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Abstract : Economic burden of work-related musculoskeletal disorder(WMDs) is increasing. Known causes of WMDs include improper 
posture, repetition, load, and temperature of workplace. Among them, improper postures play an important role. A smart sensor called 
SensorTag is employed to estimate the trunk postures including flexion-extension, lateral bend, and the trunk rotational speeds. 
Measuring gravitational acceleration vector in the smart sensor along the tri-orthogonal axes offers an orientation of the object with the 
smart sensor attached to. The smart sensor is light in weight and has small form factor, making it an ideal wearable sensor for body 
posture measurement. Measured data from the smart senor is wirelessly transferred for analysis to a smartphone which has enough 
computing power, data storage and internet-connectivity, removing need for additional hardware for data post-processing. Based on the 
estimated body postures, WMDs risks can be conviently gauged by using existing WMDs risk assesment methods such as OWAS, 
RULA, REBA, etc. 
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1. Introduction

Manual labourers tend to be exposed to risk of 
work-related musculoskeletal disorders(WMDs), particularly 
of the back and upper extremities1,2). Work-related back 
injuries account for 61 % of total WMDs2). Factors causing 
WMDs include improper posture, repetition, load, 
temperature of work-environment3). A significant relationship 
between the back postures and prevalence in lower back 
pain has been found by epidemiological analysis4). 
Therefore, monitoring posture, repetition, and workplace 
environment such as temperature and humidity could 
contribute to reducing WMDs2). 

The methods of evaluating WMDs risk factors are 
classified into two categories: the observational method 
and direct measurement method4). The observational 
method involves observation of a worker during the 

course of his work. Video cameras are commonly used 
for recording the movements of the worker and the 
recorded images are post-processed for analysing postures. 
This post-process is time-consuming and costly. In order 
to facilitate post-processing of the conventional video 
cameras approach, depth cameras such as Microsoft 
Kinect and ASUS Xtion have recently begun to put into 
use for posture analysis4,5). The depth-cameras provide 
real-time spatial information(x,y,and z position) of the 
joints of the subject, thereby no need for post-processing. 
But they have the narrow field of view and require 
complicated initial setup and expertise to operate. 

Direct measurement methods6) use sensors attached to 
the subject to collect certain data such as the acceleration 
and angular velocity of the subject. The collected data are 
fed into a kinematic equation to obtain the posture of a 
body segment of interest. The direct measurement method 
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in general produces more accurate result but intrusiveness 
of attaching sensors and wires to the worker limits its use 
to short time job analysis in workplace settings. Existing 
methods of WMDs risk assessment has limitations 
including high cost, complexity, and interference3).

To improve efficacy of the existing evaluation techniques, 
we used an smart sensor(SensorTag ($25), Texas Instrument, 
USA) for direct measurement and smartphone for analysing 
and displaying postural information of the subject through 
the Bluetooth communication protocol(Fig. 1). The smart 
sensor consisting of the accelerometer, gyroscope, and other 
environmental sensors including temperature and humidity 
sensors is light in weight(50 gram) and has small form 
factor(5.7 × 2.5 × 1.6 cm), allowing it to use without 
interfering with the worker in workplace setting (Fig. 2). 
In Korea, smartphones are readily available that have enough 
computing power and data storage for posture analysis. The 
collected data from the smart sensor are wirelessly 
transferred to the smartphone for recording and subsequent 
analysis, which removes need for an additional costly data 
processing unit. An mobile application for smartphone is 
developed for recording and analysing the back posture of 
the worker such as the trunk flexion-extension and lateral 
bend. Initial tests demonstrated successful estimation of 
body postures using the proposed platform. 

(a)

(b) (c)

Fig. 1. XZ plane is the frontal plane. YZ is the sagittal plane. 
With smart sensor(SensorTag)attached on the back, body 

postures including trunk flexion-extension and lateral bend 

can be easily estimated (Figs. 1(b), 1(c)). For detailed 

information about SensorTag, refer to www.ti.com.

2. Methods

The smart sensor (SensorTag) contains a 3 axes 
accelerometer and a gyroscope along with temperature and 
humidity sensors as shown in Fig. 2. The accelerometer is 
sensitive to both linear and gravitational accelerations. 
Standing at still or moving with a relatively small 
acceleration, the accelerometer mostly measures the 
gravitational acceleration (g = 9.8 m/s2). Observing the 
accelerometer outputs provides a convenient way of 
estimating the tilt angle of an object. The accuracy is less 
for motions with relatively large accelerations. In this study, 
the gyroscope is incorporated to improve accuracy. 
Integrating angular velocities from the gyroscope also gives 
a tilt angle that is not affected by linear accelerations. But 
inherent drift in the gyroscope produces an integration error 
growing over time, limiting independent use of it for 
accurate angle estimation. The gyroscope is used in 
conjunction with the accelerometer which serves to 
calibrate the gyroscope when the linear acceleration is not 
present7). To eliminate drift along with measurement noises 

Fig. 2. Inside of sensor tag (weight : 50 g, width x depth x 
height: 5.7 x 2.5 x 1.6 cm).

Fig. 3. Block diagram for estimating the trunk posture using 
sensortag.



스마트센서를 활용한 근골격계 질환 위험 평가 플랫폼 

한국안전학회지, 제30권 제3호, 2015년 95

a Kalman filter is employed8). With aid of an analytical 
equation, the trunk flexion-extension, lateral bend, and 
trunk rotation can be estimated from the Kalman-filtered 
ouputs (Fig. 3).

3. Theoretical background

The accelerometer with its z-axis perpendicular to the 
ground as in Fig. 4 will have outputs ax= 0,ay = 0, az = 
g where ax is acceleration in the x-axis of the 
accelerometer, ay and az are in the y-axis and the z-axis, 
respectively. As the accelerometer rotates with a 
negligible acceleration about its y-axis the accelerometer 
readings, ax, az change in magnitude as a function of the 
tilt angle (θ). Observing the change in magnitude allows 
for analytically estimating the tilt angle under relatively 
small accelerations exerted on the accelerometer.

Fig. 4. Single axis tilt sensing using accelerometer.

When the accelerometer is tilted at an arbitrary angle 
on a 3 dimensional space as in Fig. 5 the gravitational 
acceleration is present along the 3 orthogonal axes of the 
accelerometer. Using a coordinate transformation9), the 
arbitrary tilt angle can be represented by two consecutive 
rotations about the axes Y0 (pitch angle), and X1(roll 
angle), respectively (Eq.(1)). 
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,where  is the transformation matrix from the world 
coordinate(X0-Y0-Z0)(Eq.(2)) to the dual-rotated coordinate 
(X2-Y2-Z2), Rx and Ry are the rotation matrix about the x 
and y axis respectively (Eqs. (3) and (4)).
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Fig. 5. Dual-axes tilt angle sensing using 3 axes accelerometer. 
The X0-Y0-Z0 is a world reference frame. The X1-Y1-Z1 and 

X2-Y2-Z2 represent coordinates attached to the accelerometer 

after 1st rotation(about Y) and 2nd rotation(about X), respectively. 

The pitch angle, θ is a rotation about Y0-axis. The roll angle, 

ɸ is a rotation angle about X1-axis. g is gravitational acceleration 

vector parallel to the Z0 axis. 

The transformation matrix,  enables to convert the 
accelerometer readings into the pitch and roll angles as in 
Eq.(5).
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Eq.(5)

Inverting equation 5 and substituting a normalized 
gravitation vector into it gives equation 6.
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where ax is the normalized accelerometer reading along 
the x-axis, ay is along the y-axis, az is along the z-axis. 

From equation 6, the pitch angle (θ) and the roll angle 
(ɸ) are calculated by using trigonometric 



노병국

Journal of the KOSOS, Vol. 30, No. 3, 201596

relationship as 

  arctan













 



Eq.(7)

 arctan
  Eq.(8)

The pitch angle(θ) corresponds to the trunk 
flexion-extension and the roll angle(ɸ) does to the trunk 
lateral bend when the SensorTag is attached to the 
subject with the XZ plane parallel to the back of the 
subject. 

4. Experimental results

To gauge angle measuring capability of the SensorTag 
before it is used for estimating the posture of the trunk, 
the SensorTag is rotated about its y-axis and x-axis 
independently and the pitch and roll angles are calculated 
from the accelerometer readings logged 10 times per 
second by using Eqs.(7) and (8). 

The pitch angle is estimated from the acceleration 
measurements as the SensorTag is rotated about its y axis 
by hand from the horizontal, to vertical positions and back 
to the horizontal position. As shown in Fig. 6, the 
estimated angle progressively grows from 0 to -90 degrees 
and goes back to 0 degrees.

Similarly, the roll angle is estimated by rotating the 
SensorTag about the x-axis from the horizontal to vertical 
positions twice and the result is shown in Fig. 7. As seen 

Fig. 6. Pitch angle test with sensortag.

Fig. 7. Roll angle test with sensortag.

Fig. 8. Trunk flexion-extension experiment.

Fig. 9. Trunk flexion-extension (Roll angle).

in the pitch angle case, the roll angle also progressively 
increases and decreases as the SensorTag is rotated. 

With the SensorTag attached on the back of the subject 
along the centre of the trunk, the subject was instructed 
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to freely lean forward and backward as shown in Fig. 8 
and the trunk flexion and extension were estimated by 
using the SensorTag. The trunk flexion gradually 
increases, reaches a maximum angle of -78 degrees, and 
begins to decline as the subject leans forward and 
backward to the vertical position. The trunk extension 
reaches a maximum of 20 degrees. This procedure of 
swinging back-and-forth was repeated twice with a faster 
speed for the second trial, which produced lesser 
maximum flexion than the first trial. The small variation 
of the trunk lateral motion is observed because the 
subject freely leaned forward and backward without using 
any fixed guide (Fig. 9). 

To estimate the trunk lateral bend, the subject was 
instructed to lean side, standing vertically as shown in 
Fig. 10. The lateral bend reaches a maximum of 25 
degrees to the left and 30 degrees to the right with the 
flexion virtually invariable around 10 degrees (Fig. 11).

Fig. 10. Trunk lateral bend experiment.

Fig. 11. Trunk lateral bend (pitch angle).

Fig. 12. Trunk flex measured by leaning back-and-forth at a 
frequency of 0.5 Hz.

Fig. 13. Smartphone application. G is gravitational acceleration, 
which is 9.8 m/s2.

The accelerometer is sensitive to both the linear and 
gravitational accelerations, requiring a gyroscope and 
Kalman filter to compensate the effect of the linear 
acceleration on the angle estimate. At linear accelerations 
encountered under non-athletic motions, however, a 
significant difference was not observed in estimation of 
the tilt angles between the accelerometer-based and 
Kalman-filtered methods as shown in Fig. 12 The time 
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lag in the Kalman-filtered data is inherent in most of the 
filtering process.

An iPhone application is developed to estimate and 
display the trunk flex roll and pitch angles as shown in 
Fig.13. The SensorTag communicates with the iPhone 
through Low Energy Bluetooth communication protocol 
(BLE)10). The BLE consumes very little power and allows 
for long operation hours. The accelerometer and 
gyroscope measurements are processed on the iPhone 
with an update rate of 10 Hz. The pitch and roll angles 
are displayed along with accelerations in the x,y, and z 
axes. Also, the angular velocities about the x,y,and z-axes 
measured by gyroscope are displayed. The measured pitch 
and roll angles are stored in the internal memory of the 
smartphone and can be wirelessly transferred to PC or 
other mobile devices.

5. Discussion

Angle measurement accuracy based on the SensorTag 
is within ±1.5 degrees. In assessing WMDs risks, 
OWAS11), RULA12), or REBA13) based methods allow 
body posture angles to be measured in ranges such as 
0~15°, 15~30°, 30~45°, etc, thereby, not requiring exact 
values of precise body posture angle. Also a multitude of 
body postures are collectively analyzed for a conclusive 
WMDs risk evaluation, which minimizes the effect of 
precision of single measurement on overall accuracy. 

In this study, only tilt angles of the trunk is 
demonstrated to which its application is not limited and 
can be extended to other body parts including head, wrist, 
arms and legs. Six SensorTags can be simultaneously 
used with one smart phone. 

Main advantage of using a smartphone as a data 
processing unit is its availability, portability and 
connectivity. Large percentage of people living in Korea 
own a smartphone. Therefore, a worker can use his or her 
smartphone as a data processing unit in assessing WMDs 
risks in conjunction with the Sensor tag and can be 
notified real-time if WMDs risk occurs or increases over 
time. Also, as internet of things (IOT) technology has 
progressed, measured data can be easily sent, viewed, and 
stored to a Cloud-based server for relevant future analysis. 

With accelerometer and gyroscope alone, trunk 
flexion-extension, lateral bend, and trunk rotation can not 

be simultaneously measured. To measure trunk rotation, a 
magnetometer is required to offset cumulative estimation 
error caused by integrating angular velocity reading from 
a gyroscope. With SensorTag’s built-in magnetometer, 
body rotation can be obtained and is being studied by the 
author.

6. Conclusions

A novel method of assessing WMDs risks is presented 
by using the SensorTag and smartphone. The trunk tilt 
angles including flexion-extension and lateral bend along 
with respective angular velocities can be estimated with 
the proposed device. Based on the estimated trunk tilt 
angles, WMDs risks can be readily obtained by following 
risk assessment procedures established in OWAS, RULA, 
and REBA. 

Smart phone-based analysis application requires only 
sensors for gravitational acceleration measurement, 
eliminating need for additional hardware for processing 
measured data, thereby significantly reducing cost and 
subsequently facilitating to put WMDs risk assessment 
procedure into practice at workplaces.
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