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Abstract. Cerebral palsy (CP) is a group of nonprogressive neuro-
developmental conditions occurring in early childhood that causes move-
ment disorders and physical disability. Measuring activity levels and gait
patterns is an important aspect of rehabilitation programs for CP. Hip-
potherapy is a rehabilitation method to improve motor coordination abil-
ity of children with CP. However, there is still no practical evidence for
the effectiveness of hippotherapy. This paper introduces a method of
motor measurement and evaluation for children with CP based on body
area sensor network. Our method uses wearable inertial sensors to mea-
sure the motor function of children with CP by sensor fusion algorithm,
whose accuracy is verified by optical system. In addition, via introducing
the control group, the differences of motor coordination ability and gait
parameters between CP and healthy children were discussed. Generally
speaking, our method can effectively measure the movement posture and
gait parameters of children with CP during hippotherapy, which provides
a basis for proving the effectiveness of hippotherapy.
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1 Introduction

CP is a group of neurological disorders that occur in early childhood or infancy,
and affect muscle coordination, body movement, and balance [1,2]. At present,
there are many motion rehabilitation therapies for children with CP, such as
hydrotherapy intervention [3], massage therapy [4], surgical intervention [5], etc.
Hippotherapy is one kind of the motor rehabilitation therapies for children with
CP which grows up in western from the middle of last century. It is a kind of
rehabilitation method that uses horse as a therapeutic tool to treat various func-
tional and physical, psychological, cognitive, social and behavioral disorders of
neurotic children utilizing the regular motion model of horse and the characteris-
tics of human-horse interaction under the guidance of physical, occupational and
speech therapists [6]. It is an important part of the overall rehabilitation training
program to achieve the ultimate goal of functional rehabilitation. In hippother-
apy, the children does not require learning horseback riding skills, but is based
on improving the functional and sensory integration of the nervous system. At
present, hippotherapy has been used to treat most neurological diseases, such as
autism, cerebral palsy, arthritis, multiple sclerosis, craniocerebral injury, stroke,
spinal cord injury, behavioral and mental disorders. For children with CP, after
sitting on the horse’s back, their muscles naturally relax [7]. As children with CP
usually have scissors feet, when sitting on the horse’s back, their feet will open
naturally. By interacting with the horse, which can improve their perception and
muscle coordination.

In previous studies, Lee et al. studied the effect of hippotherapy on the recov-
ery of gait and balance ability of stroke patients [8]. Through statistical analysis
of the therapeutic effect of hippotherapy on 30 stroke patients for 8 weeks, the
effectiveness of hippotherapy was proved. Lee [9] et al. studied the effects of
hippotherapy on brain function and blood-derived neurotrophic factor (BDNF)
levels in children with attention deficit hyperactivity disorder (ADHD). By com-
paring the results of brain magnetic resonance imaging scans of 20 children with
ADHD after 32 weeks of hippotherapy and the baseline of blood BDNF levels
with the parameters of healthy children, it was proved that hippotherapy had a
positive effect on the recovery of brain function in children with ADHD. Park et
al. [10]discussed the effect of hippotherapy on gross motor function of children
with CP. By analyzing the improvement of gross motor function of 34 children
with CP after 8 weeks of hippotherapy, the presented results imply a positive
effect of the equestrian therapy to improve motor function of children with CP.
Above studies mainly used medical measurement methods to evaluate the effects
of hippotherapy on gross motor function and behavioral disorders. Such an eval-
uation method is generally time-consuming and laborious, requiring higher cost
output.

Current medical studies have shown that hippotherapy is effective for many
diseases, but due to the inherent difficulties in collecting objective data and the
lack of effective evaluation methods, the related research progress of hippother-
apy is slow. With the development of micro-electro-mechanical system (MEMS),
wireless communication and sensor network technology, wireless body sensor net-



334 S. Qiu et al.

work (BSN) -a kind of wireless sensor network (WSN) [11], which is composed
of multiple sensor nodes (each capable of data acquisition, processing and com-
munication) placed on different parts of human body are gradually applied in
the fields of medical rehabilitation [12], motion analysis [13] and so on. However,
the evaluation of motor rehabilitation of children with CP mainly focuses on the
monitoring of their motor coordination ability and joint movement, these are
what BAN is good at. Therefore, it is feasible to apply BAN to the evaluation
of the curative effect of hippotherapy.

Aiming at the current development of hippotherapy, this paper introduces
a method of motor measurement and evaluation for children with CP based on
body area sensor network. In our research, the motion data of children with CP
during equestrian treatment were measured by arranging inertial sensor nodes
on the motor dysfunction area of children with CP. One sensor fusion algorithm
is adopted for sensor fusion whose accuracy is verified by optical system. In
addition, via introducing the control group, the differences of motor coordina-
tion ability and gait parameters between children with CP and healthy children
were discussed. The results show that our method can effectively measure the
movement posture and gait parameters of children with CP during hippotherapy,
which provides a basis for proving the effectiveness of hippotherapy.

2 System Platform and Experimental Description

In this section, the system hardware, participants and protocols of experiment
will be introduced.

2.1 Experimental Scenario and Platform

In this research, the motion capture system was used (which is developed by
our “LIS” Laboratory) to collect the raw sensor data in training. Our system
consists several sensor nodes and one sink node, each sensor node equips with
MEMS sensors and a radio frequency module. The motion information collected
by the sensor, including acceleration, angular velocity and magnetic field inten-
sity, will be written into the SD card in real time under working condition. The
sink node contains a LoRa RF module, which works in 433MHz. The highest
sample frequency can up 400 Hz. The MEMS sensors is one kind of industrial
high precision inertial sensor-ADIS16448, which is equipped with a 3-axis gyro-
scope, a 3-axis accelerometer, and a 3-axis magnetometer, Table 1 shows their
specifications. Figure 1 shows the hardware setup of the system.

2.2 Participants and Protocols

In our case study, four participants (1 healthy children, male; 3 children with CP,
1 male, 2 females) and one horse were recruited to participate in the experiment
(see Table 2). The experimental site is Suzhou Industrial Park Boai School &
Clinic, China. Suzhou Industrial Park Boai School & Clinic is a public welfare
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Table 1. MARG data performances specifications

Unit Gyroscope Accelerometer Magnetometer

Dimensions 3 axis 3 axis 3 axis

Dynamic range ±1000 deg/s ±18 g ±1900uT

Sensitivity (/LSB) 0.04 deg/s 0.833 mg 142.9uguass

Bandwidth (kHz) 330 330 25

Linearity (% of FS) 0.2 0.2 0.1

Fig. 1. The hardware of data acquisition system

school for disabled children donated by society, which has eight years experiences
in hippotherapy. During the experiment, two therapists were also recruited to
assist children and ensure safety.

Table 2. Participants’ anthropometric details

Gender Age (year) Weight (kg) Symptoms

Female 8 25.7 Hemiplegia with heel-toe, crouched gait

Female 10 29.6 Spastic diplegia of lower extremities

Male 12 30.2 Ataxia cerebral palsy, lower limb spasticity

During the experiment, ten inertial sensor nodes fitted on suitable nylon
bandages were arranged on the surface of children’ lumbar, chest, thigh, calf,
upper arm and lower arm. Subsequently, the children ride on the horseback
under the help of therapists, the groom leads the horse around a 30m×40m
rectangular field and walks slowly. Therapists follow the horse on both sides to
protect the children. After horse riding, all children will walk about 2 min in the
designated corridor to collect gait data. Figure 2 shows the experimental scene.
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Fig. 2. The experiment scene

3 Algorithm Structure

In this section, the proposed algorithm is described, which includes coordinate
definition, signal pre-processing, orientation estimation algorithm, the method
of motion capture, respectively.

3.1 Coordinate Definition

In our research, three coordinate systems were defined as follows:

(1) Navigation coordinate system (NCS): In this research, NCS is defined as the
North-East-Down coordinate system (see Fig. 3). In summary, the X axis
points to the North, the Y axis is perpendicular to the equator and points
to the East, and Z axis is perpendicular to the ground and points to the
center of the earth, respectively.

(2) Sensor coordinate system (SCS): The sensor frame is defined as the axes of
SCS in Fig. 3.

(3) Body coordinate system (BCS): In this paper, every segment has its own
coordinate system and specific definition refers to Fig. 3.

3.2 Signal Pre-processing

In the processing of sensor data, white noise interference often exists in the raw
sensor data. Therefore, signal pre-processing is essential to reduce the sensor
error caused by white noise. In our research, the process of signal pre-processing
can be summarized as follows:
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Fig. 3. The definition of coordinate system

Accelerometer: By analyzing the output of the accelerometer, it can be found
that the outputs of the accelerometer contain more high-frequency components
and the data oscillation is very serious. In order to filter the high-frequency part
of the signal, a low-pass filter is used to filter the outputs of accelerometer.

Gyroscope: The error of the gyroscope is mainly on the zero drift, which can
be simplified as the fluctuation of the output signal of gyroscope around the zero
point in static state. In this paper, the weighted average filtering method is used
to estimate the zero drift of gyroscope, so as to remove the influence of zero drift
on the subsequent attitude calculation as much as possible.

Magnetometer: For magnetometer, it is mainly disturbed by the magnetic
field of the surrounding environment, generally divided into soft iron interference
and hard iron interference. In order to remove the local magnetic field interfer-
ence, many studies have put forward relevant schemes [14] [15], among which
an ellipsoid fitting method based on least squares [15] is effective. This method
is also adopted by us to calibrate the magnetic field interference in this paper.
Figure 4 shows the outputs of magnetometer before and after fitting. It can be
found that before ellipsoid fitting, the outputs of magnetometer are approxi-
mately an ellipsoid and the center deviates from the origin, while the outputs of
magnetometer are approximately a positive sphere after ellipsoid fitting.

3.3 Orientation Estimation Algorithm

In this research, our aim is to analysis the motor coordination function of chil-
dren with CP. Motion coordination can be assessed by capturing children’s move-
ments. So orientation estimation algorithm should be used to measure the move-
ments of children. In previous studies, there have been many related studies in
such field, such as gradient descent algorithm [16], Kalman filter [17], comple-
mentary filter [18]. The main idea is to compute the estimation of orientation
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Fig. 4. The performance of ellipsoid fitting

through the optimal fusion of gyroscope, accelerometer, and magnetometer. In
this paper, the gradient descent algorithm which is developed by Madgwick [16]
is adopted for sensor fusion. In addition, on the basis of the original algorithm,
the initial attitude calibration process is added to obtain more accurate results,
and the process of algorithm is as follows.

(1) Initial Attitude Calibration

At first, considering the gimbal lock problem of euler angle and computa-
tional complexity of rotation matrix, quaternion representation is deployed in
this research to describe the 3-D orientations of each limb. In general, a unit
quaternion q can be expressed as

q = [q0 q1 q2 q3]T ∈ H (1)

where, q0 ∈ R and [q1 q2 q3]T ∈ H are the scalar and the vector part of unit
quaternion, respectively.

In order to express the movement of limbs in NCS, a series of attitude cali-
bration should be conducted to make sure that the positions of sensors and limbs
are fixed, which can guarantee the rotation quaternion between the sensor and
corresponding body part is a fixed value. In our research, the calibration process
is as follows: the subject is required to face the north and stand at up-right
posture for a few seconds after he/she has worn the sensor nodes. In this way,
the body frame BCS can be roughly overlapped with NCS. The initial alignment
qN
S,in between SCS and NCS can be obtained by means of magnetometer and

accelerometer as follows:
φin = arctan(ay

s , az
s) (2)

θin = arcsin(−ax
s/g) (3)

hx
N = hx

s cos θin + hy
s sin θin sinφin + hz

s sin θin cos φin (4)

hy
N = hy

s cos φin − hz
s sinφin (5)

ϕin = − arctan(hy
N/hx

N ) (6)

where, φin, θin, ϕin represent the roll, pitch and yaw, respectively; g indicates the
acceleration of gravity, ax

s ,ay
s ,az

s and hx
s , hy

s , hz
s represent three-axis acceleration
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and three-axis magnetic field after calibration, respectively. Then, the initial
quaternion qN

S can be calculated from Eq. (7) through the mutual transformation
between quaternion and Euler angles.

qN
S =

⎡
⎢⎢⎣

c(φin/2)c(θin/2)c(ϕin/2) + s(φin/2)s(θin/2)s(ϕin/2)
s(φin/2)c(θin/2)c(ϕin/2) − c(φin/2)s(θin/2)s(ϕin/2)
c(φin/2)s(θin/2)c(ϕin/2) + s(φin/2)c(θin/2)s(ϕin/2)
c(φin/2)c(θin/2)s(ϕin/2) − s(φin/2)s(θin/2)c(ϕin/2)

⎤
⎥⎥⎦ (7)

where c and s represent cos and sin functions, respectively. As the coordinate
frame of each body segment is aligned with NCS during the initialization, result-
ing in qB

S = qN
S . Of course, it must be declared that the few seconds of initial

sensor-to-segment calibration is suitable for the case where the surrounding mag-
netic field interference remains unchanged and that this static standing calibra-
tion happens at a certain location for a very short time.

(2) orientation update

In this paper, the gradient descent algorithm which is developed by Madgwick
[16] is adopted for sensor fusion. The gradient descent algorithm is introduced
in document. At here, we will make a briefly description. The core idea is to
approximate the minimum deviation model by continuous recursive iteration.
The objective function can be defined as Eq. (8).

f(qN
S , dN , sS) = (qN

S )∗ ⊗ dN ⊗ qN
S − sS → 0 (8)

where qN
S donates an orientation of the sensor, dN represents a predefined ref-

erence direction of the field in the earth frame, sS is the measured direction of
the field in the sensor frame. The fusion process can be represented as Eq. (9)
where λt and (1 − λt) are weights applied to each orientation calculation.

qN
S,t = λtq

N
S,∇,t + (1 − λt)qN

S,ω,t 0 < λt < 1 (9)

3.4 The Method of Motion Capture

According to the principle of human kinematics, a human dynamic model based
on skeletal vector is constructed, as shown in Fig. 5. The feature of this model is
that each skeleton is connected by joints and traversed from top to bottom with
pelvis as root point, so that the human posture can be obtained by combining
the vectors of each body segment.

The vectors of each skeletal segment are defined in Fig. 5. OB represents zero
point. The position of the pelvis can be represented by the skeletal vectors in
Eq. (10).

dB
η,γ = ςη,γδη,γ ∈ R3 (10)

where η and γ denote the label of segments and limbs respectively. dB
η,γ is the

vector of a body segment represented in BCS. ςη,γ ∈ R is the length of a body
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Fig. 5. The performance of ellipsoid fitting

segment. δη,γ ∈ R is the unit vector of a body segment in BCS. Through the
initial attitude estimation, we can get qB

S , After attitude updating, qN
S (t) can be

measured. Thus the human body’s posture in NCS can be expressed by Eq. (11).

qN
B (t) = qN

S (t) ⊗ (qB
S )∗ (11)

Then the posture of each limb vector under NCS can be expressed by Eq. (12).

dN
η,γ(t) = qN

B,η,γ(t)dB
η,γ (12)

where dN
η,γ(t) represents a vector of a body segment represented in NCS at time t.

qN
B,η,γ(t) denotes the rotation quaternion of the corresponding skeletal segments

converted from BCS to NCS at time t. At this moment, the position of each limb
segment under NCS can be expressed by Eq. (13).

SN
η,γ(t) =

n∑
t=0

dN
η,γ(t) + ON (t) (13)

where SN
η,γ(t) is the position of joint between η, γ th and η + 1, γ th body

segments, ON (t) ∈ R is the position of the center of pelvis at time t in NCS.

4 Experimental Results and Algorithm Validation

In this section, the accuracy of our method and experiment will be conducted.
Firstly, Vicon optical system will be used for evaluating the accuracy of our
method. Secondly, the motor posture of children with CP during hippotherapy
will be captured to assess their motor coordination ability.
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Fig. 6. The experimental scene of algorithm validation
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Fig. 7. The comparison of quaternion

4.1 Algorithm Validation

In this subsection, we use Vicon optical motion tracking system as a reference
standard to verify the accuracy of the proposed algorithm. Vicon system is a
well-known optical motion tracking system in the world, and its accuracy can
reach 0.01 mm [19]. In this study, one participant participated in the measure-
ment of the experiment. During the experiment, sensor nodes were arranged on
the surface of the subject, and optical markers are arranged on the corresponding
parts of the body. The experimental scene is shown in Fig. 6. The comparison of
quaternion are shown in Fig. 7. It can be seen that the proposed method can track

Table 3. Estimation attitude comparison between our method and vicon

Angle RMS(SD±MEAN)(deg) Correlation Coefficient

Yaw 1.2493(0.7313 + 0.5180) 0.9457

Pitch 0.2934(0.2183 + 0.0751) 0.9732

Roll 0.8249(0.4834 + 0.3415) 0.9581
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Vicon system accurately. Furthermore, the frequency histogram and normal dis-
tribution of quaternion are given in Fig. 8. It can be seen that the corresponding
error mean and standard deviation of q0, q1, q2 and q3 are 0.0052, 0.0011,
0.0026, 0.0016 and 0.0116, 0.0105, 0.0141 and 0.0096, respectively. Table.3 lists
the root-mean-square errors (RMSE) and correlation coefficients of the corre-
sponding Euler angles. It can be seen that the corresponding RMSE are 1.2493,
0.2934 and 0.8249, the correlation coefficients are 0.9457, 0.9732 and 0.9581,
respectively. The results show that our method is effective and estimation errors
are well controlled.

4.2 Evaluation of Motion Coordination Ability

During the experiment, the inertial sensor nodes were arranged on the surface
the pelvis, chest, upper arm, lower arm, thigh shank and feet of the children.
With the help of the therapist, the children sat on the horseback and walked
slowly. The children could adjust their posture by feeling the rhythm of the horse
in the course of walking, so as to achieve the effect of improving muscle control.
In this paper, we mainly measure the motor ability of children with cerebral
palsy in the early stage of hippotherapy. In the experiment, in order describe
the results clearly, a healthy child was introduced as a control group.

Figure 9 shows the raw sensor data of one child with CP in hippotherapy.
Figure 10 shows the comparison of riding posture between CP and healthy chil-
dren during hippotherapy. From Fig. 10, we can see that children with CP shows
poor coordination with horses, posture distortion and can not control the bal-
ance of their limbs well at the early stage of treatment because of poor mus-
cle tension and weak coordination ability. Figure 11 shows the contrast of joint
angle between CP and healthy children. In Fig. 11, we mainly list the hip abduc-
tion/adduction and hip flexion/extension. We can see that in horse riding, chil-
dren with cerebral palsy can not control their posture well because of their weak
muscular tension, so their posture changes greatly during riding. Taking the
hip flexion/extension for example, we can see the degree of flexion/extension of
trunk corresponding to CP is usually large than healthy child. This indicates
that children with CP have weak control over trunk balance, and muscle tone of
waist is poor.
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Fig. 9. The raw sensor data of one child with CP in hippotherapy.

(a) The motion capture of healthy child (b) The motion capture of CP

Fig. 10. The comparison of motion capture between healthy and CP
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Fig. 11. Contrast of joint angle between healthy children and CP children.

In addition to the analysis of riding postures, we also analyzed the walk-
ing postures of CP and healthy children (see Fig. 12). Figure 12 shows that our
method can effectively capture the child’s movement posture. Through the com-
parison of CP and healthy children, it can be found that children with CP shows
abnormally distorted when walking. In addition, we also counted the changes of
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Fig. 12. The comparison of motion capture between healthy and CP
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the angle between foot plane and ground plane in the sagittal plane (equal to the
pitch angle of foot) between CP and healthy children in walking. From Fig. 13,
It can be found that the toe flexion is obvious and the dorsiflexion is very small
in children with CP when walking normally. In addition, Fig. 13 shows that the
proportions of stance phase of healthy children is about 65%, which is basically
consistent with 60% of the actual measurements, while the children with CP
maintained at about 80%, which indicates that the lower limbs of children with
CP have motor deficits-crouch gait.

5 Conclusion

This paper introduces a method of motor measurement and evaluation for chil-
dren with CP based on body area sensor network. The method uses wearable
inertial sensors to measure the motor function of children with CP by sensor
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fusion algorithm, whose accuracy is verified by optical system. In addition, via
introducing the control group, the differences of motor coordination ability and
gait parameters between children with CP and healthy children were discussed.
Generally speaking, our method can effectively measure the movement posture
and gait parameters of children with CP during hippotherapy, which provides a
basis for proving the effectiveness of hippotherapy.
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