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Abstract— In studies of human movement, inertial sensors
(accelerometers and gyroscopes) are gaining attention as a
promising alternative to laboratory-constrained video capture
systems. Kinematics of various body parts and joints can be
quantified by attaching inertial sensors at points of interest and
integrating the observed acceleration and angular velocity signals.
It is broadly accepted that this measurement procedure is significantly influenced by cumulative errors arising from sensor noise,
non-linearities, asymmetries, sensitivity variations and bias drifts.
In addition, it is also known that linear acceleration superimposed
to the gravity acceleration introduces errors when calculating tilt
angles. Recently, newer techniques using sensor fusion methods
have shown error reduction in orientation measurements, but
require additional hardware and consume more energy.
In this paper, we assess the accuracy of a low-power wireless
inertial system (ViMove) that measures Low Back (lumbar spine)
orientation in three dimensions. The system consists of two
inertial units (sensor), with each sensor containing one tri-axis
accelerometer and one single-axis gyroscope. We investigate the
accuracy of 1D, 2D and 3D simultaneous movements by means of
root mean square error (RMSE) computed in comparison with
NDI Optotrak, an optical tracking system. The RMSE achieved
for one dimensional movements in the Flexion, Lateral Flexion
and Twist planes were 1.0◦ , 0.5◦ and 2.4◦ respectively, and 2.1◦ ,
2.4◦ and 4.6◦ for three dimensional movements.

I. I NTRODUCTION
Low back pain (LBP) is a significant problem globally and
there are limited known effective treatment options available.
LBP is the most common musculoskeletal condition in primary
care [1] and results in considerable financial, workforce and
social costs [2]. It is well documented that movements and
postures are significant risk factors for the development of
LBP [3].
Existing management strategies attempt to optimize movement through therapist guided exercises and movement based
programs. However, accurately measuring and monitoring
movement in the clinical setting is difficult, whilst being virtually impossible in the home or work environment. A system
that provides objective and accurate measurement of back
movement both within and outside of the clinical setting, has
the innovative potential to guide movement patterns through
biofeedback and to ultimately reduce LBP.
Traditionally, observational methods using goniometers and
inclinometers [4] are employed in LBP management. These

techniques have been shown to have variable reliability [5]
and validity. Alternatively, optical tracking systems [6], show
strong reliability and sub-zero degree accuracy but are limited
to laboratory use.
Recent developments in micro-electrical-mechanical
(MEMS) magnetic and inertial sensors, such as
magnetometers, accelerometers and gyroscopes, have
led to significant interest in their use for tracking human
biomechanics [7]. Due to their small form factor, these
devices can be comfortably worn on body and thus allow
ambulatory monitoring of daily living activities outside the
clinical setting. A major challenge in the use of these devices
is to maintain measurement accuracy in the face of sensor
errors resulting from drift [8], non-linearities, electromagnetic
disturbances and cross-axis sensitivities.
Typical error reduction techniques, such as drift compensation [7], [9] and sensor fusion [10] methods, often demand the
use of multiple sensors and/or complex signal processing. In
the context of on-body ambulatory sensing for long durations,
the choice of error compensation techniques is limited by
battery power consumption. Any increase in the number of
sensors, sampling frequency or the complexity of the signal
processing method must have minimum impact on system
usability.
Three dimensional measurement of the human Low Back
refers to the curvature of lumbar spine in the sagittal, coronal
and transverse planes of movement. In addition to sensor errors, simultaneous multi-plane movements, for instance bending forward while tilting to the side, pose a further challenge
for 3D measurement systems. Coupled movements have been
shown to be a possible source of error [11]. In recent works,
there is limited consistency in validation methodology when
reporting errors in coupled movements [4], [12], [13], [14],
[15].
In this paper, we report on the design of a low-power
wireless inertial system (ViMove) consisting of two inertial
units, each comprising of one tri-axial accelerometer and one
single axis gyroscope. We introduce a novel gyroscope drift
compensation method based on patterns in human kinematics
and employ it in computing 3D orientation of Low Back.
In a thorough experimental protocol combining both single

Fig. 2. Three different planes {x, y, z} defined by the sensors placed on the
lower back and the global frame of reference {X, Y, Z}.
Fig. 1. Sensors are placed at the level of the L1 and S1 vertebrae of the
lumbar spine.

plane and coupled movements, we validate the accuracy of our
system in comparison with the ’gold standard’ NDI Optotrak
system.
The rest of this paper is arranged as follows: Section II
provides an overview of the proposed system and the hardware
used; Section III describes the sensor data processing methods
and outlines the Positional Algorithm; the experimental and
validation methodology is discussed in Section IV; Section
V and VI provide the experimental results and discussion
respectively, while the conclusions are summarized in Section
VII.
II. S YSTEM OVERVIEW
A. Hardware
The proposed ambulatory system consists of two measurement units and a base station. Each unit comprises one lowpower 3D accelerometer Bosch SMB380[16] with a SerialPeripheral Interface (SPI) digital output, Full Scale acceleration input of ±2g and 200µA of current consumption in typical
working conditions. In addition, a low noise 1D-gyroscope
Epson XV8100[17] with Full Scale angular speed of ±300◦/s
and 1.7mA of current consumption is also mounted in the
measurement units. The sensors were connected to a power
regulator to maintain input voltages at 3.3V . Each unit transmits acceleration and angular speed data at 20Hz through an
ANT chip, namely the nRF24AP1[18] to a base station. The
base station processes raw inertial data on-chip, feeding it
to the Positional Algorithm, through which the 3D angular
computation is undertaken. The numerical angular values
are displayed on a LCD screen for visualization purposes
and the data is stored on a 256M b external Flash memory.
Furthermore, data can be offloaded for further off-line analysis
on a PC.
B. Sensor Placement and Orientation
The natural convex curve of the lumbar spine is referred to
as the lumbar lordosis [19]. The two measurement units are
placed at the L1 and S1 vertebrae along the lumbar spine as
depicted in Figure 1. This method of placement has previously
been reported as a reliable landmark for lumbar spine [20]
and for measurements with inertial sensors [21].
The movement of the lower back is calculated by the
difference between the upper and lower sensor measurements
in three dimensions. In this paper, the sensor frame of reference ({x, y, z} in Figure 2) refers to the 3D frame that

moves through space with the sensors. Rotations about the
x-axis represent Flexion movements in the sagittal plane.
Rotations about the y- and z-axis represent Lateral Flexion
and Twist movements in the coronal and transverse planes
respectively. This is separate to the static global frame of
reference ({X, Y, Z} in Figure 2) where the Z-axis always
remains vertical.
III. S ENSOR DATA PROCESSING
A. Positional Algorithm
Figure I outlines the data flow scheme of the Positional
Algorithm. Accelerometer and gyroscope readings were lowpass filtered with a zero-phase Butterworth filter, order 2
and cut-off frequency fc =5Hz, as Low Back movements
were deemed to contain low frequency harmonics[13]. Subsequently, accelerations were normalized to reduce the effect
of translational movements [22] and improve the gravitational
signal component employed to compute the rotations[23].
Let i = {U pper, Lower} sensors, Ai ={axi , ayi , azi } be
the accelerations and ωzi the angular velocities with respect
the sensor frame of reference, and θi = {θxi , θyi , θzi } the
rotations about the x-,y- and z-axis, corresponding to Flexion,
Lateral Flexion and Twist. The data of the measurement units
is processed as:
I. Twist (θzi ) was calculated by the integration of the
angular velocity. This was defined as
∫t
θzi = 0 ωzi (t) dt
II. Raw accelerations were rotated as:
ARot1i = Rzi .Ai , where ARot1i and Ai represent the
rotated and raw accelerations, and the rotation matrix
Rzi is defined as

Rzi (−θzi ) = 

cos θzi
sin θzi
0

− sin θzi
cos θzi
0

0
0
1




III. Lateral Flexion (θyi ) was computed employing the
trigonometric function θyi = atan2(ax Rot1i , az Rot1i ).
IV. Rotated accelerations ARot1i were compensated as
ARot2i = Ryi . ARot1i , where ARot2i and ARot1i represent the secondly and initially rotated accelerations and
Ryi is defined as

Fig. 3. Positional Algorithm processes raw accelerometer and gyroscope data to compute Low Back 3D orientation; highlighted box outlines the mechanism
to reset the cumulative errors in Twist plane measurements.
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V. Flexion (θxi ) was computed employing the trigonometric
function θxi = atan2(ay Rot2i , az Rot2i )
Finally the Differential angles (Diff) that represent the
lumbar curvature were defined as θDif f = θU pper - θLower .
B. Dip angles
In this paper we also compute Dip angles[22] to compare
our proposed method. As the accelerometer is unable to
measure rotation about gravity[22][23], there is no Twist data.
Let βxi and βyi the Dip angles in the Flexion and Lateral
Flexion planes:
I. βxi = atan2(ayi , azi )
II. βyi = atan2(axi , azi )

IV. VALIDATION
A. NDI Optotrak System
NDI Optotrak System[6] was employed to validate the
sensor measurements. Four Optotrak markers were placed on
the surface of the upper and lower sensors as shown in Figure
4. The Optotrak frame for each sensor was constructed using
C-Motion’s Visual3D and the alignment was orthogonal and
parallel to the housing of the sensor package. The angular
difference between the two frames was computed using the
Euler sequence of rotation {z, y, x} [24]. The Optotrak derived
angles were low-pass filtered with a 2 order, zero-phase
Butterworth filter and cut-off frequency 5Hz.
B. Accuracy Assessment
The quality of the Positional Algorithm and Dip angles
was assessed by calculating the Root Mean Square Error
(RMSE) of the Optotrak system and the measurement units.
It is defined as:

C. Green Zone
The mechanism to reset the cumulative errors in the
Twist plane is called the Green Zone (GZ). It employs the
accelerometer raw signals, under the assumption that they
are drift-free and are able to detect a neutral and known
anatomical orientation of the lumbar spine given a set of
simple rules. This known position is detected when the upper
and lower sensors are aligned with the gravity vector in the
coronal plane during the transition of the subject from a
forward flexion pattern to a neutral position. The rules to
enter this area are defined in Figure I:
Rule 1 → |αi | < th, where i = {U pper, Lower} sensors,
th = 2.5◦ and α represents the lateral deviation calculated
from the x-axis accelerometer signal as αi = asin(axi );
◦
• Rule 2 → |αU pper | − |αLower | < 2.5 ;
• Rule 3 → |ayU pper | < 0.75|g|, where ayU pper represents
the y-axis accelerometer signal from the upper sensor and
g is the gravity magnitude;
If all rules hold true, the rotation in Twist plane is reset.
•

Fig. 4. One subject wearing the measurement units on the lumbar spine with
four Optotrak markers on each sensor.

TABLE I
RMS E RRORS ( ◦ ) IN THREE DIFFERENT SENSOR DATA PROCESSING
TECHNIQUES FOR S UBJECTS 1 (S1) AND 2 (S2)

Errors
Flexion

S1

Lat.Flexion

Twist

Flexion

S2

Lat.Flexion

Twist

No GZ
Dip Angle
Positional Algorithm
No GZ
Dip Angle
Positional Algorithm
No GZ
Dip Angle
Positional Algorithm
No GZ
Dip Angle
Positional Algorithm
No GZ
Dip Angle
Positional Algorithm
No GZ
Dip Angle
Positional Algorithm

√
RM SE(θsensor , θOp ) =

1D
2.7
1.2
1.0
7.6
2.3
1.5
18.3
–
2.8
29.5
1.4
1.0
21.7
0.7
0.5
11.6
–
2.4

∑N

Movement
2D
3D
29.4 5.4
3.1
2.4
2.7
2.1
33.5 13.6
4.2
2.3
3.1
2.5
60.2 27.1
–
–
6.4
6.3
28.7 47.5
1.8
3.0
2.0
3.3
27.4 35.3
4.2
2.0
3.3
2.4
24.1 25.7
–
–
5.1
4.6

i=1 (θsensor (i)

− θOp (i))2

N

(1)
where θSensor and θOp represent the sensor and Optotrak
angles and N the number of comparison samples.
C. Experimental Methodology
Experiments were performed in the Biomechanics Laboratory of Victoria University, Melbourne, Australia and sensor
data was collected from 2 subjects with no recorded Low Back
movement impairments. Both subjects gave verbal consent.
Each subject was instructed to stand still for 10 seconds before
each data set collection, in order to determine the offset signals
measured by the two systems. The experiment consisted of
each subject performing a protocol of 53 movements, divided
into single plane (1D) and coupled movements (2D, 3D). In the
Appendix, Table III depicts the protocol with movements in
Flexion (F) and Extension (E), so as Lateral Flexion and Twist
rotations to the right (R) and left (L) sides. The calculated
angles from the Positional Algorithm were displayed on the
base station screen as a guide to determine the appropriate
number of planes and the range for each movement. This
ensured that both subjects were able to perform the correct
sequence and type of movement, according to the protocol.
In addition, both subjects were instructed to repeat each
movement three times and hold the final position for at least
three seconds, to avoid error comparisons during the transition
from a neutral spine position to the corresponding angle. The
RMSE computed was based on a 1.0 second comparison after
the subject reached the angle in each repetition.
V. E XPERIMENTAL R ESULTS
Table I displays the average RMS errors divided in single
plane (1D) and coupled movements (2D and 3D). The results

revealed that the sensors showed a pattern of increasing errors
from single plane to 2D and 3D movements. For Subject 1,
the Positional Algorithm errors in the Flexion, Lateral Flexion
and Twist planes in 1D movements were 1.0◦ , 1.5◦ and 2.8◦ ,
in 2D, 2.7◦ , 3.1◦ and 6.4◦ and in 3D, 2.1◦ ,2.5◦ and 6.3◦
respectively. For Subject 2, the same comparison revealed that
in 1D, 2D and 3D movements, the sensors showed errors of
1.0◦ , 0.5◦ and 2.4◦ in the Flexion plane, 2.0◦ , 3.3◦ and 5.1◦
in the Lateral Flexion plane and 3.3◦ , 2.4◦ and 4.6◦ in the
Twist plane.
The Dip angle and the Positional Algorithm approaches
showed maximum errors of 1.2◦ and 1.0◦ in the Flexion plane
for Subject 1 in 1D movements, and 1.4◦ and 1.0◦ in the same
plane for Subject 2, whereas in Lateral Flexion, these values
were 2.3◦ and 1.5◦ , and 0.7◦ and 0.5◦ for Subjects 1 and 2
respectively. In combined movements, these errors increased
to 3.1◦ and 2.7◦ , and 1.8◦ and 2.0◦ in the Flexion plane for
Subject 1 and 2 respectively; in Lateral Flexion, these values
increased to 4.2◦ and 3.1◦ and 4.2◦ and 3.3◦ for the same
subjects.
The sensors without the Green Zone (GZ) compensation
showed maximum errors of approximately 30◦ and 47◦ in
Flexion, in Lateral Flexion, 33◦ and 35◦ and in Twist, 60◦
and 25◦ for Subject 1 and 2 respectively. Figure 5 depicts
rotation about the spine on the Twist plane measured by the
sensors and Optotrak in the movements 9 − 12 for Subject 2.
It can be observed that the rotation without the Green Zone
compensation (PA-NGZ) represented by the solid line with
square markers showed an increasing drift in comparison
to the Positional Algorithm signals (solid line with cross
markers) within 25 seconds.
The Figure 6 shows a sample of the measurements for
the combined 3D movements 38 − 53 performed by Subject

Fig. 5. Optotrak (OP), Twist rotation without the Green Zone (PA-NGZ)
reset and including the Green Zone reset (PA-GZ).
TABLE II
AVERAGE RMSE

Subject 1
Subject 2

RESULTS IN THE

Flexion
1.9
2.1

3 PLANES ( ◦ )

Average RMSE
Lat.Flexion Twist
2.4
5.2
2.1
4.1

Fig. 6.

Sample of Dip angle (DIP) and Positional Algorithm (PA) compared to the Optotrak signals (OP) in three dimensional movements by Subject 2.

(a)

(b)

(c)

(d)

Fig. 7. Highlighted movements 40 in the Flexion and Lateral Flexion planes, and Movement 42 and 51 in the Twist planes, represented by the Optotrak
(O), Dip Angle (DIP) and Positional Algorithm (PA) signals.

2. In the highlighted movements 39 and 49 in Figures 7(b)
and 7(c), the Positional Algorithm signals revealed errors
in the lateral flexion plane reduced by approximately 10◦ in
comparison with the Dip angle calculation. In flexion, both
methods showed good correlation as depicted in Figure 7(a),
where the maximum errors were approximately 1 − 3◦ against
Optotrak. In the Twist plane, the angular variation in the
highlighted movement 48 revealed that maximum errors were
approximately 5◦ (Figure 7(d)).
Finally, Table II shows the RMS errors averaged over the
53 movements performed by both subjects: 1.9◦ and 2.1◦ for
Flexion, 2.4◦ and 2.1◦ for Lateral Flexion and 5.2◦ and 4.1◦
for Twist for Subject 1 and 2 respectively.
VI. D ISCUSSION
The empirical results revealed that the Positional Algorithm
computation reduced the errors in the Flexion and Lateral
Flexion planes compared to the Dip angle method in movements involving Twist. In average, compared to the Dip angle
method, the Positional Algorithm decreased the RMSE on
both subjects by 1 − 3◦ , as shown in the Table I. This
difference is primarily due to the lack of information on Twist
rotation in the Dip angle method. Movement 49 highlights this
observation, where errors of approximately 8◦ are shown in
the Lateral Flexion plane (Figure 7(c)).

Results also revealed that coupled movements performed by
both subjects were less accurate than single plane repetitions
and this is in line with the results reported by Plamondon et
al [14]. In average, Table I outlines that errors were increased
by 1 − 3◦ for coupled movements. This suggests that the
inter-dependency of the Flexion, Lateral Flexion and Twist
angles in the Positional Algorithm could result in the accrual
of errors through different planes of movement. Furthermore,
in coupled movement of higher range, sensors were moved to
more extreme back positions, where linear accelerations and
reduced sensor sensitivity across the gravity vector, influenced
the angular calculations [22].
Results on the Twist plane measurements showed that the
Green Zone method reduced the cumulative errors arising
from integration of the angular velocity. This is observed in
Figures 5 and 7(d), which depicts the Twist signal returning to
zero when the subject moved back to his neutral position and a
drifting pattern of approximately 6◦ in 20 seconds without the
Green Zone compensation. Nevertheless, in movements 50−51
in Figure 6, cumulative errors are observed, indicating that a
different range of thresholds and time for the GZ need to be
optimized for subjects with different movement patterns.
Further research will focus on a larger group of subjects
to investigate if the Green Zone parameters could be generalized to a larger scale of subjects. This would enable the
employment of a low-power and less complex system of a 1D

gyroscope and 3D accelerometer, to accurately record relevant
movements for the management of Low Back pain patients in
their normal living environment.
VII. C ONCLUSION
In this paper, we discussed the design of a low-power
wireless system (ViMove) employing one 1D gyroscope and
one 3D accelerometer and we assessed the effectiveness of the
Positional Algorithm for 3D measurements of lumbar spine
motion. Our results showed that the proposed hardware could
record and transmit wireless raw inertial signals for further
processing on a base station. The results also showed that
under kinetic and anatomical assumptions of the body, this
system showed good agreement with the signals measured by
the NDI Optotrak system. This objective and accurate data
could be used in LBP management of patients.
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IX. A PPENDIX
TABLE III
M OVEMENT PROTOCOL EMPLOYED FOR VALIDATION .

1D

2D
2D

3D
3D

Movements
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Flexion
20(F)
40(F)
60(F)
-12(E)
-24 (E)

Lat.Flexion

Twist

10(R)
20(R)
-10(L)
-20(L)
10(R)
20(R)
30(R)
-10(L)
-20(L)
-30(L)
20(F)
40(F)
Max (F)
20(F)
40(F)
Max(F)
-12(E)
-24(E)
-12(E)
-24(E)
-12(E)
-24(E)
-12(E)
-24(E)
20(F)
40(F)
20(F)
40(F)

20(F)
40(F)
20(F)
40(F)
20(F)
40(F)
20(F)
40(F)
20(F)
40(F)
20(F)
40(F)
-10(E)
-20(E)
-10(E)
-20(E)

10(R)
20(R)
Max(R)
-10(L)
-20(L)
Max(L)
20(R)
20(R)
20(L)
20(L)

10(R)
20(R)
-10(L)
-20(L)
10(R)
20(R)
10(R)
20(R)
-10(L)
-20(L)
-10(L)
-20(L)
5(R)
10(R)
-5(L)
-10(L)
10(R)
20(R)
-10(L)
-10(L)

5(R)
15(R)
-5(L)
-15(L)
5(R)
15(R)
-5(L)
-15(L)
5(R)
10(R)
-5(L)
-10(L)
5(R)
10(R)
-5(L)
-10(L)
-5(L)
-10(L)
5(R)
10(R)
10(R)
15(R)
-10(L)
-15(L)
5(R)
10(R)
-5(L)
-10(L)

