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ABSTRACT
This study proposes a quantitative evaluationmethod for assessing activewearable assistive devices
that can efficiently support the human body. We utilize a humanoid robot to simulate human users
wearing assistive devices owing to various advantages offered by the robot such as quantitative
torquemeasurement from sensors andhighly repeatablemotion. In this study,wepropose a scheme
for estimating the supportive torques supplied by a device called stationary torque replacement.
To validate the reliability of this evaluation method by using a humanoid robot, we conducted
measurements of human muscular activity during assisted motion. Analysis of the measured mus-
cle activity revealed that a humanoid robot closely simulates the actual usage of assistive devices.
Finally, we showed the feasibility of the proposed evaluation method through an experiment with
the humanoid robot platform HRP-4 and the Muscle Suit active assistive device. With the proposed
method, the supportive effects of the assistive device could be measured quantitatively in terms of
the static supportive torque acting directly on the body of a simulated human user.
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1. Introduction

Humanoid robots are designed to have a structure sim-
ilar to that of a human so that they can move like
humans. These robots are used extensively for mechan-
ical simulation of the human body. A similar applica-
tion is traditionally found in automotive crash-testing
experiments, in which a humanoid dummy is used to
obtain quantitative data such as the impact of a colli-
sion on the dummy. A few studies have used humanoid
robots instead of human subjects to evaluate products
intended for human use. Takanishi et al. developed the
WABIAN-2 humanoid robot [1] for use as a dynamic
simulator to test a walking support device during loco-
motion [2]. Nelson et al. developed the PETMAN robot
[3] designed to reproduce a large range of humanmotion
for testing chemical-protective clothing. Recently, many
types of assistive devices such aswearable support devices
have been developed, especially in Japan, to cope with
the coming demographic shift to an older society. Sev-
eral such devices have already been commercialized and
are used, for example, by patients in rehabilitation facil-
ities or to assist workers engaged in labour-intensive
tasks in the transportation field [4–6]. Though these
devices are gradually spreading throughout society, a
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quantitative measurement scheme for their supportive
effects remains necessary. Because no standard for assis-
tive devices has been formulated yet, such a quantitative
evaluation scheme would clarify the differences in each
device’s features and allow users to choose devices based
on their needs. For this purpose, Miura et al. and Ayu-
sawa et al. introduced an evaluation framework for wear-
able assistive devices [7, 8]. This evaluation framework
relies on the advantages of a humanoid robot for testing.
Robots provide quantitative data from internal sensors,
reproduce motions with high repeatability throughout
the experiment, and do not require institutional review
board approval, unlike experimentswith human subjects.
The framework was realized by utilizing the key technol-
ogy of motion retargeting [9], which allows a humanoid
robot to reproduce human-like motions. The effective-
ness of the evaluation framework was tested through
some experiments with a passive assistive device called
the ‘Smart Suit Lite’ [7, 8, 10]. In recent years, many
active assistive devices [4, 5]with actuators that efficiently
support the human body have been developed. When
evaluating such active devices, it must be ensured that
the humanoid robot avoids conflicts between the actu-
ator torques of the robot joints and those of the assistive
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device. This issue is attributed to the fact thatmanymeth-
ods of motion retargeting handle only the kinematic fea-
tures of human motion. An impedance control scheme
for a whole-body humanoid robot [11] and a torque-
controlled humanoid robot [12] that can avoid the torque
conflict issues has been developed recently. However,
reproducing human motions by using a humanoid robot
wearing an active assistive device is quite difficult unless
data about how the human body generates and controls
internal forces during the entiremovement is captured. A
feasible way of evaluating active assistive devices is esti-
mating the device’s supportive effect in quasi-static con-
tact scenarios between the human body and the device
[7, 8]. Alternatively, we can estimate torque by perform-
ing inverse dynamics computations using humanmodels
[13]. The latter method is difficult to apply to the eval-
uation of a wearable assistive device because it requires
detailed models of the assistive device and the contact
condition between a human and the device. In this study,
we introduce an evaluation framework for active assis-
tive devices by building upon related works. The novelty
of the proposed method lies in its capacity for quanti-
tative evaluation by closely reproducing the scenarios in
which humans use powerful active assistive devices with
feedback data from the robot’s sensors.

This research aims to extend the previously reported
evaluation framework for application to active assistive
devices. We introduced a new evaluation method to esti-
mate the supportive torque of the active assistive devices
called ‘stationary torque replacement’ in reference [14].
Thismethod can be used tomeasure the static supportive
torque supplied by the devices when a humanoid robot
reproduces humanpostures. In the proposedmethod, the
humanoid reproduces the zero-torque state when using
an assistive device under the assumption that human
muscles are relaxed during motion with the device. In
addition, we demonstrate the validity of this evaluation
scheme through measurements of human muscle activ-
ities. These tests confirm the hypothesis that the use of
muscle power is decreased during supported motion.

The remainder of this paper is organized as follows.
First, we explain the scheme for the evaluation of the
static supportive torque of devices in Section 2. A spe-
cific procedure for estimating the supportive torque is
addressed after explaining our method for reproducing
human postures. Then, in Section 3, human muscular
activity is measured for validating humans’ actual usage
of a device. In Section 4, we present experiments involv-
ing an active assistive device called ‘Muscle Suit’ and
estimate the supportive torque it provides by using the
HRP-4 humanoid robot. Section 5 concludes paper by
discussing the feasibility and effectiveness of the pro-
posed method.

2. Scheme for the evaluation of active assistive
devices

In this section, the proposed evaluation scheme to esti-
mate the effect of active assistive devices is introduced.
Many types of assistive device have been developed, some
of which are already commercially available. In this study,
we focus on active assistive devices that support the lower
back of humans because these are the most frequently
commercialized devices [15–17]. The device used herein
is called ‘Muscle Suit’. The proposed analytical frame-
work is composed of two parts, as shown in Figure 1.
In the first step, human motions while wearing the assis-
tive device are recorded using a motion-capture system.
Then, the human motion trajectory is converted into
a humanoid trajectory to extract typical postures when
using the device. In the third step, the supportive torque
supplied while maintaining the extracted postures is esti-
mated by following the stationary torque replacement
mathematical process, which will be described below.
Before that, the motion-retargeting process is explained.

2.1. Motion-retargetingmethod for humanoid
robot

In the proposed framework, typical postures that are
encountered when a human subject uses an assistive
device need to be imitated by a humanoid robot. Because
a sufficient degree of similarity between robot and human
motions is necessary for our evaluation process to be suc-
cessful, we use the motion-retargeting method proposed
in [9]. In this method, a humanoid robot reproduces
whole-body human motions as closely as possible. The
motions of a human subject are first recorded using a
motion-capture system and are converted into motions
that can feasibly be reproduced by a humanoid robot.
Because the body structures of the robot and humans
are somewhat different, execution of themethod involves
solving a simultaneous optimization problem that com-
prises three subproblems: (a) inverse kinematics problem
to compute the joint angle trajectories of a human model
when archiving the measured data, (b) problem of iden-
tifying the morphing function between the human and
robot models, and (c) motion-planning problem of the
robot considering physical constraints such as balance.
The method can automatically reproduce the motion of
a humanoid robot based on cost and mapping func-
tions. In this study, the humanoid motion is computed
using motions captured from human subjects wearing
the device. In the computations, the wearable assistive
device is assumed to be fixed to the human body and
is modelled such that the device mass is concentrated at
points located on body coordinates. Because we focus on
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Figure 1. Overview of the proposed evaluation framework. (1) Trajectory of human motion when using the assistive device is captured
using amotion-capture system. (2) Typical postureswhenusing the device are extracted from thehumanoidmotion trajectory generated
by themotion retargetingmethod. (3) The supportive torques of device are estimated by comparing robot joint torqueswith andwithout
device support while the robot reproduces the extracted postures.

slow motions such as lifting a heavy object with assis-
tance of the device, the typical postures are extracted to
avoid torque conflict problems, as mentioned earlier. The
postures are finally used to estimate the static support-
ive torques supplied by the assistive device, which will be
explained in the next section.

2.2. Proposedmethod for estimating static
supportive torque

The static supportive torque is estimated by activating
the actuators of either the device or the humanoid robot
in turn as the robot maintains a specific posture. The
equation of static equilibrium (Figure 2) of the robot
when wearing the assistive device can be expressed as

g(θ) = τ Joint + τ c, (1)

where

g(θ) is torque due to gravity and weights (which is a
function of the generalized coordinate θ),
τ Joint is the joint torque generated by the motors and
τ c is the torque due to external forces.

Figure 2. Internal state of robot when supportive force is acti-
vated or not activated while wearing device.

In Equation (1), the right-hand side represents the sta-
tionary torque constructed of internal and external sys-
tem to formulate the static equilibrium conditions.

The external torque τ c can be split into torques from
contact forces from the environment and the supportive
force applied by the assistive device. Because we focus
on devices for supporting the upper body as mentioned
in Section 2, no contact force is supplied from the envi-
ronment because we assume that the device is to be
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wornwhile standing up. The external torque τ c then only
includes the force applied by the assistive device f spt.

τ c = τ spt(= JTspt f spt), (2)

where τspt is the supportive torque supplied by the
device and Jspt are the Jacobian matrices of each con-
tact point. Because g(θ) is constant, the right-hand side
of Equation (1) has redundancy. We can take advantage
of this fact to estimate the supportive torque τspt by mea-
suring the robot joint torque τJoint equation (1) from the
current sensors in each joint, as follows:

(i) The humanoid reproduces the given posture while
wearing the assistive device. Let i be defined as
the index of the joint that is mainly supported by
the device. The servo controller of the joint i is
deactivated so that the torque at joint i is zero.

(ii) The assistive device is activated and starts support-
ing the user. The supportive force from the device
is gradually increased until the target angle at joint i
is reached. In this state, the humanoid robot repro-
duces the entire joint angle while being completely
supported by the assistive device at joint i.When the
joint coordinates of the robot are θ (1), the current
state of the robot can be expressed using Equa-
tions (1) and (2):

g(θ (1)) = τ
(1)
Joint + τ

(1)
spt . (3)

(iii) The joint torque is then activatedwhilemaintaining
the state of stationary torque in Equation (3) with
proportional differential control. When the sup-
portive torque gradually decreases, the joint torque
increases. By applying f spt = 0, when the coordi-
nates of the robot are θ (2) in Equations (1) and (2),
we have the following:

g(θ (2)) = τ
(2)
Joint. (4)

(iv) The supportive torque can be estimated as the
change in joint torques between steps (ii) and (iii).
Assuming that the difference in joint positions
is negligible, which means the stationary torque
holds its value through the above steps, from Equa-
tions (3) and (4) with θ (1) ≈ θ (2), we finally obtain
the supportive torque from the following relation-
ship:

τ
(1)
spt = τ

(2)
Joint − τ

(1)
Joint. (5)

At joint i, the supportive torque τ
(1)
spt is not

determined uniquely owing to the redundancy in
Equation (3). Because we assume that the torque
at the supported joint is equal to zero in actual

human usage, we define τ
(1)
Joint as being equal to be

zero in case of the robot. Based on this assump-
tion, the supportive torque τ

(1)
spt can be computed

as τ (1)
spt = τ

(2)
Joint. The zero-torque state assumption in

the human case is detailed in Section 3.

In Equation (3), at step (ii), the stationary torque is deter-
mined only by the supportive torque. By contrast, the
value is replaced with the joint torque in Equation (4)
at step (iii). Because the stationary torque is constant
through all steps, Equation (5) holds at step (iv). Con-
sequently the supportive torque τspt,i is equivalent to the
joint torque τJoint,i measured by the robot sensor.

3. Validating torque evaluation bymeasuring
human actual usage

Section 2 introduced the supportive torque estimation
scheme. Now, we summarize the motion-measurement
process used to gather data about human movement
in the evaluation process. First, human motions are
captured to generate humanoid motions by using the
motion-retargeting method presented in Section 2.1. As
mentioned in the previous section, our framework eval-
uates the supportive effect when the robot’s joint is not
actuated and is fully supported by the device. Because
the joint torque at the supported joint is supposed to
be equal to zero, for the calculation to work, our eval-
uation method needs to know the postures resulting in
zero torque at the supported joint. In case of the human
body, this zero-torque state corresponds to the low mus-
cle activity in the part of the body that is supported. In this
section, we verify this correspondence between the zero-
torque state of the robot and the relaxed muscle postures
in humans performing lifting motions with the support
of an assistive device.

3.1. Experimental environment of humanmotion
measurement

We evaluate the ‘Muscle Suit’ active assistive device
herein, which supports the lower back with pneumatic
actuators. The device is shaped like a backpack and is
attached to the human body with a belt at the waist and
soft pads at the thighs. When the pneumatic actuators on
the device are contracted by supplying compressed air,
the device powerfully lifts the upper body.

The specific structure of Muscle Suit is shown in
Figure 3. The device contains two joints around the waist
joint to allow the human user to move naturally.

A snapshot of the motion-capture experiment is
shown in Figure 4.Motions performed using the assistive
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Figure 3. The specific structure of muscle suit.

Figure 4. Snapshot of experiment of human motion during
equipmentmeasurement; a human liftinga10-kgweightbyusing
‘Muscle Suit’.

device were recorded using a motion-capture system
(Motion Analysis Corp., sampling rate: 200Hz).

Because Muscle Suit was designed for supporting
motions involving lifting objects, we measured the
human subject crouching down, holding a 5-kg weight,
and then lifting it. We measured the same motion with
a 10-kg weight as well. During the motion, we measured
surface electromyogram (EMG) signals (DELSYS, sam-
pling rate: 1000Hz) from the lower back (erector spinae
in the lumbar region), as shown in Figure 5. These EMG
signals indicate muscular activity.

3.2. Humanmuscle activity analysis withmuscle
suit

The EMG readings indicate relative muscle activity.
Therefore, we estimated the torque from EMG data with
a human model to clarify the supportive effect of the
device. Note that torque estimation based on the human
model in this research does not rely on the specificmodel
of the device or the contact points between the device and

Figure 5. Placement of electromyography (EMG) measuring
equipment.

the user. The device mass is only considered as a mass
point at the corresponding position.

The human body is often modelled as a multi-body
system in a manner similar to the modelling of a
humanoid robot [13]. The human joint torque at the
lower back can also be formulated as Equation (1). Let
us reintroduce the equation as follows:

g(θ) = τ Joint + τ c. (6)

In the human motion analysis, g(θ) can be estimated
through inverse dynamics computations of a human
skeletal model [13] from the captured data. When the
assistive device is attached to a human body, it is diffi-
cult to distinguish the supportive torque from the human
joint torque owing to redundancy of the contact forces
between the body and the device. One approach to solve
this issue is estimating joint torque from human EMG
data using physiological models. The estimation proce-
dure is as follows:

(1) Human motions with and without the device are
recorded, respectively, by using the motion-capture
system and the EMG recordings.

(2) g(θ) is calculated by performing inverse dynamics
computation [13] in the scenario that the subject
does not utilize the device.

(3) EMG signals are converted to integral electromyo-
gram (IEMG) signals that are helpful for infer-
ring muscular activity. τJoint is computed using the
dynamics of the joint driven by several muscles as
follows:

τJoint =
n∑

i=1
eiFili, (7)
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Figure 6. Torque estimated bymeans of inverse dynamics computation and EMG signals with humanmotion data (when using assistive
device). (a) Estimated torque with 10 kg weight; the blue line shows g(θ) estimated by inverse dynamics computation (i.d.), red line
shows the τJoint estimated using Equation (7)with IEMG signals, and green line shows thewaist joint angle. (b) Estimated torquewith 5 kg
weight; the blue line shows g(θ) estimated by inverse dynamics computation (i.d.), red line shows the τJoint estimated using Equation (7)
with IEMG signals, and green line shows the waist joint angle.

where ei is a dimensionless IEMG [18] value, which
denotes the activity of muscle i (time-series data).
ei is generated from the EMG data once it is recti-
fied and a band-pass filter is applied (lower cutoff
frequency: 20Hz, upper cutoff frequency: 400Hz,
interval of integration: 100ms); then, it is normal-
ized by the maximum value, resulting in a ei range
of 0 to 1. Fi is the maximummuscle tension, and li is
the moment arm of the lower back. In this study, the
muscle tensions and moment arms were regarded
as unknown constants. According to Equations (6)
and (7) with τc = 0, Frlr, Flll were identified from
EMG signals ei and g(θ) by using the least squares
method in the case of motion data obtained without
the device.

⎡
⎢⎣

g(θ)t=0
...

g(θ)t=end

⎤
⎥⎦ =

⎡
⎢⎣

er,t=0 el,t=0
...

...
er,t=end el,t=end

⎤
⎥⎦

[
Frlr
Flll

]
. (8)

(4) The joint torque τJoint when wearing the device is
estimated from the identified values Frlr, Flll and
measured EMG signals using Equation (7). g(θ) is
also calculated as well for comparison with τJoint.

We tested this experimental method with a weight-lifting
motion by using two different weights (5 and 10 kg). We
measured EMGsignals at two positions on the lower back
(right and left erector spinae muscles). In Figure 6, we
show the estimated torque at the human lower back (for
weight of 5 and 10kg). The blue line shows the result of
g(θ) estimated by inverse dynamics computation, and the
red line shows the τJoint estimated using Equation (7)with
IEMG signals during the weight-lifting motion when
using the device.

The motion lasted approximately 4 s. The subject
started lifting the weight at around 0.5 s and completed
the motion at around 3.5 s, as in Figure 6. Although the
torque computed from EMG data increased at the begin-
ning of the motion at around 0.5 s and at the end of
motion at around 3.0 s, we observe that Muscle Suit dras-
tically reduced the human joint torque between about 1
and 2.5 s. The joint was fully supported by the device,
and the joint torque was nearly equal to zero, which
validates the stationary torque replacement method. In
Figure 6, the ratios of torques from the EMG signals
normalized against the maximum torque from inverse
dynamics computation are 0.1186 ± 0.0605 (10 kg) and
0.0638 ± 0.0239 (5 kg). Given that negligible torque is
observed in the period from the start of themotion to the
end of motion, we can apply our method to the postures
captured over this duration. Though these normalized
values are small, we need to investigate the assumption
that we can ignore such small torques when evaluating
assistive devices with a humanoid robot. The effect of
this assumption on the accuracy of estimating supportive
torques will be discussed in Section 4.2.

4. Experiments for estimating supportive
torque of assistive device

In this section, our evaluation of an active assistive device
with the proposed method is presented. The experiment
was conducted with the humanoid robot ‘HRP-4’ [19]
and Muscle Suit, which is mentioned above. The pro-
posed framework requires that the humanoid robot has
a geometric structure similar to that of a human. HRP-
4 is among the most suitable robots for this experiment
because its geometric structure is designed according to
anthropometric data of average young Japanese females
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Figure 7. Humanoid robot HRP-4 and robot wearingMuscle Suit.

Table 1. Comparison of mass properties between human and
HRP-4.

Body link HRP-4 (%) Human (%)

HEAD 1.6 6.7
ARM 9.8 4.0
TORSO 20.0 30.4
Upper body 43.3 45.1
WAIST 17.7 14.6
LEG 20.5 20.1
Lower body 58.7 54.8

[20]. An overview of HRP-4 is shown in Figure 7. For
discussing the differences in the kinematic properties
of human users and humanoid HRP-4, we compare the
weight of each body link from the robot model data and
the human body segment inertial parameters reported
by Dumas et al. [21]. The ratio of the weight of each
body link of HRP-4 is calculated and compared with the
data of females from the Dumas database, as shown in
Table 1. From Table 1, although the ratio of each body
link of HRP-4 is not similar to that of humans, the ratio
of the entire upper and lower body is similar to that of
humans. The robot used herein has 37 degrees of free-
dom (each arm: 9, each leg: 7 including one at the toe,
chest: 3, neck: 2), which means it can reproduce human-
like motions. Because our focus is the waist joint, which
Muscle Suit mainly supports, the robot provides reliable
torque measurements of the kinematic properties of the
entire trunk.

Though the standard HRP-4 robot is fitted with a hard
cover, we replaced it with a soft fabric to which several
types of wearable devices can be attached. In Figure 7, we
show HRP-4 wearing Muscle Suit; no additional attach-
ment is required, and the device can be installed on the
robot as it can be on humans. The weight to be lifted is
attached near the chest joint of the robot.

4.1. Static supportive torque estimationwith
reproduced postures

The supportive torque was estimated based on measure-
ments of the stationary torque, as detailed in Section 2.2.
First, the robot posture was generated from the captured
human motion data, which are discussed in Section 3.
The stationary torque in Equation 5 can be computed
based on the actuator torque readings, which can be
obtained from the motor current sensor of the robot.
BecauseMuscle Suit is a powerful assistive device that can
fully support the gravity torque of thewaist joint, wemea-
sured the supportive torque when the joint torque at the
waist joint was zero.

Because each joint torque of HRP-4 ismeasured by the
motor current sensor, the torque at the waist joint under
equilibrium can be computed as follows:

τwaist = Kτ im − τf . (9)

• Kτ is torque constant;
• im is motor current of the waist joint;
• τf is static friction torque of the waist joint.

Although the static friction torque remains undeter-
mined, our method can ignore the friction torque by
considering the difference in joint torque τspt = Kτ

(i(1)m − i(2)m ) in Equation 5 under the assumption that the
friction condition is unchanged.

The servo system at the waist joint was deactivated
to realize the zero-torque state while the device fully
supported the joint (Figure 8a). Before reducing the sup-
portive force of the device, the servo control system was
activated to maintain the same posture. Finally, the sup-
portive torque of the device was replaced with the actu-
ator torque of the robot after the device was completely
deactivated (Figure 8b).

The three postures labelled in Figure 9 were extracted
from the captured human lifting motion. Posture 1 is
the initial posture when the lifting motion is about to
begin, posture 3 represents the end of the lifting motion,
and posture 2 is the intermediate position between pos-
tures 1 and 3. According to the results in Section 3, we
extracted the postures from the range of motion that can
be estimated reliably. The range in which human muscu-
lar activity was quite small because sufficient support is
provided by the device. The results of supportive torque
measurements in posture 1 with the 10 kg weight are
shown in Figure 10. In the figure, the waist joint torque
is approximately 0 Nm from 0 to 6 s. Then, it starts to
increase.Meanwhile, the supportive effect decreases from
6 to 10 s. The waist joint torque finally reaches around 40
Nmafter 10 s.We applied the same procedure to the other



642 T. ITO ET AL.

Figure 8. Supportive torque measurement scheme with servo
control system.

Figure 9. Static posture reproduction with HRP-4 and measure-
ment of supportive torque with 10 kg weight.

two postures and estimated the supportive torques. The
experiments with the 5 kg weight and no weight (0 kg)
attached on the robot were conducted in the same man-
ner as that in the case of the 10 kg weight. The estimated
supportive torques are listed in Table 2. In all experi-
ments, the same measurement trial was repeated thrice,
and each torque in Table 2 is the average value of the three
trials.

4.2. Validation of proposed evaluation scheme

The results in Table 2 demonstrate the feasibility of the
proposed method for estimating the static supportive
torque supplied by an assistive device.

We first validated the reliability of supportive torque
estimation. The value of supportive torque is estimated
to be the same as that of gravity torque at the waist
joint based on Equation (1). Because gravity torque can

Figure 10. Torque measurement result in posture 1 with 10 kg
weight.

Table 2. Results of supportive torquemeasurementswithMuscle
Suit.

Weight Posture 1 Posture 2 Posture 3

0 kg 19.0± 1.2 16.2± 1.7 12.9± 2.5
5 kg 32.9± 1.4 27.0± 1.3 23.1± 0.7
10 kg 41.2± 1.1 42.4± 2.1 32.6± 3.7

Unit: [Nm].

be formulated as a nonlinear function of joint angles,
supportive torque should be determined relative to the
robot posture. Under the assumption of a simple inverted
pendulum model, which approximates the dynamics of
the upper body, the supportive torque at the waist joint
is expected to grow as the angle between the upper
body and the vertical axis φ increases, as illustrated in
Figure 11. The figure also shows each φ corresponding to
the three postures with a 5-kg weight: 36.5◦ (posture 1),
30.4◦ (posture 2) and 22.2◦ (posture 3). According to
the above results and Figure 11, there exists a correla-
tion between φ and the estimated torque; from posture
1 to posture 2, the value of sin(φ) increases by 1.29 times,
and the torque increases by 1.22 times correspondingly,
as it does in the transition from posture 2 to posture
3. The largest values of φ and supportive torque are
observed in posture 1. The angles in the three postures
while lifting the 10 kg and thosewith noweight are shown
in Figure 11 as well. The same correlation between the
angles and the supportive torques is apparent. The cor-
relation between the supportive torque and the weight
condition is observed with the same postures. In posture
1, because the value of sin(φ) for eachweight is almost the
same, the increase in torque from 0 to 5 kg is almost the
same as that from 5 to 10 kg. Although this correlation is
not observed in posture 2 owing to the large variation of
sin(φ), it is observed in posture 3. These results indicate
that supportive torque could be obtained using proposed
method reliably with different loads during the motion.

In Section 3, when a human subject was made to use
the device, the joint torque at the lower back was small.
By contrast, in our framework, the joint torque of the



ADVANCED ROBOTICS 643

Figure 11. Relation between supportive torque τspt and waist joint angle with respect to vertical axis from floor in case of adding no
weight (0 kg), 5 kg weight and 10 kg weight. The rates of increase are shown between each value with red colour. They show that the
increase in torque corresponds to the increase in angle.

robot is forced to be zero while estimating the supporting
torque. We now discuss the effect of this assumption on
the accuracy of our estimates. Consider the joint torque of
the robot corresponding to such a small torquemeasured
from the human subject. There are, of course, differ-
ences in body dimensions between the human subject
and the humanoid robot. To validate the influence of the
fluctuations in human muscle activity during the sup-
ported motion, we mapped the human joint torque to
that of the humanoid robot with the following procedure.
First, the mean value of the torque estimated via EMG
during the lifting motion data in Section 3.2 is normal-
ized against the maximum torque estimated by means of
inverse dynamics computations. Then, this normalized
value is applied to the maximum supportive torque mea-
sured in the humanoid robot experiment. The mapped
results are as follows: 2.1 ± 0.7863 Nm (5 kg) and 5.0
± 2.6 Nm (10 kg). Compared to the standard deviation
of the estimated torques, as summarized in Table 2, the
mapped values are of the same order of magnitude. This
implies that even if we assume that the joint torque of the
robot is zero while estimating the supportive torque, this
assumption has only a minor influence on the accuracy
of the proposed framework.

5. Conclusion and future work

In this paper, we presented a quantitative evaluation
method called ‘stationary torque replacement’ for test-
ing active wearable assistive devices by using a humanoid
robot. The proposed method helps evaluate the effect

of such devices in terms of the supportive torque sup-
plied by the device when the robot reproduces a human
posture while wearing the device. We showed that the
supportive torque provided can be estimated by replacing
the supportive torque with the joint torque of the robot in
static equilibrium. Assuming human muscles are relaxed
when using the device, we demonstrate that the proposed
method can reliably estimate the supportive torque when
the robot reproduces the same posture in equilibrium.
Experimental measurements of human muscle activity
during the motions are supported by the assistive device.

The feasibility of the proposed method was vali-
dated through experiments with the HRP-4 humanoid
robot and the Muscle Suit active assistive device. In the
experiment, supportive torques were estimated quan-
titatively for several postures generated from captured
human lifting motion data. The results showed the
expected correlation between the supportive torques and
the reproduced postures, indicating that the torques can
be estimated reliably. The accuracy of the estimation
was validated by comparison withmotionmeasurements
recorded with a human subject. Although the torques
on human joints are not zero when using the device,
the error due to the joint torque of the robot is as small
as the standard deviation of the torque estimation. This
result indicates that the accuracy of the estimation is not
significantly influenced by this source of error.

In future, the proposedmethod for evaluating the sup-
portive effect will be extended to allow torque estimation
in dynamical scenarios. For this purpose, the human
motion analysis results reported in this study will be use-
ful for constructing a torque-based control system that
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adapts humanoid robot motion to the external forces
generated by active assistive devices. We finally aim to
reproduce an entire human movement while using the
device with the robot to evaluate the effectiveness of the
method in estimating the torques with which an assistive
device supports dynamic movements.
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