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The issue of aging is a complex social challenge. When elderly people suffer from diseases
such as hemiplegia, their quality of life is greatly affected. The only way to reduce the impact of
such diseases is to perform long-term rehabilitation, which is extremely time-consuming. Thus,
gait information for clinical practice can effectively help subjects with stroke and their
occupational therapists. In this study, a pressure-sensor-based gait analysis system is proposed to
help occupational therapists evaluate the gait of disabled people. To effectively acquire gait
information without affecting the user’s activities, the insole of the foot is selected as the
pressure-sensing interface. To accurately acquire information of the plantar pressure, force-
sensing resistor (FSR) film pressure sensors (FPSs) are used. To greatly reduce the differences
between the outputs of FSR FPSs, linear regression is used to normalize the outputs. To correctly
detect the steps in the gait cycle, an endpoint detection algorithm is applied. The experimental
results showed that the proposed normalization process can greatly reduce the differences
between the outputs of FSR FPSs. Moreover, occupational therapists agreed that the proposed
system can help them evaluate the gait of users.

1. Introduction

The issue of aging is a complex social challenge of great concern.(:?) Diseases such as
hemiplegia have a high incidence and recurrence rate among elderly people. These diseases are
generally caused by a brain lesion, such as a tumor, or by stroke, causing paralysis to one side of
the body and reducing the quality of life of elderly people. To reduce the impact of these diseases,
long-term rehabilitation must be performed, which is extremely time-consuming. Occupational
therapists require gait information to evaluate the effectiveness of rehabilitation and adjust the
training activities accordingly. Thus, gait information for clinical practice is very useful for
subjects with stroke and their occupational therapists.
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When elderly people suffer from non-fatal brain diseases (such as tumors) or strokes, about
70% of them become disabled, of which approximately 40% will become severely disabled.®)
The effects of these diseases on subjects are often reflected in their gait. Therefore, it is
important to preserve the quality of life of subjects by restoring their walking ability. According
to a recent study, the main causes of gait abnormalities are sensory impairment (18%), spinal
cord disease (17%), repetitive stroke (15%), unknown causes (14%), and Parkinson’s disease
(12%). To help subjects with such diseases, occupational therapists need to accurately assess
their gaits then provide professional advice about activities to improve their gait. Thus, a gait
analysis system could effectively reduce the effort of occupational therapists and increase the
effectiveness of rehabilitation for subjects.

Over the last decade, many devices that can be used to detect motion have been developed,
including Northern Digital OPTOTRAK, Isolatek WB-4, Microsoft Kinect, Vicon NDI,
Polhemus Liberty 240/8, Hexamite HX17, and Organic Motion STAGE.®~'? However, the user’s
environment is usually complex and includes many interference factors that could cause many
motion detection methods to fail, such as furniture, space layout, people moving, and sound and
light sources. Therefore, a robust motion detection method could greatly reduce the effects of
interference factors and increase the value of gait analysis systems.

Many studies have used inertial sensing technology, which is an innovative motion tracking
system, to improve the convenience of gait analysis systems.12~17) Inertial sensors are used to
measure the user’s gait parameters, such as joint tilt angle, walking speed, step length, stride
length, and relative swing position. However, inertial sensing technology requires many sensors
to be installed on the user, which is uncomfortable for the user and hinders their actions. Thus, a
simplified and convenient gait analysis system could greatly increase the user’s acceptance of
such technology. The ability to acquire gait information without affecting the user’s activities
could help occupational therapists to correctly evaluate the gait of subjects and provide effective
training activities.

Many researchers have developed plantar-pressure-sensing interfaces to correctly obtain the
gait information of users without affecting their activities.(!®24 The insole of the foot has
successfully been used as an interface between the ground and the human body, and the
information derived from foot plantar pressure measurement is important in evaluating gait.
F-Scan and Kistler can obtain gait information, including the peak plantar pressure, the position
of the central pressure, and the ground reaction force.(!81% However, the equipment is extremely
expensive and cannot be used at home for a long time. Some researchers have developed plantar
pressure insoles with flexible pressure sensors.2%2) Using a high number of pressure sensors,
the changes in pressure during walking can be effectively detected. However, the price of such
products is very high. To reduce the cost, Hamid et al. and Fei ef al. used fewer pressure sensors
to obtain gait information.*>> Nevertheless, they only evaluated standing, squatting, and
forward and backward movements, and did not analyze the supporting strength of the feet. Thus,
their systems cannot be adopted by occupational therapists. Therefore, an inexpensive plantar-
pressure-sensing interface that can measure the supporting strength of a single limb could
effectively improve the effectiveness of rehabilitation.

In this study, a pressure-sensor-based gait analysis system is proposed to help occupational
therapists evaluate the gait of disabled people. To effectively acquire gait information without
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affecting the user’s activities, the insole of the foot is selected as the pressure-sensing interface.
To effectively acquire the plantar pressure, force-sensing resistor (FSR) film pressure sensors
(FPSs) are used. To greatly reduce the differences between the outputs of FSR FPSs, a second-
order linear function estimated using the least squares method is applied to normalize the
outputs of different FSR FPSs. To correctly detect the steps in the gait cycle, an endpoint
detection algorithm is developed.

2. Pressure-sensor-based Gait Analysis System
The proposed pressure-sensor-based gait analysis system is described in detail as follows.
2.1 Design of insole of the feet

In the clinical practice of occupational therapists, there are three main aspects in the

evaluation of the walking ability of subjects with gait disorder:(>>)

* ataxic gait: whether the patient has freezing of gait;

* limb stability: the characteristics of swinging gait, dragging legs, low walking speed, short
stride, stiffness, reduced step height, hesitation in walking, etc.;

* the symmetry of gait: the symmetry of walking with both feet and the range of variability.

To obtain clinical gait information, the gait cycle is analyzed as shown in Fig. 1. From the
results of the gait cycle analysis and the clinical practice of occupational therapists, the landing
time and supporting strength of the left foot, right foot, and both feet during walking should be
obtained. In addition, the difference in supporting strength between the two feet and the change
in the supporting strength of a single foot are important in the evaluation of gait. Therefore, the
pressure-sensing insole shown in Fig. 2 is designed.

Using the pair sensors (R1, R5) and (L1, L5), the corresponding supporting time and strength
of one foot can be easily detected. Using the pair sensors (R2, R3) and (L2, L3), the change in
the supporting strength of one foot can be detected and used to estimate the step balance of a
subject. Ten sensors can meet the requirements for the clinical evaluation of gait by occupational
therapists. The use of such pressure-sensing insoles can also greatly reduce the cost of gait
analysis systems.
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Fig. 1. (Color online) Analysis of gait cycle.
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Fig. 2. (Color online) Positions of sensors on the insoles.

2.2 Hardware design

The architecture of the proposed pressure-sensor-based gait analysis system is shown in
Fig. 3. First, the sensors used on the plantar pressure insole should provide repeatable and stable
performance, be easy to integrate, and not hinder the user’s activities. Moreover, the insole
should be comfortable to improve user acceptance. Compared with other types of pressure
sensors, FSR FPSs have light weight, high sensitivity, fast dynamic response, and good
repeatability. Therefore, FSR FPSs are used in the plantar pressure insole to meet the
requirements of clinical gait analysis.

When a subject is walking, the pressure on the insole changes, which changes the resistance
of the FSR FPS. Therefore, a resistance—voltage signal conversion circuit (as shown in Fig. 4) is
designed to detect the voltage signal, which represents the pressure on the insole, from the insole
sensors. The output voltage (V,,,) associated with the pressure can be defined as

V..R
Vour =———, D

Rpep +R

where V.. is the input voltage of the conversion circuit. Rygp and R are the resistances of the FSR
FPS and reference sensor, respectively. Generally, the resistances for different resistors are
considerably different and it is very difficult to normalize them using hardware. Therefore, a
normalization process is implemented using a microcontroller as described in detail in the next
subsection.

2.3 Gait signal processing

To reduce the error caused by using different resistors, a normalization process is
implemented using a second-order linear function. Each sensor in the plantar pressure insole is
tested using standard weights; a weight test is performed by adding weights in units of 1 kg from
0 to 10 kg to the FSR FPSs in the plantar pressure insole to obtain the corresponding outputs of
the sensors. To normalize the difference between the outputs of the FSR FPSs, an FSR FPS is
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Fig. 3. Architecture of the pressure-sensor-based gait analysis system.
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Fig. 4. (Color online) Resistance—Voltage signal conversion circuit.

selected as a reference sensor. The relations between the outputs of the other FSR FPSs x and
that of the reference sensor are modeled as second-order linear functions f'defined as

(x)= By + Bix+ Pox’, 2)

where f, £, and f, are the coefficients of the second-order linear function and are estimated by

the least squares method. Using this function, the outputs of the FSR FPSs can be normalized to

the same output range. After the outputs of the FSR FPSs are normalized, a second-order linear
function is estimated by the least squares method and used to transform the voltage to a mass in
kilograms, which occupational therapists are familiar with.

After the gait signal has been normalized and transformed, the following endpoint detection
algorithm is applied to find the steps in the gait cycle:

Step 1:  Compute the average magnitude of the gait signal as well as the average magnitude of
the noise. Before the foot plantar pressure is used, the average magnitude of the noise
is obtained from the first 100 ms of the gait signal. The mean and standard deviation of
the average magnitude of noise are calculated and used to determine their thresholds to
separate the actual gait signal from the noise.

Step 2: At the beginning of the signal, the first point where the signal magnitude exceeds the
previously set threshold for the average magnitude is searched for. This location marks
the beginning of the gait signal.

Step 3:  From this point, a forward search is carried out until the magnitude drops below a
lower magnitude threshold. This location marks the end of the gait signal.

Step 4:  The above process is repeated, starting from the end of the gait signal, to locate the
beginning and end of the next gait signal.
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3. Experimental Results

In this study, eight normal subjects and two disabled subjects who had experienced stroke
were asked to participate in experiments to evaluate the performance of our proposed system.
The experimental results are detailed in the following.

3.1 Results of sensor normalization

As described in this subsection, the FSR FPSs are normalized. The results before
normalization are shown in Fig. 5(a). In this figure, it is clear that the outputs of the FSR FPSs
are different at the same pressure, especially for heavy inputs. To reduce the difference between
the outputs of the FSR FPSs, the second-order linear functions are used to normalize the outputs,
and the results are shown in Fig. 5(b). It is clear that the proposed approach can effectively
reduce the difference between the outputs of the FSR FPSs and ensure their consistency.

To evaluate the performance of the proposed normalization process, we evaluated the ranges
of the outputs of FSR FPSs at different pressures (kg), as shown in Fig. 6. Before the
normalization, the range of outputs, defined as the difference between the maximum and
minimum voltages, was between 45 and 85 mV. After normalization, the range was greatly
reduced to between 11 and 31 mV, thus reducing the error by between 50.9 and 77.8%. Thus, the
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Fig. 5. (Color online) Transform functions (a) before and (b) after normalization.
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Fig. 6. Ranges for the outputs of FSR FPSs at different pressures.
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proposed normalization process can successfully improve the accuracy of plantar pressure
insoles.

3.2 Results of gait information analysis
In this subsection, the gait information acquired by the proposed gait analysis system is

examined. A normal subject and a disabled subject were examined and the results are shown in
Figs. 7 and 8, respectively. In Fig. 7, the steps can be easily detected. Moreover, the fifth sensor
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Fig. 7. (Color online) Gait information of (a) left and (b) right feet of normal subject.
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Fig. 8.  (Color online) Gait information of (a) left and (b) right feet of disabled subject.
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of the left and right feet is activated first and the last activated sensor is the first sensor of the left
and right feet. This behavior meets the characteristic of steps in the gait cycle. In Fig. 8, the gait
information of the disabled subject, who had experienced a mild stroke, is considerably different
from that in Fig. 7. The left foot of the disabled subject cannot work well and the supporting
strength of the left foot is relatively uneven. This is due to the excessive stiffness of the hip/knee
joints, which causes insufficient forward thrust of the thigh or the foot plate. Therefore, the
disabled subject generates an uneven force after the foot falls.

To objectively evaluate the proposed approach, all 10 subjects were asked to walk a distance
of 10 m. A total of 201 testing data were collected. The supporting gait cycle was manually
labeled to evaluate the performance of the proposed endpoint detection algorithm. The
recognition rates for normal subjects and subjects with stroke are 95.47 and 91.56%, respectively.
In this experiment, an error always occurs when the FSR FPSs are slightly pressed by the
pressure of the shoes. Moreover, the accuracy for two disabled subjects is slightly lower, mainly
because the foot sometimes drags slightly when a disabled subject is walking.

Finally, the gait information required by occupational therapists was examined by using a
normal subject and a disabled subject. For clinical practice, occupational therapists need the
supporting strength and the ratio of the stance phase to the swing phase. For the normal subject,
the durations of the gait cycle for the left and right feet are 1.35 and 1.31 s, respectively. For the
disabled subject, the durations of the gait cycle for the left and right feet are both 1.65 s, i.e., the
gait cycle durations of the left and right feet are almost the same. The proposed system shows
that the walking speed of the disabled subject is lower than that of the normal subject.

However, for the normal subject, the durations of the stance phase for the left and right feet
are 56.85 and 58.02%, compared with 66.75 and 52.36% for the disabled subject, respectively. It
is clear that the duration of the stance phase for the subject with stroke is different for the left and
right feet. The subject with stroke examined in this study always walks more heavily on the left
foot. We demonstrated our system to occupational therapists, who considered that the gait
information obtained for the system will be useful for clinical practice.

4. Conclusion

In this study, a pressure-sensor-based gait analysis system was successfully developed to help
occupational therapists evaluate the gait of disabled people. The insole of the feet can be used as
a pressure-sensing interface to effectively acquire information of the plantar pressure without
affecting the user’s activities. FSR FPSs can be used to effectively acquire the plantar pressure.
By using linear regression to normalize the outputs of FSR FPSs, the difference between the
outputs can be greatly reduced. The endpoint detection algorithm is able to correctly detect the
steps in the gait cycle. Our experimental results showed that the proposed normalization process
greatly reduced the difference between the outputs of FSR FPSs. Moreover, occupational
therapists agreed that the proposed system can help them evaluate the gait of users. In the future,
the proposed approach should be examined for a larger number of subjects.
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