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Abstract—In wireless body sensor networks, sensors may
be installed on various body limbs to wirelessly collect body
information for homecare services. The orientations and accel-
erations on each limb are different for various motion states.
For example, each limb has different acceleration when walking
versus running, and orientation when standing versus lying.
According to the above information, the body motion state
may be decided. Furthermore, each person has unique body
characteristics such as height, foot pitch, and motion habit to
effect the body reconstruction. Therefore, it is a challenging
issue how to present human motions through 3D skeleton system
simulation, and achieve an adaptive reconstruction of human
motion according to the different body characteristics of each
person. In this study, we proposed a novel scheme to utilize
multiple triple axis accelerometer and gyroscopes to measure
limb accelerations, then calculated the locations of limbs and try
to employ kinematic theory to reconstruct human body skeleton,
called 3D Adaptive human Motion Reconstruction (AMR). And
we applied Body Correction Algorithm (BCA) to correct human
body characteristics and fighted the error of transmission noise.
This system was tested and validated with success.

Index Terms—body sensor network, multiple triple axis ac-
celerometer, body reconstruction

I. INTRODUCTION

In recent years, homecare services were widely discussed
and researched. One of the interesting topics is human posture
detection, which usually uses image [1-2] or single accelerometer
[3-5] for detection. However, image detection may violate users
privacy and is limited to specific area. While single accelerometer
has not enough information to accurately detect human motion.
Therefore, the study tried to propose a scheme named 3D
Adaptive human Motion Reconstruction (AMR), which uses
multiple accelerometers and gyroscopes to measure accelerations
and angular accelerations. Due to the information, we can
calculate the locations of measured parts. But there are still
several challenges for 3D AMR scheme. First, Human motions
are usually irregular. The second issue is wireless interference.
Different to image detection with fine image data, the noise
of wireless transmission will make the error of reconstruction.
Irregular human motions and wireless interference form the
fuzzy detection between noise and irregular motion. Thus,
it is considerable to calculate accurate body motion state in
according to information collected from each limb. Finally,
each person has different body characteristics, e.g. height, foot

pitch and leg length. We need more complex scheme to present
human motion simulation based on body posture information. In
contrast to above challenges, this paper has follow contributions:

1) Body skeleton modeling: Applied on Kinematics theories
of body skeleton, we can model the detailed human body
model.

2) An accurate body motion characteristic collection: the
study proposed Body Correction Algorithm (BCA) to revise
the length of each limb and the ratio of the upper and
lower body parts accurately according to the motion habit
of arms and foot.

3) 3D human motion reconstruction: In the study, we inte-
grate the multiple sensors, kinematic theory, and BCA to
3D skeleton simulation system to present a current motion
reconstruction.

The remainder of this paper is organized as follows. Section
II elaborates on related works and background about the topic.
Section III presents the system structure, including the leg length
ratio calculation, posture detection, and a 3D skeleton system.
Section IV discusses the experimental results and Section V gives
the main conclusions of this paper.

II. RELATED WORK AND BACKGROUND

Human posture detection and reconstruction with sensors
are intended to present body motions and posture changes with
emerging sensor technology. Those researches can be divided to
two typical technologies: one is optical sensor technology and
other is on-body sensor technology.

∙ Optical sensor technology: The researches of optical sen-
sors can be further divided into two methods for motion
reconstruction. One is the visual marker method [6-9] and
the other is marker-free method [10-16]. For the visual
marker method, main challenge is to make sensors to clearly
recognize markers, wherever the researches that take light
markers on limbs to detect. In addition, to accurately detect
and reconstruct motion posture, studies installed markers
with different shapes and color. However, it may detect
errors when markers are on colorful clothes or covered.
For this reason, the marker-free method is an achievable
motion reconstruction by recognizing the distance of human
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movement, proposed to improve the disadvantage. But, the
drawback is to need complicated calculations for motion
reconstruction.

∙ On-body sensor technology: Studies on Human posture de-
tection with on-body sensors have mainly focused on position
sensors, e.g., goniometry, pressure sensors, accelerometers,
gyroscopes sensors [17-21], and magnetic sensors [22-26].
The advantages of those studies are that sensors are so small
to portable and users dont have to stay a specific location.
But the disadvantage is that sensor data are usually short of
a integrative scheme. Therefore, the applications are usually
focused to sample human motion detection. The paper tries
to provide a feasible solution for this issue.

III. THE PROPOSED 3D AMR SCHEME

A. System Scenario and Architecture
The proposed system scenario may be seen in Fig. 1. In order

to collecting accurate body information, we install one wireless
transmitter module, one triple axis accelerometer, and one
gyroscope on six parts of the human body including neck, wrists
of both hands, waist, and legs. The triple axis accelerometer
and gyroscope separately calculate the acceleration and angular
acceleration of different parts and transfer the data through
wireless transmitter modules. Then we simulate the human
module with 3D function library and employ 3D AMR scheme
to reconstruct human motion skeleton.

Fig. 1. System Scenarios.

The four steps of proposed 3D AMR scheme below as Fig. 2
are described.

Step.1 The wireless transmitter modules transmit sensor data
measured from triple axis accelerometers and gyro-
scopes to the server for calculation. The accelera-
tion and angular acceleration of each body parts are
recorded and computed for the locations of body parts.

Step.2 The locations of body parts were just only modeled
the simple shape. In the study, we model the joint
movement calculated with kinematic theory which finds
the position of the endpoint and all the points in-
between relative to the base.

Step.3 Everyone has different body characteristics such as
body height and limb length. In order to calculating leg
length proportion, we utilize BCA to compute leg length
in according to recorded information of main body
parts. Then we can calculate the body limb proportions
based on leg length and body height.

Step.4 When to sharp body structure, an accuracy body
skeleton can be mapped with 3D function library, e.g.
OpenGL/DirectX. Therefore, a 3D skeleton motion re-
construction can be presented by 3D skeleton simulator.

Calculate the limb location

Model the body structure

Correct body characteristics

3D Motion reconstruction

Acceleration and
angular acceleration

Step 1

Step 2

Step 3

Step 4

Fig. 2. Flow Diagram of 3D AMR Scheme.

B. The 3D Loaction of Each Patrs
First, the accelerations recorded from triple axis accelerometer

are defined as (−→𝑎𝑥, −→𝑎𝑦 , −→𝑎𝑧) which show as below Fig 3A.

−−−→𝑎𝑠𝑢𝑚 =
−→
𝑎𝑥 +

−→
𝑎𝑦 +

−→
𝑎𝑧 (1)

To consider in real situations the affect of gravitational forces
on the triple axis accelerometer, the −−−→𝑎𝑠𝑢𝑚 is the total acceleration
sum which includes the gravitational force �⃗� and the speed
acceleration −−→𝑎𝑟𝑒𝑎𝑙 of the real-world absolute space, hence to get
the absolute space displacement distance we will need to find

−−→𝑎𝑟𝑒𝑎𝑙 =
−−−→𝑎𝑠𝑢𝑚+

−→
𝑔 (2)

When −−→𝑎𝑟𝑒𝑎𝑙 is found then the real space displacement Δ𝑑 can
be calculated.

Δ𝑑 = 𝑉0Δ𝑡+
1

2
−−→𝑎𝑟𝑒𝑎𝑙Δ𝑡2 (3)

Where the value 𝑉0 is the initial speed, Δ𝑡 is the time span. But
the body posture is not always horizontal and may have preces-
sion, nutation and spin. Therefore, the human reconstruction has
inaccuracy only based on values of triple axis accelerometers. To
improve the inaccuracy, this study combined gyroscope which can
record angular change of triple axis. The Euler angular space

Fig. 3. The Accelerometer System Displacement.
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rotational axis, the gyroscope sensor receives the acceleration
(Θ, Ψ, Φ), format mainly uses Euler angles. After receiving the
angular acceleration data can then find the triple axis sensor
angular rotation 𝐴, where the 𝜃𝑥 represents the angular rotation
of the 𝑋 axis, 𝜃𝑦 the angular rotation for 𝑌 axis, and 𝜃𝑧 for the
𝑍 axis.

𝐴 = 𝜔0Δ𝑡+
1

2
𝛼Δ𝑡2 (4)

Where 𝜔0 is the initial angular speed and 𝛼 is the respective
angular acceleration. Although in the real world the triple axis
accelerometer will move along with the human limb creating a
offset error between the coordinate system of said device and the
world coordinate system as shown in Fig 3B. Also the triple axis
accelerometer coordinate each has an angular offset error (𝜃𝑥,
𝜃𝑦 , 𝜃𝑧) with respect to the world coordinate, so will also need to
change the reading values with respect to the world coordinate.
According to the angular offset, we can revise gravitational
acceleration −→𝑔𝑐 and −→𝑎𝐿 show as Fig. 3C.

−→
𝑔′𝑐 = −→𝑔𝑐

⎡
⎣
1 0 0
0 cos (−𝜃𝑥) − sin (−𝜃𝑥)
0 sin (−𝜃𝑥) cos (−𝜃𝑥)

⎤
⎦

⎡
⎣

cos (−𝜃𝑦) 0 sin (−𝜃𝑦)
0 1 0

− sin (−𝜃𝑦) 0 cos (−𝜃𝑦)

⎤
⎦
⎡
⎣
cos (−𝜃𝑧) − sin (−𝜃𝑧) 0
sin (−𝜃𝑧) cos (−𝜃𝑧) 0

0 0 1

⎤
⎦

(5)

−→
𝑎′
𝐿 = −→𝑎𝐿

⎡
⎣
1 0 0
0 cos (−𝜃𝑥) − sin (−𝜃𝑥)
0 sin (−𝜃𝑥) cos (−𝜃𝑥)

⎤
⎦

⎡
⎣

cos (−𝜃𝑦) 0 sin (−𝜃𝑦)
0 1 0

− sin (−𝜃𝑦) 0 cos (−𝜃𝑦)

⎤
⎦
⎡
⎣
cos (−𝜃𝑧) − sin (−𝜃𝑧) 0
sin (−𝜃𝑧) cos (−𝜃𝑧) 0

0 0 1

⎤
⎦

(6)

−→
𝑔′𝑐 is the direction of the gravitational force of the sensor

device, and
−→
𝑎′
𝐿 is the acceleration value of the triple axis

accelerometer with respect to the world coordinate system.
Hence then can immediate find the actual acceleration value.−→
𝑎′
𝑠 =

−→
𝑎′
𝐿 −−→

𝑔′𝑐 . Then we can calculate the location of each parts
by equation (3).

C. The Body Structure Modeling
For the 3D body skeleton model, 3ds Max software was applied

to present skeleton data and the intensity of the skeleton files
could be set or adjusted through 3ds Max. In the study, only
six sets of triple axis accelerometers and gyroscopes are installed
onto each part of the main body to reduce inconvenience. But it is
not enough to present detail skeleton in according to sensors data.

Fig. 4. 3D Skeleton Posture Modeling.

Taking Figure 4 as example, while server get the acceleration of
right hand by sensors and compute motion reconstruct (4A), it
just only can present the general motion posture (4B), whatever
it is too hard to present complete the motion of hand (4C).

The kinematic theories of 3D skeleton are used to calculate the
motion of limbs with the sensors data of six parts on the human
body. In figure 5, Bone 0, Bone 1 and Bone 2 are interconnected.
In which Bone 1 is sub-node of Bone 0, and Bone 2 is sub-
node of Bone 1. L1 is the length of Bone 1, L2 is the length of
Bone 2. In the kinematic theories, the movements of bones can
be categorized into two types: Forward Kinematics (FK) and
Inverse Kinematics (IK).

Fig. 5. The Kinematics Theory: Forward Kinematics (A) and Inverse
Kinematics (B).

The FK theory is shown as figure 5A. The displacement of
Node 1 is d, the rotation is 𝜃, and the location is (𝑥1, 𝑦1, 𝑧1) .
We can calculate the location of N2 by equation (7). In which
𝑑𝑥, 𝑑𝑦 , and 𝑑𝑧 are the vectors of d in the x, y and z axis. 𝜃𝑥, 𝜃𝑦 ,
and 𝜃𝑧 are the rotation vectors of 𝜃 in the x, y, and z axis.

𝑁2 =

⎡
⎢⎣
𝑥2

𝑦2
𝑧2
0

⎤
⎥⎦ = 𝑁1 + (𝑁2−𝑁1) ⋅𝑅𝑂𝑇 (𝐴1) ⋅ 𝑇𝑟𝑎𝑛𝑠(𝐷1)

=

⎡
⎢⎣
𝑥1

𝑦1
𝑧1
1

⎤
⎥⎦+

⎡
⎢⎣
𝑥2 − 𝑥1

𝑦2 − 𝑦1
𝑧2 − 𝑧1

0

⎤
⎥⎦

⎡
⎢⎣
1 0 0 0
0 cos 𝜃𝑥 − sin 𝜃𝑥 0
0 sin 𝜃𝑥 cos 𝜃𝑥 0
0 0 0 1

⎤
⎥⎦

⎡
⎢⎣

cos 𝜃𝑦 0 sin 𝜃𝑦 0
0 1 0 0

− sin 𝜃𝑦 0 cos 𝜃𝑦 0
0 0 0 1

⎤
⎥⎦

⎡
⎢⎣
cos 𝜃𝑧 − sin 𝜃𝑧 0 0
sin 𝜃𝑧 cos 𝜃𝑧 0 0
0 0 1 0
0 0 0 1

⎤
⎥⎦

⎡
⎢⎣
1 0 0 𝑑𝑥
0 1 0 𝑑𝑦
0 0 1 𝑑𝑧
0 0 0 1

⎤
⎥⎦

(7)

IK is opposite to FK as it is initialized by the slave bone, Bone
2, to generate effects similar to pressing in order to drive the
master bone, Bone 1. It is noted that, FK can only lead to one
result, while IK may have different results as shown as figure
5B. We can calculate the location of P1 by the motion of P2.

𝑞 = 𝑓−1(𝑃 ) (8)

𝑞 is the location of P1 and 𝑓−1 is Jacobian matrix.

𝐽𝑓 (𝑞) =

⎡
⎢⎢⎣

∂𝑓1
∂𝑞1

⋅ ⋅ ⋅ ∂𝑓1
∂𝑞𝑛

. . .
. . . . . .

∂𝑓6
∂𝑞1

⋅ ⋅ ⋅ ∂𝑓6
∂𝑞𝑛

⎤
⎥⎥⎦ (9)

533



D. The Body Correction Algorithm
For different body characteristic, it is hard to model the fitted

body structure only with acceleration and angle data, therefore
this study apply Body Correction Algorithm (BCA) to calculate
the correlation between angular acceleration and length. BCA
shown in figure 6 is similar to the Back Propagation Network
algorithm. The system takes the acceleration and angular acceler-
ation as input. And the hidden layer is the body characteristic like
as the length of body, hand and foot. First, the body characteristic
is system default. Then the system takes the kinematic theory
and body characteristic to model the body skeleton. However,
the system logs the acceleration and angular acceleration at the
working state that considers the stability of the system. Finally,
the BCA revises the body characteristic according to the logged
values.

Fig. 6. The Body Correction Algorithm.

This BCA first carries out training on samples by several
groups of known accelerations and angular accelerations of each
part. After calculating the location of parts, it used activation
function 𝑓 , with the equation as below:

𝑓(𝑥) =
1

1 + exp (−𝛼𝑥)
(10)

Fig. 7. The Modification with the Length and Angle of Skeleton.

Where the input parameters are the locations of parts. After
getting the body characteristic, the system models the body by
the kinematic theory. Then the system returns the results of body
skeleton to modify. The modification with the length and angle

of skeleton is shown as figure 7. When we get the body angle
𝜃, the length L of skeleton can be calculated, which D is the
horizontal displacement. With the training, the system can get a
body module which adapts to the individual body characteristics
of different people.

IV. EXPERIMENT AND RESULT

In this section, we will present the implementation system
related about 3D human motion reconstruction and test for the
accuracy of the motion reconstruction on different methods.

A. The 3D Human Motion Reconstruction Simulation
For motion reconstruction testing, the acceleration and angle

data on Z-axis and X-axis in walking motion are recoded and
shown above as figure 8. In walking motion, the left and right
leg will generate forward or backward, upward and downward
acceleration. Whether the current state is walking can be identi-
fied according to the periodic acceleration and motion frequency.
Because the data collected may not be able to present the motions
accurately, the length of legs and hands are the default values
for reconstructing the human motion shown as figure 9A.

After utilizing BCA to calculate the probable leg length, the
proportions of the upper and lower body can be computed based
on body height and leg length. The skeleton is adjusted according
to the different limb characteristics of each person with BCA.
Therefore, the accurate proportions of the upper and lower
body are conducive to the reconstruction of human motion. The
simulation results are shown in figure 9B. As seen, the simulation
with BCA is more real presented than the one without BCA.

Fig. 8. Acceleration and Angle Data of Wrist (a)(b) and Leg (c)(d)in Walking.

B. The Accuracy Testing of Motion Reconstruction
In the study, this experiment chooses 12 subjects who is age at

18-57 for testing. For testing accuracy, the sequence and duration
of each motion which are totally test for 600 times were different.
The correct case is defined the difference degree between the
simulation and real motion is less 10%.

The result shows below Table 1. The result compared to single
sensor system which takes head for test part is more accuracy
in different motion state. And the proposed scheme has higher
recognition capabilities and error reduction with the influences
of abnormal elements in compared with reconstruction without
BCA.
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Fig. 9. 3D Skeleton Simulations without BPN Algorithm (A) and with BPN
(B).

TABLE I
RESULT OF ACCURACY ON DIFFERENT MOTIONS STATE.

Task Standing Sitting Running Walking Total

Total test 150 150 150 150 600

Correction 150 150 131 142 573

Incorrection 0 0 19 8 27

Accuracy(%) 100 100 87 94 95.72

Accuracy with

Single sensor(%) None 81.3 74.1 76 None

Without BCA(%) 100 92.6 80.6 88 90.3

V. CONCLUSIONS AND FUTURE WORK

In this paper, the proposed 3D AMR scheme utilized six
sets of triple axis accelerometers and gyroscopes installed onto
different parts of body to measure accelerations and angular
accelerations on the limbs. Combined with accelerations and
angular information, the simple human motion evaluation is
built. In human motion reconstruction, the more information
collected from different parts of body, the more accuracy can be
reconstructed. However, the sensor accuracy, cost and comfort
for human are considered. It is a strike drawback of comfort
while too many sensors are installed on the body. In order to
reduce issue, sensors are worn or carried to affix onto the six
parts of human body. Based on theories of skeleton FK and IK,
the human body postures are really reconstructed in most cases.
The proposed BCA which records the related data and revise
the limb height and body ratio is employed to improve accuracy
rate of human body reconstruction. During the reconstruction,
some error may occur with irregular motion like swing. These
could be improved in the future.
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