead, resulted negligible. Inter-subject
repeatability increased in comparison to the standard JCS
definition proposed by ISB, due to the specific body seg-
ment inclination of each subject in the upright position.
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