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Abstract 
 
To avoid back pain and related diseases, an appropriate sitting posture should be maintained. Inertial measurement units (IMUs) or 

marker-less motion cameras, such as Kinect©, has recently been used to achieve simpler posture measurements than optical motion cap-
ture camera systems. However, multiple IMUs can affect the natural posture of users. The space requirement to guarantee reliable camera 
data is also somewhat excessive (>1 m) for some personal space setups. Therefore, we propose an unobtrusive method for estimating 
sitting posture on the basis of ground reaction force measurement, which can be achieved without the use of markers or additional space 
for measurement. To eliminate additional measurement information other than the ground reaction force underneath the chair and desk, 
we modeled the posture as a multi-segment rigid body. Several assumptions were proposed and verified to simplify the model and data 
processing without deteriorating the posture information. Furthermore, to examine whether the combined GRF information provides the 
appropriateness of the posture, we performed sitting tests for various postures. Results showed that the combinations of GRF measure-
ment could reasonably estimate the sitting posture by the simplified rigid body model and could reliably differentiate the inappropriate 
forward bent posture. The results showed that the proposed method could serve as a sensing mechanism of posture monitoring systems.  
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1. Introduction 

For individuals who spend many hours in the sitting posi-
tion, maintaining an appropriate sitting posture is important to 
avoid back pain and related diseases. A close correlation be-
tween bad posture and back pain has recently been reported. 
Murphy [1] reported that a trunk posture with an angle above 
20° would increase lower back pain. Excessive forward neck 
stretching induced severe neck pain [2, 3] and placed addi-
tional loads on the neck muscle [4]. Therefore, portable pos-
ture measuring systems should be developed to monitor bad 
posture and educate users. 

Compared with optical motion capture camera systems for 
posture measurement, inertial measurement units (IMUs) [5, 6] 
or marker-less motion cameras, such as Kinect©, has been used 
to achieve a simple manner of conducting posture measure-
ments [7, 8] (Fig. 1). An IMU system collects the linear accel-
eration and angular velocity of the limbs of users and estimates 
sitting posture by integrating the collected data. The marker-less 
motion capture camera system collects images of the human 
body and estimates the sitting posture by analyzing the captured 
images on the basis of a pre-loaded human motion library. 
However, the use of multiple IMUs can affect the natural pos-

ture of users. The space requirement to guarantee reliable cam-
era data is also somewhat excessive (>1 m) for some personal 
space setups. Therefore, we propose an unobtrusive method for 
estimating sitting posture on the basis of ground reaction force 
measurement, which can be achieved without the use of mark-
ers or additional space for measurement. 

 
2. Methods 

2.1 Model 

To obtain the relationship between GRF and posture, we 
modeled the upper body as a four segment rigid body that 
consists of a head, neck, trunk, and arms with hinge joints. 
The arms were defined as a line segment connecting the 
shoulder joint to the contact point of the lower arm with the 
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              (a)                           (b) 
 
Fig. 1. Existing posture measuring system: (a) Kinect, Microsoft. Mo-
tion capture camera using RGB and depth image [9]; (b) K-health, K-
vest. A motion sensing module consisting of three accelerometers, 
three gyros, and three magnetometers [10]. 
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desk (Fig. 2). The head angle and intersegment angle between 
the neck and trunk were fixed to 10° and 22°, respectively, on 
the basis of the result of a pilot experiment wherein subjects 
watched a movie and typed the dialogues with free posture in 
the experimental environment during an hour. The mass and 
length of each segment were estimated from the anthropomet-
ric data [11] and were calibrated by using data from the 
straight-trunk trial. The lower body was assumed to be sta-
tionary and was not explicitly modeled. The heights of the 
desk and chair were set at 45 and 70 cm, respectively, and the 
distance between the desk and chair was set as 0 cm. 

Given that the sitting posture generally does not involve 
rapid movement, the upper-body posture was assumed to be 
static. The trunk angle was then estimated from the equations 
of the force and moment equilibrium: 
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where M, Fz, Fx, θ1, and θ2 are the moment on the waist, the 
vertical force on the desk, the horizontal force on the desk, the 
head angle between the neck and trunk, and the intersegment 
angle between the neck and trunk, respectively. The mass and 
length of each segment, the horizontal and vertical distance 
between the waist and desk, and the gravitational acceleration 
are denoted by m, l, d, h and g, respectively.  

The moment on the waist M was calculated by the follow-
ing equation: 

( ) ( ) ( )0measured z xM M M F x d F L h= - + - + - ,  (2) 
 

where Mmeasured and M0 are the measured moment on the floor 
in the experiment and the moment on the floor when the sub-
ject was sitting with an upright posture, respectively. The hor-
izontal and vertical distance between the center of the force 
plate on the floor and the edge of the desk are denoted by x 
and L, respectively. 

 
2.2 Experiment 

2.2.1 Subject and protocols 
Ten healthy male subjects with no history of postural disor-

der participated in the sitting posture trials. The average age, 
weight, and height were 23.3 ± 1.7 yrs, 75.0 ± 7.8 kg, and 
176.6 ± 4.2 cm, respectively. All participants read the consent 
approved by KAIST IRB and signed it prior to the experiment. 

Three sets of sitting experiments were used for different 
trunk conditions: straight-, natural-, and bent-trunk postures. 
In the bent-trunk condition, subjects were instructed to bend 
their trunk as much as they can when leaning forward. Each 
set consisted of nine trials of leaning forward and recovery to 
upright sitting over 10 s. To avoid unnatural rapid motion, 
subjects were told to move slowly and were informed by audi-
tory cues to lean or recover to upright sitting every 5 s. Sub-
jects were told to look at the monitor and put their hands on 
top of the keyboard (Fig. 3). 

 
2.2.2 Measurement and data analysis 

A motion capture camera system and force plates were used 
to measure upper the body motion of the subject and the GRF 
due to movement. Six cameras were set up to observe the 
movements of the upper body in the sagittal plane, which was 
averaged over the left and right sides of the body. Eleven 
markers were placed at the nose, tragus, C7 vertebra, center of 
clavicle, shoulders, sides, and pelvises [12]. Two force plates 
were placed under the chair and on top of the desk. 

Marker data and GRF data were collected at a sampling fre-
quency of 30 Hz, and the data were filtered by Butterworth’s 

 
             (a)                           (b) 
 
Fig. 2. Upper-body model: (a) consisting of four segments: trunk, 
neck, head, and arm. The system was assumed to be a quasi-static 
system. Trunk angle was estimated on the basis of the assumptions and 
measured M, Fz, and Fx.; (b) additional conditions and restrictions. To 
estimate upper-body posture with minimal measurement, we assumed 
four more conditions. We assumed that the position of the desk, chair, 
and head was constant because people gaze at monitors and do not 
move when working. The intersegment angle I was fixed in the model 
from the result of the pilot experiment. 

 

 
                 (a)                            (b) 
 
Fig. 3. Experiment setup: (a) two force plates on the desk and under 
the chair measured the ground reaction force and moment, and 6 mo-
tion capture cameras collected the absolute positions of 19 markers on 
the upper body; (b) the subjects performed the same tasks under 2 
posture condition: straight posture and bent posture. Figures a and b 
show the straight and bent postures. 
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fifth-order filter with a cut-off frequency of 1 Hz to fully re-
serve the data repeated over 10 s. Body segment parameters 
were calibrated with GRF data of 0°, 10°, and 20° for the 
trunk angle of each subject. Error was defined as the differ-
ence between the trunk angles estimated from the GRF and 
marker data. To quantify the accuracy and linearity of the 
trunk angle estimation, goodness of fit were calculated for 
every 10° intervals and the whole range. To quantify the sig-
nificance of the difference between the straight and bent pos-
tures, student’s t-test was performed for the magnitude of the 
GRFs corresponding to the estimated trunk angle of 5°, 10°, 
15°, and 20°, respectively.  

 
3. Results 

Unlike the assumption, the head angle was changed as 
much as half of the change in the trunk angle (Fig. 4). Vari-
ances of 8° and 10° were also observed for the head angle and 
intersegment angle between the neck and trunk; thus, the error 
caused by the differences from the assumptions should be 
considered. For the trunk angle estimation, the importance of 
body segment parameter calibration was confirmed by the R2 
value in each case (Fig. 5). After the segment parameter cali-
bration, the trunk angle under straight posture was reasonably 
estimated as R2 > 0.9. The R2 values of the natural and bent 
posture experiments were lower than the result of the straight 
posture experiment. This result implied the importance of 
body segment calibration. Linearity was low because of a 
significant decrease in R2 in the range >30° trunk angle. Cor-
responding to the trunk angle from the marker, a significant 
GRF difference between straight and bent trial was observed 
as a magnitude difference at all test points for eight subjects 

with p < 0.001 (Figs. 6 and 7; Table 1). Although the GRF 
difference decreased when the trunk angle was estimated from 
GRF, the postures could be distinguished by measuring the 
GRF for six subjects.all test points for eight subjects with p < 
0.001 (Figs. 6 and 7; Table 1). Although the GRF difference 
decreased when the trunk angle was estimated from GRF, the 
postures could be distinguished by measuring the GRF for six 
subjects. 

Table 1. Significance of the difference between the GRFs of two postures. 
 

P value 5° 10° 15° 20° 

Detectable subjects  
(n = 6) < 0.001 

Non-detectable 
subjects (n = 4) 0.19±0.25 0.16±0.28 0.13±0.01 0.14±0.15 

 

    
              (a)                            (b) 
 

    
               (c)                         (d) 
 

 
(e) 

 
Fig. 5. (a), (b), (d) and (e) show the measured and estimated trunk 
angles in each conditions. (a) is the result based on anthropometric data 
in the straight trial, and (b), (d) and (e) are the results based on the 
calibrated body segment parameter in straight, natural, and bent pos-
tures. The goodness of fit for the four cases are R2 = 0.7938, 0.9793, 
0.7875, and 0.5599, respectively. (c) shows R2 for every 10° in the 
straight trial and when the body segment parameters were calibrated. 
Except for leaning backward, the accuracy of the trunk angle estima-
tion decreased with increasing trunk angle. 

 

 
(a) 

 

 
(b) 

 
Fig. 4. Head angle and intersegment angle between the neck and trunk 
in the straight trial. The head angle increased from 10° to 35° as the 
trunk angle increased from 0° to 45°. The intersegment angle was fixed 
at 16°. Both angles had a variance regardless of trunk angle. 
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                                            (a)                                   (b) 
 

 
                                            (c)                                  (d) 
 
Fig. 6. Ground reaction force and moment of two postures of Subject 10: (a) and (b) Given the different shapes of trunks that have over 70% upper-
body mass and length, GRF changed if the postures were different and was verified by p < 0.05 for four points of the trunk angle; (c) and (d) These 
differences were detectable by not only trunk from the motion capture but also the estimated trunk from the GRF data. Although, the difference of 
GRF decreased when it was observed on the basis of the estimated trunk angle, the difference between the two postures was still observable for the
six subjects. 

 

 
                                           (a)                                   (b) 
 

 
                                           (c)                                   (d) 
 
Fig. 7. Ground reaction force and moment of two postures of Subject 2; an insignificant difference was observed between postures: (a) and (b) On 
the basis of the trunk from the motion capture, the GRF differences were observed at all test points for eight subjects; (c) and (d) However, two cases 
showed that the differences at several test points were unobservable. For this subject, the difference tested at a trunk angle of 20° was changed to be 
unobservable. Differences at trunk angles of 5° and 20° were changed for another subject. 
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4. Discussion 

The result of this research may seem obvious but is not. The 
result shows a natural relation wherein the reaction force on 
the desk and the moment on the waist increase as the trunk 
leans forward. However, this relation is not a simple linear 
relation. A critical error can also occur in trunk angle estima-
tion by using a simple two-segment rigid body model because 
the human upper body consists of multiple-segments that vary 
in length and shape. Fig. 8(a) shows the measured and esti-
mated trunk angle under both straight and bent posture condi-
tions. The figure also shows the error clearly. When the trunk 
was bent, the estimated trunk angle was smaller than the true 
angle because of the small trunk length and different center of 
mass. This error could not be detected on the basis of static 
analysis. Thus, the trunk angle could not be estimated with the 
ground reaction force on the basis of the existing method. 
However, in this study, we found that the ratio of the reaction 
force on the desk and floor changes when the shape of the 
upper-body changes. We also found that the error could be 
detected by using this fact. This research shows that the trunk 
angle and upper-body posture could be estimated on the basis 
of the ground reaction force (Fig. 8(b)). 

To minimize the required kinematic measurements, we ex-
amined whether the head angle and intersegment angle be-
tween the neck and trunk could be fixed. The result showed 
that errors can occur in the head angle and intersegment angle 
from −10° to +30° and from −10° to +10°, respectively. This 
result implied that the assumption for the head angle was false. 
By calculating the effect of the errors to the trunk angle esti-
mation, an error of only < 2°, which is 5% of the measurement 
range, can occur. Considering also the result of the trunk angle 
estimation, a goodness of fit R2 > 0.9 implied that the assump-
tions of the model could be allowed. The result of the trunk 
angle estimation also showed whether significant differences 
existed between the estimated trunk angles on the basis of the 
correctly calibrated body segment parameters. This result 

implied that a significant difference existed between the an-
thropometric data and true body segment parameter of each 
subject. We confirmed that the trunk angle can be estimated 
reasonably by using calibrated body segment parameters. 

We tried to distinguish whether the load was on the neck by 
observing the trunk posture. The reason that makes this indi-
rect approach possible was that the magnitude of the load on 
the neck is directly connected to the length of the moment arm 
of gravity. The length is determined by how much an individ-
ual flexes his or her neck and how much he or she leans for-
ward the upper trunk. We confirmed that people do not move 
their neck largely while they were participating in the pilot 
experiment. Thus, we assumed that leaning the upper trunk 
forward significantly affected the load on the neck. 

The major reason for the distinct GRF difference when the 
true value of the trunk angle was measured was the location of 
the center of mass in each posture. Whether a difference ex-
isted between the measured trunk angle and the position of the 
center of mass determined the total external force. This result 
led to a significant difference in GRF between the two pos-
tures and an error between the estimated and measured trunk 
angles. However, the difference caused by the above reason 
could be detected only while measuring the true value of the 
trunk angle. Given that this system inferred that a small total 
external force was caused by a small trunk angle and not a 
bent trunk, the GRF difference due to the difference between 
the trunk angle and position of center of mass was unobserv-
able by this system. Thus, the only GRF difference that could 
be observed in this system was the ratio difference of each 
force of the total external force. This GRF difference could be 
considered a difference of dependence on the arm or waist to 
support the upper body. Thus, depending on the trunk posture, 
the subject either supported the upper trunk by using his/her 
arm or waist, thus causing the differences in GRF and making 
posture detection possible by using GRF only. 

The only difference between Figs. 6 and 7 was the existence 
of the ground reaction force difference between two postures. 
The trends were also the same. On the basis of the estimated 
trunk angle, two graphs showed that the vertical force on the 
desk increased rapidly under the bent posture condition. The 
differences in the two graphs could be attributed to the result 
of the natural posture and the result based on the measured 
trunk angle. The result of the natural posture condition was 
variable for each subject and did not affect the GRF difference 
between straight and bent postures. On the basis of the meas-
ured trunk angle, the vertical force on the desk was small un-
der the bent posture condition (Fig. 7(a)). Furthermore, the 
total external force decreased under bent posture. A compari-
son of the two cases under the same total external force 
showed that the vertical force on the desk was large under 
bent posture; thus, the trends of the two graphs were the same. 

 
5. Conclusion 

This research proposed a method that overcomes the short-

 
                 (a)                          (b) 
 
Fig. 8. (a) Trunk angle estimation under straight and bent posture condi-
tion on the basis of statics analysis only. Under the bent posture condi-
tion, small trunk angles were estimated because of trunk shape differ-
ence. The error from the different trunk shapes could not be detected by 
using simple statics analysis; (b) bent posture detection based on the GRF 
ratio difference. The bent posture could be detected, and the trunk angle 
could be estimated under a straight posture condition. 
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comings of existing posture measuring systems that require 
large measuring spaces and wearable sensor systems. The 
proposed system could estimate the trunk angle by using only 
the GRF measurement acquired at the desk and chair and dis-
tinguish trunk postures by using the slope and offset of GRF. 
We envision that this system will be used to estimate the load 
applied on the neck and waist for spinal injury prevention. 
This system can only estimate trunk angle and posture, and at 
this point, only a rough estimation of the neck and head can be 
made. The weaknesses of the proposed method can be over-
come by using additional measurements. By doing so, the 
propose method can be used to measure the load applied on 
the body directly and intuitively compared with existing pos-
ture measuring systems. 
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Nomenclature------------------------------------------------------------------------ 

M     : Moment on the waist 
Fz    : Vertical reaction force on the desk 
Fx    : Horizontal reaction force on the desk 1 : Head angle 2 : Intersegment angle between neck and trunk 
m  : Mass of the body segment 
l  : Length of the body segment  
h : Head angle 
d : Intersegment angle between neck and trunk 
g  : Acceleration of gravity (9.8 m/s2) 
Mmeasured : Measured moment under the chair during the experiment 
M0 : Measured moment of upright posture before the ex 

periment (Initial value) 
L : Vertical displacement between the force plate and the 

desk 
x  : Horizontal displacement between the center of force 

plate under the chair and the desk 
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