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This paper proposes a new approach of mechanical power factor analysis for evaluating human active motion. The
mechanical power factor is affected by the motion trajectory of an evaluation object. Therefore, in active motion,
unified evaluation is difficult using the conventional analysis method. In this study, the power factor evaluation of
active motion is realized by applying the perturbation from the evaluation system and using its frequency component

for power factor calculation.
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1. Introduction

Hemiplegic patients have difficulty with voluntary mus-
cular contraction by spastic paralysis or sensation disorder.
Aged people are liable to have paralysis by cerebral vascular
disease, and that population is increasing. In clinical prac-
tice, a therapist rebuilds the body function of the patient by
creating a rehabilitation training program. However, the di-
agnostics such as palpation or inspection depends on the ex-
perience of the therapist or doctor. In dealing with these is-
sues, many evaluation methods for body function in quantita-
tive way have been proposed in the field of engineering .
Along with the improvement in computer performance and
measurement technology, the analyses of various biological
data and motion data are realized. One of the biological sig-
nals used for evaluating body function is surface electromyo-
gram (SEMG) @, sSEMG can measure the electrical activity
which occurs in muscular contraction. In addition, motion
capture system can record the position and movement which
are features of human motion ”. However, the measurement
systems of these methods tend to be large because many sen-
sors and electrodes are needed. On the other hand, many es-
timation methods for mechanical impedance of each part of
body have been also proposed in this field ®'*. Human has a
function of impedance adjusting to hold the stability of pos-
ture and motion. In the case of paralysis, failure of impedance
adjustment occurs by abnormal muscle tone, and energy loss
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may occur during motion. The authors already confirmed
that energy loss during exercise can be evaluated using the
concept of mechanical power factor """V, In past study, the
power factor when applying external force from the system
to the upper limb in relax state is evaluated. If this evalua-
tion method can be applied to active motion, the evaluation
of extension and bending operation would be realized. How-
ever, the unified evaluation is difficult because power factor
depends on the trajectory of the motion. In addition, we have
not considered the situation that external force which is ap-
plied by the system and human operating force are mixed.

In this study, the mechanical power factor analysis for hu-
man active motion is realized by applying perturbation from
the evaluation system and using its frequency component for
power factor calculation.

This paper is organized as follows. In section 2, the con-
cept of mechanical power factor is shown. In section 3, power
factor analysis focusing on the specific frequency component
is proposed. In section 4, experimental verification of pro-
posed method is shown. This paper is summarized in the last
section.

2. Concept of Mechanical Power Factor

2.1 Power Factor in Electrical System  This subsec-
tion explains the concept of power factor in electrical sys-
tem. In electrical system, power factor is one of the indexes
which represent the characteristics of energy transmission.
Three kinds of electric power are defined in alternative cur-
rent system; “active power”, “reactive power”, and “apparent
power”. Active power means the electric power which is ac-
tually consumed at a load. On the other hand, reactive power
is the electric power which is not consumed and return from
load side to source side. Apparent power is the sum of active
power and reactive power. Then, power factor is obtained
from the ratio between active power and apparent power. We
are able to know the value of voltage and current which is
enough to perform the work by analyzing the power factor.
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Table 1. Analogies of variables

Electrical system ‘ Mechanical system ‘

Voltage v[V] Force f[N]
Current i[A] Velocity & [m/s]
Power P [W] Power P [W]
Inductance L[H] Mass m [kg]
Resistance R [Q] Viscosity d[Ns/m]
Elastance(inverse of Capacitance) 1/C[1/F] | Stiffness k[N/m]

Appareijt power Activd power Appareljt power power

S y

(a) Electrical system (b) Mechanical system

Fig.1. Circuit representation of power factor

2.2 Power Factor in Mechanical System Table 1
shows analogies of variables between electrical system and
mechanical system. Based on the analogy between mechani-
cal system and electrical system, power factor can be defined
in mechanical system. The merit of using the mechanical
power factor in this study is that the impedance characteris-
tics of the body during motion can be obtained. The rela-
tionship of mechanical power factor is shown in Fig. 1. In
this figure, Z signifies the load impedance. In mechanical
system, velocity occurs when force acts to the load. This
phenomenon is similar to the relationship between voltage
and current in electrical system. Ideally, the system uses the
maximum power to transfer energy to the load. However, like
electrical system, it is rare that all the energy supplied from
the source is consumed on the load side. The power which
is not consumed at the load returns to the source. In order to
apply the concept of power factor to mechanical system, the
definition of three kinds of power are necessary. The max-
imum power that the source can be supplied is called “ap-
parent power: S”. In addition, “active power: P” is defined
as the power that is consumed by the load. By contrast, “re-
active power: Q” means the power that is not consumed by
load.

From the relationship of analogy, active power can be de-
fined as the time average of instantaneous power.

T
T Jo

In this equation, f and X means the instantaneous force and
velocity. T is period. Active power includes the magnitude
and phase signal. On the other hand, apparent power is de-
rived from root mean square (RMS) value of force: F,,,; and
velocity: Xjs.

Frps = l fT FrAt, e )
T Jo

ers = l fT X2, oo 3)
T Jo

S = Frmxerx- .................................. 4)

Apparent power only focuses on the magnitude of sig-
nal unlike active power. Power factor in mechanical system

(MPF) is derived as (5). This explains the how much of the
supplied power is really used in the work.

In this equation, 6 means the phase difference between force
and velocity.
2.3 Analysis Method of Mechanical Power Factor
This subsection explains the analysis method of mechani-
cal power factor from motion data. Unlike electrical system,
some inputs of mechanical system are not periodical signal,
namely distorted wave. Especially, human inputs are com-
pletely random. Therefore, Fourier transformation is neces-
sary to decompose the distorted wave to components of sinu-
soidal wave. The procedure of the mechanical power factor
analysis is shown below.
(1) Obtain force and velocity in a motion.
(2) Apply Discrete Fourier Transformation (DFT) to
both force and velocity.
(3) Derive the power factor.
In the second process, DFT is performed in short time pe-
riod. By DFT, force and velocity can be expressed as (6) and
().

N

fst = FO,st + Z an,sl Sin(n(*)t + HF,,J,)’ """"" (6)
n=1
N

g = Ko + ) Xy SINOO + O ). oo )
n=1

Subscripts st and mn means the short time, and magnitude
of nth frequency component respectively. N is maximum
data number. w and 6 are angular velocity and phase. Ac-
tive power is derived by,

1
Pslzf

Apparent power is calculated from RMS value of force and
velocity.

F _ an,st (9)
n,st \/5 N

Y, an st

Xpo = e (10)

o

Frmsst = \/F(z),st + Fist +oe 4 F}%/’st’ ........... (11)

Xyt = \/X&S, PR b kXY e (12)

St = Frmg.siXoms.ste to 00 eeeeeeresesnnneeeen. (13)

Finally, power factor in mechanical system is expressed by
following equation.

Py
MPF,, = cos(6y) = S_’ ....................... (14)

st

3. Power Factor Analysis Focusing on the Spe-
cific Frequency Component

In previous section, the power factor analysis method is de-
scribed. However, this approach is not suitable for the unified
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Obtain the motion data
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Fig.2. Analysis method of MPF focusing on the fun-
damental frequency component
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Evaluation method of MPF in human active mo-

evaluation of the body function, because the value of power
factor depends on the trajectory of motion. Unlike the robot
motion, human motion differs from person to person. In ad-
dition, in the situation that a robot adds the load to human
motion, the energy of robot and human are mixed. In order to
evaluate the power factor from the viewpoint of impedance, it
is necessary to remove the influence on the power factor anal-
ysis by the trajectory of the active motion. Therefore, a new
approach of power factor analysis is needed for the evaluation
of human active motion. To solve this problem, new analysis
method which focuses on the specific frequency component
is proposed in this section (Fig.2). In conventional method,
all frequency components of motion are used for power factor
analysis. On the other hand, in the new approach, the robot
adds the perturbation which has specific frequency to human
during active motion, and only specific frequency component
is used for analysis (Fig. 3).

In proposed method, the specific frequency component is
extracted by DFT. Force and velocity of specific frequency
component are expressed as,

fsfc,sl = Fm,sfc,sl sin(na)t + erfL',xl)’
Xsfest = Xm_sfes SIN(nwt + Oy ).
Subscript m_sfc means the magnitude of specific fre-
quency component. Active power is calculated from the time
average of instantaneous power.

sfe,st

1 7T
Pspest = ?\fo‘ Fofesthsfestdtoeoeemeeneeneaen (17)

Apparent power is calculated from RMS value of force and
velocity.
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n
Compliance controlled
linear motor

Force controlled
linear motor

R

Metal fitting

Fig.4. Experimental setup in passive motion

Fm_sfc st
F ot = 7’, ............................ (18)
sfe,st \/E
. Xm_sfc st
Xofest = mmm e (19)
sfe,st \/5
Ffermsst = / F?fw’ .......................... (20)
X, fems,st = / X?fmt, .......................... 1)
szc,st = stc,rms,sthfc,rms,st- """""""""" (22)

Therefore, the mechanical power factor which only uses
specific frequency component can be expressed by following
equation.

Psfc,st
MPstc,st = Cos(gsfc,st) =

e (23)
S sfe,st

4. Experimental Verification

This section explains the experimental verification of the
proposed method. Two kinds of experiments are conducted
to verify the proposed analysis method. In the first exper-
iment, passive motion is evaluated by the proposed analy-
sis method. “Passive motion” means the situation which the
robot adds the force unilaterally to human. On the other hand,
in the second experiment, active motion is evaluated. “Active
motion” means the situation which the human adds the force
to the robot. Compliance controlled linear motor is used to
simulate the state of upper limb in both experiment. The pur-
pose of these experiment is to verify the integrity between the
impedance and power factor.

4.1 Power Factor Analysis in Passive Motion

4.1.1 Experimental Setup In this experiment, two
units of linear motor are used. Figure 4 shows the experimen-
tal setup. Metal fitting is used to connect the both linear mo-
tors. Force controlled motor which is commanded sinusoidal
wave is used to push the environment. On the other hand,
compliance controlled motor is used as environment. Block
diagram and experimental parameters of compliance control
and force control are shown in Fig.5, Table 2 and Fig. 6,
Table 3. Disturbance observer (DOB)* is implemented to
the system to ensure the robustness. Reaction force observer
(RFOB) ™ estimates the contact force during motion. Gains
were determined by preliminary simulation and experiment.
Cutoff frequency of DOB and RFOB are set to remove high
frequency noise. Command of force is set to low frequency
so as not to be affected by the cutoff frequency. Five condi-
tions are set for the impedance value of compliance control,

IEEJ Journal IA, Vol.7, No.3, 2018
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Xemd_c =5

Xema e

Fig.5. Block diagram of compliance control

Table 2. Experimental parameters of compliance con-

trol in passive motion

Command of position X¢pa_c
Command of velocity Xcna_c
Force gain Ky
Position gain K,
Velocity gain K,
Thrust constant K,
Nominal mass of motor M,,
Virtual mass M,
Virtual damper D,
Virtual spring K.
Cut-off freq. of DOB
Cut-off freq. of RFOB

0.0l m

0.0m/s

1.0

900

60

33N/A

0.50kg

0.50kg

30, 60, 100 Ns/m
225, 300, 400 N/m
500rad/s
500rad/s

Fais

Fig.6. Block diagram of force control

Table 3. Experimental parameters of force control in
passive motion

Command of force fimuq 5.0sin(2rft) N
Frequency of force command f | 2.0Hz
Cut-off freq. of DOB 500rad/s
Cut-off freq. of RFOB 500 rad/s

Table 4. Analysis result of power factor in passive mo-

tion
Case Impedance M PF(Conventional method) | MPF(Proposed method)
M. | D. | K. | Sim. | Exp. Sim. | Exp.
1 0.2 30 | 225|0.88 0.66 0.88 0.90
2 102 60 |225]0.96 0.71 0.96 0.97
3 0.2 | 100 | 225 | 0.98 0.75 0.98 0.99
4 0.2 ] 30 | 300 | 0.80 0.65 0.80 0.82
5 0.2 | 30 | 400 | 0.70 0.59 0.70 0.72

and the consistency of impedance and power factor is veri-
fied.

In addition to the experiment, the contact force and veloc-
ity when force controlled motor touched impedance environ-
ments was simulated. Therefore, the power factor calculated
from the simulation data and experimental data is compared.

4.1.2 Experimental Results  Experimental result and
simulation result of power factor in various impedance are
shown in Table 4. In this table, experimental value and sim-
ulation value are the mean value of the power factor dur-
ing motion for 20 seconds. Additionally, in the proposed
method, only frequency component of command value of the
force control is used for power factor analysis. In the viscous
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Compliance controlled motor

Only use for evaluation of
human motion trajectory

Pull Push Pull Push Pull

o 10 0 30 0 10 20 30 w0 0 )
Timels] Timels]

(a) Trapezoidal wave

002
0015
001

(b) Human motion

o 10 2 30 0 w0 )
Timels]

(c) Sinusoidal wave (0.25 Hz)

Fig.8. Three types of position command

dominant situation (case3), it is confirmed that power fac-
tor is higher than the stiffness dominant situation (casel).
Experimental results of the power factor which is analyzed
by the conventional method are slightly different from sim-
ulation results. It is assumed that the harmonic component
caused by the friction of the experimental components influ-
enced the power factor analysis. On the other hand, in the
proposed method, there is almost no difference between ex-
perimental results and simulation results. The results mean
that the power factor in original motion can be obtained from
the proposed method. From these results, it is suggested that
the human active motion can be evaluated by using only the
frequency component of perturbation which is intentionally
given by the system.

4.2 Power Factor Analysis in Active Motion

4.2.1 Experimental Setup In this experiment, the
power factor evaluation of active motion is verified by us-
ing two linear motors. Experimental setup is shown in Fig. 7.
The basic configuration of the experimental setup is same as
in the previous section. The compliance controlled motor is
used to simulate a human limb. To verify the effects of tra-
jectory, the position command of compliance control is set
as Fig. 8. In the case of Fig. 8(a) and Fig. 8(c), the position
command is designed by mathematical model. On the other
hand, in the case of Fig. 8(b), the position command is gen-
erated by human motion trajectory. In human motion trajec-
tory, the position command of compliance control is decided
by the position information of upper limb evaluation robot.
User operates the upper limb evaluation robot according to
the experimental task (Table 5).

In addition, force controlled motor whose command
is the sinusoidal wave is used as the evaluation system.

IEEJ Journal IA, Vol.7, No.3, 2018
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Table 5. Experimental task

Time[s] | Task
0-8 Push
8-16 | Hold the current position
16-24 | Pull
24-32 | Hold the current position
32-40 | Push
40-48 | Hold the current position
48-56 | Pull
56-64 | Hold the current position

Table 6. Experimental parameters of force control in ac-
tive motion

Command of force finq 3.0sin(2rf1)+5.0N
Frequency of force command f | 1.0Hz
Cut-off freq. of DOB 500rad/s
Cut-off freq. of RFOB 500rad/s

Pull

Pull

Push
M02,D30.K:
MO02, D0, K

M2, D:100, K
M02,D:30,K300
M02, D30, K400

0 10 20 30 4 50 0 10 20 30 40 50

Time[s] Time[s]

Push
M02, D:30, K225 ~----
M2, D60, K225 — —

M:02, D:100, K225
M:02, D30, K:300
M:0.2, D30, K:400

Power Facter
o
Z
£

5
8
Pull | ‘2
5
-3
2
2

(a) Trapezoidal wave (b) Human motion

SN - PN RN

Pull Push
M0.2, D30, K225 -eee
M02, D:60.K225 — —
M02,D:100. K225
M02, D30, K300
M02, D130, K400

0 10 20 30 40 50

Timef[s]

Pull

Power Factor
=
g
Z

(c) Sinusoidal wave

Fig.9. Analysis result of power factor in active motion

Experimental parameters of force control are shown in Ta-
ble 6. By adding the perturbation of a specific frequency from
force controlled motor, the power factor analysis which is in-
dependent from human motion trajectory is realized.

4.2.2 Experimental Results Figure 9 show the anal-
ysis result of the power factor in active motion. Same as
previous experiment, the power factor in the viscous dom-
inant situation is higher than the stiffness dominant situa-
tion. Therefore, the relationship between power factor and
impedance is consistent without being influenced by trajec-
tory of the evaluation object. However, the analysis result
slightly fluctuated. It may be due to the inertia caused by
active motion was influenced.

4.3 Experimental Evaluation of Upper Limb Func-
tion in Active Motion

4.3.1 Experimental Setup The power factor evalu-
ation of upper limb function in active motion is verified by
this experiment. In this experiment, the upper limb evalua-
tion robot which is composed by the linear motor and a stiff-
ness element is used to add the perturbation to upper limb
(Fig. 10). Experimental parameters of force control of the
upper limb evaluation robot are shown in Table 7.

In addition, power factor in the healthy state and the paral-
ysis state are compared. In the healthy state, a subject op-
erates the evaluation robot in the relax state according to the
experimental task (Table 5). On the other hand, in the par-
alyzed state, the subject operates the evaluation robot which
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“‘w

Liner motor /%

B, &
Stiffness element \

(b) Paralyzed state

(a) Healthy state
Fig. 10. Experimental setup

Table 7. Experimental parameters of force control of
upper limb evaluation robot

Command of force fnq 1.0sin2nf1)+3.0N
Frequency of force command f | 1.0Hz
Cut-off freq. of DOB 500rad/s
Cut-off freq. of RFOB 500rad/s

1

Push Push

Power Factor

0 10 20 30 40 50 60 0 10 2‘0 30 40 50 60
Time[s] Time[s]

(a) Healthy state
Fig. 11.

(b) Paralyzed state
Analysis result of power factor

0.02 5

001 Fno

Velocity[m/s]

-0.01

Velocity )
Force

15 20 25 30

Time[s]

Fig.12. Phase difference in paralyzed state (3rd)

is connected to the stiffness element. In this experiment, the
compliance controlled motor is used as the stiffness element.
Experimental parameters other than impedance of the com-
pliance controlled motor are same as Table 2. Impedance
value of compliance control is set as M, : 0.5kg, D
0.0 Ns/m, K, : 12000 N/m to simulate the paralyzed state.

4.3.2 Experimental Results Experimental results
are shown in Fig. 11. In healthy state, power factor is around
0.8. On the other hand, in paralyzed state, power factor is
around 0.5. Therefore, the relationship between power factor
and impedance is consistent. However, analysis results fluc-
tuated greatly. Main reason of the fluctuation of power factor
is the dynamical change of impedance of upper limb in ac-
tive motion. Figure 12 shows the phase difference between
velocity and force in paralyzed state (3rd). The phase differ-
ence largely fluctuated because of the impedance changing of
upper limb.

5. Conclusion

An evaluation method for upper limb active motion by
mechanical power factor was investigated in this paper. In
proposed method, the perturbation was added from the eval-
uation system to human active motion. The unified evaluation
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which doesn’t depend on the trajectory of the motion can be
realized by only using the frequency component of pertur-
bation. Experimental results almost supported the claim in
the paper. Therefore, the evaluation of the impedance adjust-
ment function of the body during active motion from the view
point of power factor was realized. As the future works, the
power factor evaluation for each muscle group based on the
functional effective muscle theory is conducted.
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