
  

  

Abstract— We have developed a gait rehabilitation robot for 
hemiplegic patients using the treadmill. A walk phase, which 
includes time balance of stance and swing legs, is one of the most 
basic indexes to evaluate patients’ gait. In addition, the walking 
phase is one of the indexes to control our robotic rehabilitation 
system. However, conventional methods to measure the walk 
phase require another system such as the foot switch and force 
plate. In this paper, an original algorithm to estimate the walk 
phase of a person on a treadmill using only the current value of 
DC motor to control the treadmill velocity is proposed. This 
algorithm was verified by experiments on five healthy subjects, 
and the walk phase of four subjects could be estimated in 0.2 (s) 
errors. However, the algorithm had erroneously identified a 
period of time in the stance phase as swing phase time when 
little body weight loaded on the subject’s leg. Because a period 
of time with little body weight to affected leg is often observed in 
a hemiplegic walk, the proposed algorithm might fail to 
properly estimate the walk phase of hemiplegic patients. 
However, this algorithm could be used to estimate the time when 
body weight is loaded on patient legs, and thus could be used as 
a new quantitative evaluation index. 

I. INTRODUCTION 
READMILL is often used for a gait rehabilitation of 
hemilegic patient. In addition, robotic gait rehabilitation 

systems using the treadmill have been studied [1]. The aim for 
hemiplegic patient to use the treadmill is to correct the 
asymmetric physical ability, because the physical workload can 
be modified with independent operation of the left and right 
treadmill [2][3]. Using a bilateral separated treadmill, we have 
been developing a rehabilitation robot capable of alleviating the 
asymmetry of body weight loading during the walk phase of 
hemiplegic patients [4]. In a previous study, we concluded that 
the asymmetry of body weight loading in simulated hemiplegia 
could be alleviated when the belt velocity on the affected side 
was reduced. In addition, the symmetry of a patient’s walk phase 
was correlated to his or her ability of loading symmetric body 
weight to legs. As a result, we decided to develop a treadmill 
rehabilitation robot that could automatically adjust left- and 
right-side belt velocities depending on patient’s walk phase. 
However, conventional methods to measure patient’s walk phase, 
such as foot switches and force plate, require a significant amou- 
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Fig. 1: Estimation of walk phase using the current value of a treadmill motor
 
nt of preparation and are cumbersome to use [5], which imposes a 
burden on both the patient and therapist.  
The purpose of this paper is to propose an original method for 

measuring the walk phase only with the rehabilitation robot 
based on the separated treadmill. This proposal utilizes an 
original algorithm capable of estimating the walk phase of a 
patient by observing the current value of the treadmill motor (Fig. 
1). This paper is organized as follows. Section II explains the 
proposed estimation algorithm. Section III proves an overview of 
the experimental methodology used during verification and 
shows results and discussion. Section IV provides a summary 
and future work. 

II. PROPOSITION OF WALK PHASE ESTIMATION ALGORITHM 

A. Qualitative relation of walk phase and motor current 
A bilateral separated treadmill, which is a treadmill with 

completely separated left and right treadmill belts, was used. The 
DC motor was connected to a gearbox with a reduction ratio of 5 
to 1, which provided power to each belt treadmill. The velocity of 
the DC motor could be set at target velocities ranging from zero 
to 4.0 (km/h). In order to determine the qualitative relation 
between a subject’s walk phase and the current value of the 
treadmill motor, it was necessary to measure both while the 
subject walked on the treadmill. The experimental conditions 
were as follows. The treadmill was placed on a force plate 
(AMTI OR6-7 2000). The left and right belt velocities were 
set at 2.0 (km/h). The walk phase was measured by the 
vertical force applied to the treadmill while the motor current 
value was measured by the current sensor installed in the 
motor driver. Measured walk phase and motor current of the 
left treadmill belt are shown in Fig. 2. Constant positive 
motor current value existed throughout the walk phase and 
that motor current increased during the stance phase. 

B. Method to estimate walk phase from motor current 
Figure 3 shows the treadmill mechanical model. When force 

applied to the belt varies, generating torque T is automatically 
controlled and current I varies correspondingly. This is because 
the motor is controlled by a feedback velocity control system. 
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Fig. 2: Walk phase and motor current of left leg during subject walk 
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Fig. 3: Mechanical model of treadmill 
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Fig. 4: Block diagram of treadmill with estimation algorithm 
 
According to the mechanical model, the torque loss Tloss that 
occurs in the gearbox is primarily the factor of raising I. As other 
factors of existing motor current I, the force applied to the belt is 
included. The force applied to the belt is classified into friction 
force between the walk board f, and into anteroposterior force Fy, 
which is the kicking and braking force exerted by the subject’s 
leg(s) during walking movement. By considering the factors 
enumerated above, motor current I is formulated as (1). 

FyfTloss IIII ++=  (1) 

where ITloss is current value that is caused by torque loss Tloss, 
If is current value that is caused by friction force f and IFy is 
current value that is caused by anteroposterior force Fy.. 

Because Tloss occurs irrespective of force to the belt, the 
constant positive current value that existed throughout the 
walk phase shown in Fig. 2 is considered as ITloss. ITloss can be 
formulated in terms of the belt velocity v, because the torque 
loss of the gear is mainly concerned with rotation velocity[6].  

As the friction force f is proportional to the normal force, If 
arises only when vertical force from a leg Fz is applied to the 
belt, which is during the stance phase. Because the direction 
of f is forward  constantly and always becomes against to the 
motor during the stance phase, motor current increase during 
the stance phase in Fig. 2 is considered as If. Therefore, if the 
time of increasing If from ITloss can be measured, it is possible 
to identify and estimate the stance phase and swing phase of a 
patient’s walk phase. 

Because anteroposterior force Fy is only applied to the belt 
when the subject’s foot is in contact, IFy can also be observed 
during the stance phase. Attention has to be paid to the 
direction of the Fy, because the direction of Fy changes during 

a stance phase. In the earlier part of stance phase, Fy operates 
forward and the load on the motor increases and IFy has 
positive value. However, in the later part of stance phase Fy 
operates backward and the load on the motor decreases and 
IFy has negative value. When Fy operate backword strongly, 
IFy has too much negative value, and the value of If is denied 
by IFy. This disturbs appropriate estimation of the stance 
phase. Fy tends to be wider in the positive and negative 
directions with heavy subject and fast walking velocity [7]. 
Thus far, we have proposed an algorithm for estimating the 

walk phase of a subject as follows: 
First, the algorithm approximates ITloss by belt velocity v, and 

formulates to ITloss(v). ITloss(v) depends on the belt condition 
such as temperature and humidity. Therefore, ITloss(v) is 
measured before the usage of the treadmill each time. Second, 
the algorithm constructs a motor current threshold IThreshold(v) 
by adding offset to ITloss(v) in order to reduce the affect of 
noise. Finally, the algorithm observes the motor current I and 
estimates the walk phase by determining whether I exceeds 
IThreshold(v) or not, as in (2). Figure 4 shows a block diagram of 
the bilateral separated treadmill within the estimation 
algorithm. 

.)()( offsetvIvI TlossThreshold +=  (2) 

if  ThresholdII ≥    then  Stance Phase. 
if  ThresholdII <    then  Swing Phase. 

In the proposed algorithm used to estimate walk phase, 
there is a problem that need to be solved in order to determine 
the motor current threshold IThreshold(v). The problem is the 
adjustment of the offset in (2). A function that can adjust the 
appropriate offset has been set in the system in order to 
determine IThreshold(v). IThreshold(v) was determined based on 
measurement of motor current value of treadmill belt with no 
load. IThreshold(v) was approximated by the second-order least 
squares method. 

III. ESTIMATION EXPERIMENT 

A. Objective 
The objectives are to verify accuracy of walk phase 

estimated by the algorithm for various gaits, to analyze 
characteristic gaits that affect the accuracy of the estimation, 
and to determine whether this algorithm can be used to 
estimate the hemiplegic walk phase. 

B. Methodology 
As shown in Fig. 5, the bilateral separated treadmill shown 

in Fig. 2 was placed on force plates (AMTI OR-6-7-200). The 
force to the treadmill Fz and Fy were measured using the force 
plates and the motor current value I of each treadmill was 
measured. Then, using the algorithm, the estimated time of 
the stance phase STI from I was measured and be compared 
with the stance phase STF that was measured from Fz. 

The experiment was performed using five healthy subjects. 
The factors affecting accuracy are forces from the leg to the 
belt while walking, Fz and Fy. Although there are individual 
differences, Fz depends primarily on body weight, and Fy de- 
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Fig. 5 Photograph of experiment 

TABLE I 
BELT VELOCITY AND CADENCE 

Belt velocity 
 v km/h 

Cadence 
step/min

0.5 43 
1.0 53 
1.5 62 
2.0 72 
2.5 82 
3.0 91  

 
pends primarily on walk speed, which is the belt velocity and 
body weight. The weights of subjects #1, #2, #3, #4 and #5 
are 53.0, 56.3, 59.7, 74.2 and 79.5 (kg). As shown in Table I, 
cadence was fixed with a metronome in order to simplify the 
experiment. Conditions of cadence were chosen based on the 
average Japanese gait. The measurement of the force and the 
motor current was performed three times repeatedly at each 
belt velocity v. Each measurement was performed during five 
walk phases. Before the experiments, informed consent was 
obtained from each subject, and each subject was allowed to 
grasp the treadmill handles to ensure safety. 

C. Results 
We defined the time difference TD between STI and STF as 

the index of accuracy for the estimated walk phase. The result 
of TD is shown in Fig. 6. Figure 6 (a) shows the TD of the left 
treadmill while (b) shows TD of the right treadmill.  

FI STSTTD −=  (3) 

As can be seen in Fig. 7, the values of TD were in -0.1 to 0.2 
(s) for every belt velocity except for #2. The accuracy of 
estimation was within 0.2 (s) for about four subjects in five. 
However, the TD of #2 was smaller than the other subjects 
and showed especially small velocity on the left treadmill. 
This phenomenon was not observed in the TD of #1 or #3, 
both of whom had about the same weight as #2. This 
estimation failure was determined to have resulted from an 
individual gait difference.  

D. Discussion 
To discover the characteristic gaits that affect the estimation, 

we compared Fy, Fz, STI and STF between #1 and #2. In order 
to analyze the large difference in each treadmill, we 
compared data on the belt velocity that has the worst result of 
the estimating stance phase (v=0.5 for left and v=1.5 for right 
treadmill). 

First, we analyzed the gait characteristics in the left 
treadmill. Figure 7(a) shows Fy, Fz, STI and STF of #1 while 
(b) shows the same information for #2, on v=0.5 (km/h). In 
Fig. 7, the difference of Fz was observed between (a) and (b). 
Regarding the Fz of #2 shown in (b), it was found that the 
rising and falling edges were longer than the edges of #1 
shown in (a). The gait of #2 resulted in long heel contact and 
long toe-off. In the time area of small Fz, If became small 
because friction force was proportional to Fz. Therefore, it 
was believed that motor current that was formulated in (1) 
became small and did not go over Ithreshold(v) in this time area. 
In Fig. 7(b), the time area of Fz less than approximately 100 
(N) was estimated to be the swing phase. Figure 8 shows the 
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(a) Left treadmill 
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(b) Right treadmill 
Fig. 6: Time difference between estimated and measured stance phase Note 
that The error bars indicate the standard division. 
 
average time that was Fz smaller than 100 (N) during the walk 
phase for all subjects. In Fig. 8, the average time of #2 was 
larger than the times for the other subjects, especially at low 
velocities. there were significant differences in the average 
time for the Fz smaller than 100 (N) between #2 and other 
subjects on every velocity except 3.0 (km/h). Additionally, as 
velocity decreased, the difference between the two groups 
increased. Therefore, it was concluded that estimations could 
be affected by the time area of small Fz, and that this occurred 
due to characteristic gaits that had long heel contact and long 
toe-off. Gaits with long heel contact and long toe-off are often 
observed in the walk of hemiplegic patients who often have 
difficulty in loading and shifting body weight [3]. Therefore, 
it was determined that the gait characteristics of hemiplegic 
patients could affect to the accuracy of walk phase 
estimations. However, this algorithm can estimate times of 
loading body weight by means of the motor current I. 
Next, we analyzed the affective gait characteristics that were 

observed on the right treadmill. Figure 7(a) shows Fy, Fz, STI 

and STF of #1 and (b) shows the same values for #2, on v=1.5 
(km/h). Figure 8 shows that Fy differs between (a) and (b). 
Regarding the Fy of #2 shown in (b), the positive peaks were 
larger than the ones observed for #1 shown in (a). This 
indicates that the gait of #2 had strong kicking force in the 
backward direction. In the time area, nearby positive peaks of 
Fy, IFy became in negative on a grand scale because the load to 
the motor decreased. Therefore, motor current I, which was 
formulated in (1), became small and did exceed Ithreshold(v) in 
this time area. In Fig. 7(b), the time area of Fy larger than 
approximately65 (N) was taken to be the swing phase. Figure 
10 shows that the average time of Fy larger than 65 (N) in the 
walk phase. In Fig. 10, the average time of #2 was larger than 
ones for the other subjects on low velocity. There were 
significant differences in the average time of Fy larger than 65 
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(a) Subject #1 
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(b) Subject #2 
Fig. 7: Force to treadmill and stance phase(Left treadmill, v=0.5 km/h) 
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Fig. 8: Average time of Fz which is more than 65N (Left treadmill) 
 
(N) between #2 and other subjects on v=0.5~2.5. This trend 
was also observed in the accuracy difference of the left 
treadmill shown in Fig. 6(b). This resulted because the 
positive peaks of Fy became impulsive at high velocities, 
however the I passed low pass filter. Therefore, the effects on 
the estimation could be caused by the time area of the large Fy 
in low velocity, and that this occurred as a result of the 
characteristic gaits that had strong kicking force. In the gait of 
a hemiplegic patient, the Fy tends to be smaller than that of a 
patient with a healthy gait [9]. Therefore, Fy is not expected to 
have a significant effect on efforts to estimate the walk phase 
of hemiplegic patients. 

IV. CONCLUSION 
We proposed an original algorithm to estimate the walk 

phase using the motor current value of a bilaterally separated 
motor treadmill. Stance phase of the walk phase could be 
estimated within 0.2 (s) error for about four out of five 
healthy subjects. Additionally, characteristic gaits with long 
heel contact and long toe off or with strong kicking force at 
slow walk velocities could affect to the accuracy of 
estimations. The former gait is often observed in patients with 
hemiplegic gaits. However, the algorithm would estimate the 
body weight load time. This estimation might possibly be 
useful as another evaluation index. 

-200

0

200

400

600

800

1000

0 1 2 3 4 5 6 7 8 9 10 11 12Time  s

V
er

tic
al

 fo
rc

e 
 F

z 
 N

-50

0

50

100

150

200

A
nt

er
op

os
te

rio
r f

or
ce

  F
y 

 N

ST_I ST_F Fz Fy
Stance phaseStance phase

Swing phaseSwing phase
Stance phaseStance phase

Swing phaseSwing phase

-200

0

200

400

600

800

1000

0 1 2 3 4 5 6 7 8 9 10 11 12Time  s

V
er

tic
al

 fo
rc

e 
 F

z 
 N

-50

0

50

100

150

200

A
nt

er
op

os
te

rio
r f

or
ce

  F
y 

 N

ST_I ST_F Fz Fy
Stance phaseStance phase

Swing phaseSwing phase
Stance phaseStance phase

Swing phaseSwing phase

 
(a) Subject #1 
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(b) Subject #2 

Fig. 9: Force to treadmill and stance phase (Right treadmill, v=1.5 km/h)  
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Fig. 10: Average time of Fy which is less than 100N (Right treadmill) 
 

In the future, we will develop a rehabilitation robot system 
with bilateral belt treadmill which will use the estimation 
algorithm to control the belt velocity. 
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