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Abstract—Robotic devices that can support a human’s mo-
tions, such as exoskeletons, have recently drawn attention. Body
weight support (BWS) systems are potential robotic devices that
support and assist trunk motions with elaborate force control
for rehabilitation and training exercises. This research presents
a BWS system with two-dimensional motion assistance controlled
by two series elastic actuators, which can perform not only weight
compensation but also impedance compensation for trunk motion
assistance.

As the core technology of the proposed system, a wire-driven
mechanism is developed that consists of a compact planetary-
geared elastic actuator (cPEA), which is a series elastic actuator.
All the dynamic aspects of the cPEA output torque, the tension-
generating system using a winding drum, and the dynamics
interacting with the BWS system are analyzed and used to design
a motion assistive controller.

The functionality and ability of the proposed system are vali-
dated through experiments performed under various conditions.
The results verify that the dynamic behavior of trunk motion
can be assisted by the impedance control of the proposed BWS
system. In particular, the inertial force required for the trunk
motion can be reduced by the proposed BWS system.

I. INTRODUCTION
A. Background

In recent years, robots have been employed not only in
industrial fields, but also for human-robot interactions. A
typical example is the application of robots that interact with
humans for rehabilitation and sports. By interacting with
humans through an appropriate structure and control method,
these robots can help humans have more diverse experiences
and achieve better outcomes.

Several advanced robots have been developed to interact
with a human’s trunk motion when walking and exercising.
Exoskeletons are the most well-known and popular examples
of this type of robot. However, an exoskeleton is still a very
complicated and expensive system, and the general public
cannot easily access exoskeletons. Meanwhile, another system
has been utilized to support a human’s trunk in a simpler
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manner, that is, a body weight support (BWS) system, which
lifts a human body using some mechanisms. This BWS system
can be robotized for advanced weight support during various
motions. For example, [1] introduced a robot that compensates
for the constant force (i.e., weight), such that a patient can
walk comfortably with less muscle activity.

An example of a robotized BWS system is ZeroG
(Aretech®, Virginia) [2], which has been developed to support
a person’s exercising gait on actual ground. This system
incorporates a lifting actuator installed on a linear rail such that
a human can perform gait rehabilitation while his/her weight is
compensated for with a constant force in the vertical direction.

KineAssist (KineAssist®, Illinois) is another widely utilized
robotized BWS system designed to help maintain the balance
of a patient with impaired balance [3], [4]. Such a mechanism
can increase the stability of gait training and present the patient
with a sense of stability.

In addition to weight compensation and balancing assis-
tance, robotic instruments can use impedance control to pro-
vide the dynamic environmental forces required by a human
for better exercise performance and entertainment. LOPES
(Lower extremity Powered ExoSkeleton, University of Twente,
Netherlands) employs impedance control in each joint, such
that it can guide a human as well as follow his/her motions
(51, [6].

To better assist trunk motions, GRAVITYASSIST (Sabanci
University, Turkey) was proposed to provide compensation for
the inertia and weight of a person. A unique feature of this
robot is that it measures the acceleration of the upper body of a
person, and the actuator generates a force that can compensate
for the inertial force [7].

In the actuating mechanisms for these robotic devices,
compliant wires have been considered for transmission instead
of rigid links because of their flexibility. CAREX-7 (Columbia
University, New York) utilized various wires to assist the
upper limb movements with many degrees of freedom. A wire
transmission mechanism is beneficial because it is light and
provides force transmission in various directions [8], [9].

In addition, TruST (Columbia University, New York) was
designed as a mechanism that supports the trunk of a person
using four wires. This system allows a user to exercise
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B. Required Technologies and the Contribution of This Re-
search

The assistive forces provided by these devices help compen-
sate for the weight and modulate the dynamic characteristics of
human motion or environments to reduce the required human
force for the motions. These different types of assistive forces
are described as follows:

F;‘;Zi?t = m"g (weight compensation) (1)
F;Z?i’st = m%“q (inertial force compensation),  (2)

where m™-¢ is the magnitude of the compensated weight; g
is the gravity acceleration; a is the acceleration of the human;
and m®¢ is the mass reduction. Note that F\““/"" in (1) is
constant, whereas F,"'?  in (2) dynamically changes based
on the human’s motion. In addition, F,"-Y  can be imple-
mented utilizing impedance control [11]-[13] or admittance
control [14]-[16], which has been widely employed in many
robotic systems.

In addition to these compensating forces, lateral or rotational
assistive force is required to attain balance in the frontal plane.
The dynamic characteristics of the human gait in the frontal
plane can be represented by the vertical motions influenced
by the gravity and ground reaction force and the medio-lateral
motions related to balance. That is, trunk motions can be an-
alyzed in a two-dimensional manner; thus, the assistive forces
(F¢9h and F'™ ) should be designed considering these
degrees of freedom when creating a trunk motion assistive
robot [17].

For this multi-dimensional motion assistance, many robots
have adopted a wire transmission mechanism [1], [2], [8]-
[10], [18], the tension of which is controlled to provide
the desired forces. This adoption can be attributed to the
advantages of wire transmission systems, namely low inertia,
fewer constraints, and the degrees of freedom in the actuator
location [8].

This paper proposes a novel trunk motion assistive body
weight support system to satisfy the aforementioned require-
ments. The proposed BWS system is driven by two series
elastic actuators (SEA) [19]-[22] such that the assistive force
is controlled with high force tracking performance. The fea-
tures of the proposed BWS system and the contributions of
the paper are as follows.

1) A novel BWS system that is driven by two compact
SEAs to provide high-performance assistive force gen-
eration is developed.

2) Gravity and impedance compensation algorithms are
designed to assist a human’s trunk motion. They can
be utilized for various dynamic human activities such as
virtual environment experiences, gait rehabilitation, and
training exercises.

3) The proposed system provides two-dimensional com-
pensation for the trunk motions in the frontal plane:
vertical and rotational motions.

Tension
control
actuators

i

Rotational
direction

Fig. 1. Proposed BWS system for trunk motion assistance

II. SEA-DRIVEN TWO-DIMENSIONAL BWS SYSTEM

This section presents the configuration and concept of the
proposed system.

A. Configuration of the Proposed BWS System

Fig. 1 presents an overview of the developed BWS system,
which consists of two actuator systems, two wires, a harness,
and four wheels, including two casters. The height of the
frame can be adjusted according to the user’s height—from
170 cm to 215 cm. A user wears a harness connected to two
actuator systems through wires, as shown in Fig. 1. The trunk
motion of the user is detected by the two actuator systems,
which generate and transmit the desired interacting forces to
the user through the wires and harness. Note that the actuator
systems are connected on the right and left sides independently
to provide two-dimensional assistive forces.

A compact planetary-geared elastic actuator (cPEA) [19],
which is a Transmitted Force-sensing Series Elastic Actuator
(TFSEA) [23], is employed as the actuator system. The details
the cPEA are presented in Section II-B. The aim of the cPEA
is to precisely detect the forces from the user and control
the interacting force at high speeds. Table I summarizes the
hardware specifications of the proposed system.

B. Wire Mechanism with Compact Planetary-geard Elastic
Actuator

The interactive force of the proposed BWS system is
provided through the wire mechanism, the tension of which is
controlled by an SEA. Fig. 2 illustrates the wire mechanism
equipped with a cPEA [24], a belt, and two pulleys. The

4) The effectiveness and performance of the proposed sys-;g,cPEA in Fig. 3 was employed as the main actuator because

tem and the algorithms are verified through experiments.

it is compact and can generate a large force with high
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TABLE I
SPECIFICATION OF THE PROPOSED BWS SYSTEM. THE ACTUATOR
SPECIFICATION LISTED IS FOR A SINGLE ACTUATOR; TWO SUCH
ACTUATORS ARE USED IN THE SYSTEM

Size W: 73 cm D: 85 cm H: 170 - 215 cm
Radius of the wheel 10.5 cm
Diameter of the wire 5 mm
User weight (max. guaranteed) 100 kg
User weight (suggested) Up to 80 kg

Vertical force (continuous) 598 N (61 kgf)

Vertical force (instantaneous) 1779 N (181 kgf)

Vertical velocity (continuous) 25.1 cm/s
Vertical velocity (instantaneous) 38.3 cm/s
Output power (continuous) 300 W
Output power (instantaneous) 1363 W

Motor Maxon EC 4-pole 305015

Motor driver Elmo Gold Solo Whistle 100/25

Control unit NI myRIO-1900

Torque Output

w

Pulley

Belt for
Transmission

Winding |
drum

Fig. 2. Proposed wire mechanism equipped with series elastic actuator and
winding drum

sensitivity [23]. The output torque of the cPEA in the proposed
tension control actuator is transmitted to the winding drum
through two pulleys, one belt, and the winding drum that lifts
or releases the wire.

The wire tension is measured and controlled by the cPEA;
however, the cPEA controls its torque, not the tension. There-
fore, the relationship between the torque output of the cPEA
Tout and wire tension F' must be derived. Wire tension F' is
also an intermediate control variable, and the trunk assistive
force is the final target to be controlled. The relationship
among these torques and forces is elaborated in Section III.

Ring gear
(spring system)

Torsion spring

Ground bracket

Rotary encoder

(motor system) BLDC motor

Carrier

(load system) 1%t gear stage

The specification of the actuator system was designed
considering a human’s trunk motion characteristics. The range
of motion of the human trunk is 4 cm in the vertical direction
and 7° in the roll direction [25]. Based on this, the range of
the wire motion Ax was determined as follows:

Az = maximum vertical RoM + 3)
shoulder width

2

The diameter of the winding drum was determined to be 30
mm based on Az, such that the fleet angle (which should be
between 0.25° and 1.25° [26]) was not too large. A polyester
wire with a diameter of 5 mm was employed.

X maximum rotational RoM

III. TWO-DIMENSIONAL TRUNK MOTION ASSISTIVE
CONTROL

This section describes in detail the control strategy and
algorithms to achieve trunk motion assistance by using the
proposed BWS system.

A. Wire Tension Control for Motion Assistive Control

Overall Control Configuration: Fig. 4 shows the overall
control strategy of the proposed motion assistive control,
where the two-phase control comprises trunk motion assistive
control and wire tension control.

The trunk motion assistive control phase determines how
much assistive force F¢/ and torque M/ should be pro-
vided in the vertical and rotational directions (Trunk Motion
Assistive Control blocks in Fig. 4). The desired assistive
forces are converted into the wire tension reference F{Tffz}
based on the statics proposed in the following subsection
(Force Conversion block in Fig. 4). The required wire tension
reference is then realized by the high-performance control of
the cPEA which can provide precise torques Tfflf say (Wire
Tension Control block in Fig. 4).

Force Transmission and Statics of the BWS System: To
explain the proposed trunk motion assistive control, three types
of forces/torques are discussed: 1) trunk assistive force F.,
and torque M, ., 2) wire tensions F} and F5, and 3) cPEA
output torques Ty, and Toyue,. The trunk force is designed
to provide the desired assistive forces acting on the trunk
motion as expressed in trunk motion space: F., is force in
the vertical and M,.,; is torque in the rotational direction in
the frontal plane. The tensions Fj and F5 of the two wires
interact with the human trunk to generate the trunk force.
Finally, these tensions are controlled by two cPEA output
torques Toyt; and Tout,.

The statics of Fyer, Myot, F1, F2, Tout, and 7oy, are given
as follows:

Foer = 1+ Fs “4)
F, — F

My = Lo 22”‘”’” 5)
T{outy,ou

Fpay = %’ (©6)

795where lapp is the shoulder width and R is the radius of the

Fig. 3. Compact planetary-geared elastic actuator (from [24])

winding drum. The upper direction and the counterclockwise
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Fig. 4. Block diagram of the trunk motion assistive control configuration

direction are the positive directions for F,,., and M, in the
remainder of the paper.

The reference transformation is conducted using the inverse
of the statics in (4) and (5), which can be described as follows:

[ F{Ef :| |: : 1 :| ) [ngz:|
r = | =lapp lapp re
F2 </ 2 2 M""Otf

)

B. Motion Assistive Force Design using Impedance Control

As explained in Section I-B, the trunk assistive force is
designed to reduce the loading caused by gravity (weight)
and inertial force caused by motions. To understand the
effectiveness of these forces, the dynamics of a human’s center
of mass (CoM) is formulated as follows:

®)

where m is the mass of the human; Fj., is the human force in
the vertical direction generated by the lower extremities; and
Z; 1s the vertical acceleration of the CoM. When the assistive
forces in (1) and (2) are generated by the BWS system, the
forces on the human change as follows:

mi; +mg = Eeg»

mip+mg = Fleg+ Fﬂiﬁi?t + F;:?szz‘)stv
Fleg = (m— md‘c)i’l +(m-m"%g (9

The required force in (8), Fjcq4 is reduced in (9) thanks to the
assistive force that compensates for gravity and the inertial
force.

Equation (9) is limited to the vertical direction, however,
it can be extended to the rotational (roll) direction in the
frontal plane. The modeling of the human dynamics in the roll
direction is not as simple as it is in (8); however, it is clear
that the lower extremity should generate a moment to retain
the balance of the trunk in the rotational direction, which can
be described as follows:

Jo + Mgvt = Mlega

Wire Tension Control

796
(10)

Human Dynamics

where J is the moment of inertia of the trunk; Mg, is the
moment caused by gravity; and M., is the moment generated
by the lower extremities. Note that, in general, the aim of M,
is to suppress the effect of Mg,; not to generate the motion
in 6. Regulation is important when it comes to the human
dynamics in the rotational direction.

An assistive moment can help attenuate M;., when it
is properly designed. For example, an additional impedance
—Jré — BTé — K,.0 (additional inertial force and damp-
ing/stiffness generation in the rotational direction) to regulate
the ¢ dynamics can reduce the M., required to maintain
balance as follows:

Je + Mqvt
Mleg

My — J0 — B, — K0
(J+ )0+ B+ K0+ My, (11)

The assistive forces in (1), (2), and (11) are designed for
constant gravity compensation and dynamic motion assistive
force. Dynamic motion assistive force can be realized utiliz-
ing impedance control, where the assistive force is designed
using functions of the position, velocity, and acceleration. In
summary, the proposed trunk motion assistive force design is
given as follows:

|: Fre f

ver

Mref

rot

m&Ciy — by — kay + mWe
] _ 1 — by — kxy g (12)

—J,0— B0 — K,0

Compared with (1) and (2), the final assistive force de-
sign in (12) incorporates additional impedance characteristics
(damping characteristics b and B, as well as stiffness charac-
teristics k£ and K. that can help reduce the required leg force
and enhance stability.

Note that in this design, the vertical disposition parameters
x; and 6 can be estimated from x; and w9, which are wire
length measurements. Equation (13) is the proposed estimation

algorithm.
1
Ly _ 2 L1
KR A1E

(13)

lapp lapp
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Fig. 5. Dynamic model of the wire tension mechanism with cPEA

The estimated x; and 6 are related to the trunk motion; thus,
they can be utilized to detect abnormal trunk motions, such as
falls. Safe ranges of x; and 6 are set to prevent these dangerous
situations. The controller immediately switches to a position
control mode and stops all the wire motions to guarantee the
safety of the user when the motions of a person are outside
this range.

C. Wire Tension Control of the Series Elastic Actuator

The wire tensions controlled by the cPEAs realize the
desired trunk motion assistive force in (12). The statics in (7)
converts the desired trunk assistive force (12) into the force
references F°/ and Fj°/ for the two cPEAs. The control
algorithm to precisely track the desired tensions F} °/ and
Fel s discussed here.

Dynamic Modeling of the Wire Mechanism: The cPEA,
which is the main force source of the proposed wire tension
mechanism, can be modeled as shown in Fig. 5. In this figure,
P,.(s) is the motor dynamics; Ps(s) is the spring dynamics;
and P;(s) is the load dynamics [23], the transfer functions of
which are given as follows:

1
Pl = B 1
1
P, = 1
) = TR a3
1
P, = — 1
A (16

Here, J,,, Js and J; are the values of the moment of inertia,
and B,,, Bs and B; are the damping values of the motor,
the spring, and the load, respectively. Further K is the spring
stiffness and 7, is the output torque of the cPEA, which leads
to the wire tension Fy; 53, the relation of which is derived as
follows:

N wTout

R

where N, represents the gear ratio of the belt—pulley structure
and R represents the radius of the winding drum.

Hence, the transfer function from the motor torque to the
wire tension is given as follows:

o F{1,2}(8> . R_lNylelePm
 Twm(s)  Np?Pa 4+ N2P + (N — 1)2P,

Fri0y = (17)

)

Pr . (18)°

1

Tensile status check & Conditional impedance compensator

Feedforward
control

T1
Fy

v v

PD control

-1
PTn

Actuator 1 Tension Control System
Fig. 6. Model-based Wire Tension Control Algorithm

TABLE I
PARAMETERS AND GAINS FOR WIRE TENSION CONTROL

K, 0.0276 Nm/A Im 0.000004 kg-m?
Js 0.00048 kg-m? Jq 0.006 kg-m?
Bm 0.000022 Nm-s/rad Bsg 0.8 Nm- s/rad
B 0.8 Nm- s/rad K 39.52 Nm/rad
K- 0.0276 Nm/A N, 13.7959
N; 9 Ny 28/18
R 0.03 m TQpog 1/407
TQ;y 1207 TPD 1/307
Kp 2 Kp 0.2
my 0.003 my 0.002
By 0.04 B 0.22

Finally, the length of the wire w0} is assumed to be
RO 4rym, which is a product of the drum radius R and the
rotation angle €4, of the winding drum. The value of 04,
is measured by an encoder.

Model-based Tension Controller: A model-based tension
controller with a disturbance observer (DOB) [27], [28] is
adopted to precisely control the wire tension. Figure. 6 il-
lustrates the wire tension control algorithm consisting of the
DOB, PD control, and feedforward controller.

The design of DOB was based on the model in (18). That
is, the nominal model Pr, in the DOB is modeled using
(18). The parameters in (18) were identified using a CF-9400
FFT analyzer (ONO SOKKI®, Japan). In addition, Qpop is
a second-order low-pass filter with the time constant set to
TQpop- The feedforward controller utilizes the same identified
Pr,, as its inverse form with a second-order low-pass filter
Qs with time constant 7¢, .. Table II shows all the parameters
utilized in this research.

A conditional impedance compensator was added to keep
the tension in the wire positive. When the desired tension is
not properly generated with respect to the reference (F; 2y <
F{Tff;}), the winding drum is wound up as quickly as possible
by the negative impedance (—mgi(y,2)y — Ba®y1,2)). Mean-
while, a positive impedance (m;@; 2y + Bid{1,2)) is added

7
when the wire tension is high enough (Fpy 2y > Fff ’;}) to



IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. XX, NO. XX, XXXX 2021

wire
tension
control
actuators

torque transducer
with a handle

sensor g

load cell with
a handle

Fig. 7. Experimental set-up to evaluate the dynamic behavior of the proposed
control actuators

prevent the tensile state from being released too quickly. The
details of this compensator and its effectiveness were explained
in our previous work.

IV. VERIFICATION OF TRUNK MOTION ASSISTIVE
CONTROL THROUGH EXPERIMENTS

The proposed trunk motion assistive control with the devel-
oped BWS was validated experimentally.

Two types of experiments were conducted. The dynamic
behavior of the proposed BWS system under assistive control
was first evaluated with a mass on the BWS system to in-
vestigate its dynamic behavior in a more controlled condition.
Then, the effectiveness of the proposed assistive control was
verified with a human wearing the BWS system.

A. Experiment on the Dynamic Behavior of the BWS System
under Trunk Motion Assistive Control

The dynamic behavior of a mass attached on the BWS
system was investigated to verify whether the assistive force
was successfully realized in the proposed BWS system. Fig.
7 depicts a picture of the experimental setup for this, where
a mass of 30 kg was attached at the end of the wires and the
force/torque sensors were attached on top of the mass.

The assistive force realization must be validated in two
stages. First, it is necessary to investigate whether the de-
sired assistive force F7¢/ and M:ftf is actually generated
in the trunk space. Second, the actual relationship between
Fref M and 2,0 should be analyzed to verify whether
the designed impedance in (12) is properly realized.

The accuracy of the trunk force generation, which is the
first step, was investigated and reported in our previous work
[29]. The realization of the impedance, which is the second
step, is verified in this study. To this end, regulated external
forces were applied to the mass on the BWS system, and its
dynamic behavior was analyzed. Gravity was utilized (e.g.,
mg in (8) as the external force, and the trajectory of x; during
free fall was analyzed. The amount of this external force can
be modulated by adding a gravity compensatory force m" ‘g

to F7¢f on top of the desired impedance.

line, and the actual response obtained experimentally is repre-
sented by the solid line. The various impedance parameters
in this experiment were initially set to the default settings
mdec =0 kg, b = 70 Ns/m, and k& = 475 N/m. The external
force was set to 5 kgf (m™¢ = 25).

Impedance sets with three values of each parameter were
utilized. The trajectories of x; were analyzed with regard to all
the impedance sets. First, the trajectories with three different
values of k (i.e., 475, 235, and 715) were measured and
compared with the ideal trajectories (Fig. 8 (a)). Note that
Coulomb friction was added in the simulations to account for
the effect of nonlinear frictional forces on the timing belt,
drum, and bearings.

The experimental and simulation results show that the
steady-state value of z; can be adjusted by setting the stiffness
parameter k. In other words, a spring-like assistive force can
be provided to the trunk by the proposed impedance control.
Meanwhile, other behavioral characteristics, such as rising
slope and damping characteristics, seem to remain the same
because the other parameters m?¢ and b were fixed values.
The errors from the ideal trajectories are believed to be caused
by the unmodeled non-linearities of transmission.

Fig. 8 (b) presents the pattern of response changes with
different damping parameters (i.e., b = 70, 118, and 217).
The transient aspects of the trajectories change with regard
to the damping values: over-damped, critical damping, and
small oscillatory behavioral characteristics are introduced by
the proposed assistive force design. Note that the rising times
remain almost the same because m?¢ and k were fixed in all
three cases.

Lastly, Fig. 8 (c) presents the response changes when the
mass parameter changes (i.e., m%¢ = —5,0,5). The change
in the rising slope is most evident in this case: the apparent
weight (30—md'c) decreases as m®¢ increases; thus, the rising
slope steepens.

Table III summarizes all experimental results. The responses
of x; in the experiments are quantitatively compared with the
simulation results in terms of the rising time, settling time,
and steady-state values.

The difference between the expected value and the measured
value can be contributed to unmodelled nonlinearities in the
mechanism. Fig. 2 shows the transmission mechanism between
the torque output and the wire tension, which consists of two
pulleys, one belt and one winding drum. These transmission
mechanisms are subject to various nonlinearities such as
friction and backlash, which can cause loss and difference in
the relationships (4), (5), and (6).

The simulation result in Fig. 8 cannot fully model these
nonlinearities, and thus the simulation cannot describe the
actual measurements. However, the result still verifies that
the proposed BWS system can control the dynamic behavior
properly through impedance control.

The second experiment was conducted to evaluate rotational
direction. Sets of various impedance values were set in the
rotational direction by the proposed algorithm in (12). The
rotational motion # was then measured and analyzed when

Fig. 8 shows the experimental results, where the expected;ggan additional step-wise input was applied. It is difficult to

response of z; from the simulation is represented by the dashed

apply regulated torques precisely to the mass from the outside.
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Fig. 8. Step responses according to the varying impedance parameters in the vertical direction
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(c) Responses of the various moment of inertia set-
ups

Fig. 9. Step responses according to varying impedance parameters in the rotational direction

TABLE III
STEP RESPONSE CHARACTERISTICS DESCRIBED IN FIG. 8. THE VERTICAL
IMPEDANCE IS DESIGNED TO BE (m — md‘c)gé'l + bZ; + kx;, WHERE THE
ACTUAL MASS m IS SET TO 30. THE OTHER DEFAULT VIRTUAL
IMPEDANCE PARAMETERS ARE SET TO m%¢ = 0,b = 70, AND k = 475

Impedance Response Expected | Measured | Error(%)

Rising time 0.360 0.386 7.173

Default Settling time 1.49 1.20 19.38
Steady-State -0.0981 -0.104 6.014

Rising time 0.265 0.284 7.164

k=115 Settling time 1.23 1.04 15.57
Steady-state -0.0622 -0.0648 4.180

Rising time 0.634 0.660 4.022

k =235 Settling time 1.96 1.77 9.361
Steady-state -0.208 -0.237 13.94

Rising time 0.741 0.716 3.374

b=217 Settling time 1.23 1.81 47.64
Steady-state -0.0909 -0.0876 3.576

Rising time 0.514 0.461 10.31

b=118 Settling time 0.773 0.93 20.31
Steady-state -0.105 -0.0982 6.733

Rising time 0.421 0.419 0.4751

md-¢ = —5 [ Settling time I.811 1316 2733
Steady-state -0.0976 -0.0986 0.9731

Rising time 0.294 0.326 10.88

mdc =5 [ Settling time 1.219 1.259 3281
Steady-state -0.0944 -0.103 9.193

Hence, the external torque input (4 Nm) was emulated by the
output torque of the cPEA.

Fig. 9 presents the experimental results, where the ex-
perimentally measured 6 is represented by the solid lines,
and the expected response calculated from the simulation is
represented by the dashed lines. In a manner similar to that of

The default impedance setting was set to .J,, = 0.52 kgm?,
B, = 7.07 Nms/rad, and K, = 31 Nm/rad. Fig. 9 (a) shows
the response with different K, values (31, 17.5, and 44.5),
where the changes in the steady-state value of 6 with regard
to different K, values can be confirmed. This is similar to
result shown in Fig. 8 (a).

Fig. 9 (b) shows the response with different damping values
(B, =17.07, 1.67, and 3.34), where the damping characteristics
of the step response change with respect to the B, setting. This
result demonstrates that the damping of the trunk motion can
be adjusted such that the balance in the frontal plane can be
controlled by the proposed BWS system. The response in Fig.
9 (c) also shows a similar behavior to the result in Fig. 8 (c),
where the rising slope changes with regard to the setting of .J,..

Overall, the proposed assistive control using the impedance
in the rotational direction can properly change the dynamic
behavior of the trunk, even though larger differences exist
with respect to the theoretical behavior than do in the vertical
motion case. The quantitative errors from the theoretical
responses are listed in Table IV.

The impedance design for the trunk motion assistance of
the proposed BWS was validated in another manner. The
frequency characteristics of the BWS system were measured
and compared with those of the theoretical one. The forces and
torques were externally applied by a human, and the vertical
x; and rotational ¢ motions were measured. The frequency

responses of letv andMLt were then obtained from the
exr

x;, rotation angle ¢ was estimated using (13) because its true;ggexperiments and comparede\u;vith the desired response specified

value cannot be directly measured.

by the impedance design. The obtained frequency responses
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TABLE IV
STEP RESPONSE CHARACTERISTICS OF THE RESULT PRESENTED IN
FIG. 9. THE ROTATIONAL IMPEDANCE SET WAS J,.0 + B0 + K0, AND
THE PARAMETERS WERE SET TO J, = 0.52, B, = 7.07, AND K, = 31

Impedance Response Expected | Measured | Error(%)
Rising time 0.420 0.422 0.4762
Default Settling time 0.626 1.41 125.4
Steady-state 0.117 0.117 0.1715
Rising time 0.265 0.410 54.72
K, =44.5 | Settling time 0.426 1.162 172.8
Steady-state 0.0841 0.0902 7.156
Rising time 0.699 0.635 9.156
K, =175 Settling time 1.26 1.16 7.943
Steady-state 0.201 0.179 10.89
Rising time 0.246 0.231 6.098
B, =3.34 | Settling time 0.542 2719 401.7
Steady-state 0.139 0.122 12.41
Rising time 0.166 0.178 7.229
B, =1.67 | Settling time 0.748 0.424 4332
Steady-state 0.124 0.135 8.717
Rising time 0.512 0.516 0.7813
» = 1.056 | Settling time 0.693 1.21 75.04
Steady-state 0.124 0.118 4.685
Rising time 0.634 0.793 25.08
Jr =0.16 | Settling time 0.761 2.07 171.6
Steady-state 0.116 0.115 0.6920
are given as follows:
Xl(s) 1
Font 3082 + 70s + 475
O(s) 1 (19)

Mo 05252 +7.07s + 31

Xy, Fext, ©, and M, are Laplace transforms of x;, Fey¢, 0,
and M.,, respectively.

The experiment was set up as shown in Fig. 7, where
a load cell/torque sensor with a handle was fixed on the
suspended mass. A person held the handle and generated the
regulated sinusoidal forces/torques at frequencies of 0.25, 0.5,
0.75, 1, 1.5, and 2 Hz. The generated forces and torques
were measured as F.,; and M,.,;. The vertical motion x; and
rotating angle 6 of the weight were obtained according to Eq.
(13). The frequency response of the BWS was calculated by
comparing the magnitude of each signal at each frequency. The
experiments were performed three times for each frequency.

In the experiments, the impedance parameters for the ver-
tical direction were set to the default values of m%¢ = 0 kg,
b = 70 Ns/m, and k£ = 475 N/m. Meanwhile, for the rotation,
they were set to J,. = 0.52 kgmz, B, = 7.07 Nms/rad, and
K, =31 Nm/rad. Fig. 10 shows the experimental results.

The blue solid lines indicate the theoretical frequency
response functions for the vertical and rotational directions,
whereas the red circular points and bars are the means and the
standard deviations, respectively, of the magnitudes of Ff;
andﬁ calculated using the repeated experiments.

The measured frequency responses in Fig. 10 follow a simi-
lar behavior to the theoretical frequency response curves. Only
the magnitude at 2 Hz in Fig. 10 (b) shows a large deviation.
Considering the general frequency of human motion, a 2 Hz

¢ )
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(b) Frequency response of the suspended mass along the rotational motion

Fig. 10.
interaction

Frequency responses of the suspended mass to human hand

be set lower than this frequency. This frequency response result
validates that assistive force can be applied to the human body
by the BWS system to realize the desired frequency response.

B. Trunk Motion Assistance Experiments

The effectiveness of the proposed BWS system on the actual
trunk motion was experimentally evaluated. To this end, a
human’s motion along with the proposed BWS system was
measured and compared with the desired dynamic character-
istics, which were calculated from a simplified model.

For the experiments, a subject wore a harness connected
to the wire of the system with three markers attached to
the center, left, and right regions of the pelvis for motion
tracking. The subject stood on two force plates (AMTI®,
Miami) to measure his/her weight and the changes in the
ground reaction force. The Optitrack motion capture system
(OptiTrack®, Oregon) was utilized for motion tracking.

In the first experiment, a subject (30-year-old male, 67 kg)
wore the proposed BWS system and moved vertically with
the designed assistive force acting on his body. The assistive
force was designed to reduce 40% of the subject’s weight
(m™°¢ = 0.4 x 67 kg) as well as 40% of the inertial force
(m%¢ = 0.4 x 67 kg). The other impedance parameters in (12)
were set to 0 (b = 0, k = 0) to verify whether the inertial force
compensation worked well. The parameter settings were based
on a preliminary study that found that the most comfortable

motion can be considered very fast [30], [31], and it is likelygggmovements are possible when the body weight compensation

that the target frequency of the proposed BWS system should

ratio and compensated inertia ratio are equal [7].
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The subject repeated flexion and extension of the knee
(squat posture) in accordance with the signal of a certain
frequency. The theoretical inertial force was estimated based
on the measured pelvis acceleration multiplied by the subject’s
mass. The ground reaction force during this motion was mea-
sured using two force plates and compared with the theoretical
values. Two sets of vertical motions at frequencies of 0.5 Hz
and 0.67 Hz were performed by the subject.

Fig. 11 represents the results of the comparison between the
measured ground reaction force and the inertial force estimate.
The blue solid line represents the measured force, whereas
the red dashed line represents the calculated inertial force.
Bias of up to 0.6 x 67 x 9.8 N were subtracted from the
measured values to focus on the inertial force characteristics;
the blue line only illustrates the AC component of the force
plate outputs.

Fig. 11 (a) shows the output with the 0.5 Hz motion, and
(b) depicts the output with the 0.67 Hz motion. To compare
two situations with and without 40% inertial assistance, the
inertial force estimation was calculated using two different
mass values: one estimation F  , is with the original mass
(m = 67 kg) and the other estimation F3.5 , is with the
compensated mass (m = 0.6 x 67 kg), which are given as
follows:

1 . 0.6 .
Finert = Mactual X Tpelvisy Finert = O'Gmactual X Tpelvis,

(20)

where mqtuq TEPresents the original mass of the subject and
Zpelvis Tepresents the acceleration of the pelvis measured using
OptiTrack. These two estimated values are depicted in Fig. 11
separately: the values of F} _ , are shown in the upper graphs
and the values of F:% . are shown in the middle graphs.

Note that the measured vertical force matches well with
the original mass estimation F},_ , when the inertial force is
negative (when the trunk goes down), whereas the measure-
ments fit well with the reduced mass estimation F0:% ., when
the inertial force is positive (when trunk goes up) in both Fig.
11 (a) and (b). This result verifies that the inertial force of
the trunk motion is successfully compensated by the proposed
assistive device even though it affects the inertial force only
in the upward direction, because the wire can only lift up
the body, but not push it down. The lower graphs of Fig. 11
(a) and (b) are the measured GRF and the estimated inertial
force without support, which shows that the inertial force is
not compensated without support.

The differences between the inertial force estimation
(Fl.../F25 ) and the ground reaction force (GRF) are
compared using RMS (root mean square) values. The area for
calculating the RMS difference is divided into two sections:
the area where the GRF is positive and the area where the GRF
is negative value. Based on this distinction, the RMS difference
calculation was divided into four cases: Case 1 denotes the
difference between the GRF and F} ,,, when the GRF is
positive, and Case 2 denotes the same difference calculation

but when the GRF is negative. Case 3 denotes the difference

between the GRF and F}),% , when the GRF is positive, andgq,

Case 4 is the same difference calculation but when the GRF is
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(b) Reaction force by the 0.67 Hz vertical motion

Fig. 11. Comparison of the measured ground reaction force and the inertial
force estimation. The weight of the subject measured in the static state was
subtracted such that only the inertial force can be measured. The subject
repeated flexion and extension of the knee (squat posture) in accordance with
the signal of a certain frequency. The assistive force was designed to reduce
40% of the subject’s weight as well as 40 % of the inertial force.
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TABLE V
COMPARISON OF THE RMS DIFFERENCES BETWEEN THE MEASURED
GRF AND THE INERTIAL FORCE ESTIMATION

Case 1 Case 2 Case 3 Case 4

Motion Frequency ilne’r‘t ilnert zgrig'rt zgrigrt
(positive | (negative | (positive | (negative

GRF) GRF) GRF) GRF)

0.5 Hz 80.37 32.36 46.68 35.97

0.67 Hz 24.22 20.37 12.26 27.92

negative. The RMS values were calculated for these cases for
both the 0.5 Hz and the 0.67 Hz experiments. The results are
summarized in Table V. The results verify that F:5 , match
better than F ., in the positive GRF area (Case 3 is better
than Case 1), and F} ,, matches better than F2.5 , in the
negative GRF area. (Case 2 is better than Case 4).

The ability of the proposed BWS system to change the
inertial force in the rotational direction was validated through
another experiment. The subject flexed the left knee and the
right knee alternately to generate rotational movements of the
pelvis. The proposed BWS system was controlled to provide
assistive moment with regard to this motion to retain balance.
To this end, the impedance parameters in (12) were set to
as J, = 0 kg and B, = 0 Nms/rad. Two values were used
for K, (40 and 80 Nm/rad) to investigate the functionality of
the proposed assistive force design. Only weight compensation
(m™-¢ = 0.4 x 67) was applied in the vertical direction during
the rotation motion assistive control.

Similar to the vertical force comparison, the following
torques in the rotational direction were calculated and com-
pared with the measured values:

(1) Torque calculated using the measured pelvis roll angle:
The angle of the pelvis motion in the roll direction was
measured using motion capture and multiplied by the stiffness
parameter (K, = 40, 80 Nm/rad).

(2) Torque measured using force plates: The ground reaction
forces were measured using the left and right force plates.
The differences between the two values was calculated and
multiplied by the half of the center-of-pressure (CoP) distance
of the subject’s feet.

Fig. 12 shows the comparison; the blue solid line represents
the torque calculated from the motion capture, and the red
dashed line represents the torque measured by the force plates.
A high correspondence is found between the peaks in both
cases even though the matches are not complete. This result
implies that the rotational motion of the trunk can also be
assisted as desired by the proposed BWS system.

The rotational motion assistance can help a person with
hemiplegia retain their balance while walking. Additional
experiments were conducted to verify this benefit, where a
subject constrained his right leg, as shown in Fig. 13 (a), such
that the knee and ankle joints could not rotate.

Three experiments were carried out: First, the subject
walked without the constraint on his leg. The subject then
walked with the right leg constrained and wore the BWS
system; however, the impedance control was not applied. The
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Fig. 13. Experimental set-up and results for asymmetric walking

Lastly, the subject walked with the constrained leg; however,
the impedance control was applied to maintain his balance.
The parameters for the impedance control were set as B, =
13 Nms/rad and K, = 130 Nm/rad. In all cases, the weight
compensation in the vertical direction was applied with 10 kg
weight compensation.

Fig. 13 (b) illustrates the results of the three cases and
plots the rotational angles measured by two cPEAs. Of the
three trajectories, the one with the constrained leg without
impedance control shows the largest variation, whereas the
other two show similar magnitudes.

The RMS values of the three trajectories were also calcu-
lated: the general walking obtained an RMS of 0.0171 rad,
the constrained walking without control obtained an RMS of
0.0243 rad, and the constrained walking with control obtained
an RMS of 0.0166 rad. These results demonstrate that the
proposed BWS system with the rotational impedance control

reference for the assistive moment was set to zero so that thegg,can help a human to regain the balance even when he/she has

subject could generate the rotational motion freely.

a disfunction in one leg.
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V. DISCUSSION AND CONCLUSION

This study described a novel BWS system for trunk mo-
tion assistance. Its function and performance were validated
through experiments. The proposed BWS system features
a compact wire-driven mechanism with high performance
tension control taking full advantage of a type of series elastic
actuator, the cPEA. Thanks to the high-performance force con-
trollability of the cPEA, elaborative trunk motion assistance
can be performed by the proposed BWS. The performance
of the whole system was validated through three sets of
experiments: 1) time response verification and 2) frequency
response verification using a mass as well as 3) the dynamic
behavior of a human wearing the proposed BWS system.

The proposed trunk motion assistance incorporates an
impedance control-type assistive force control design in addi-
tion to conventional constant body weight force compensation,
which can help a human perform various motions by adjusting
the dynamic force with regard to his/her motions. Through
this control approach, a human can experience a light body or
a different environment in which an artificial environmental
force, such as damping or stiffness, supports their motion.

The experiments in Section IV scrutinized this feature by
investigating the relationship between the vertical/rotational
motions and the vertical force/rotational torque. The results
show that the dynamic characteristics of a mass and a human
can be controlled as desired by the proposed BWS system.

A dynamic force-controlled BWS system is not a new
concept; however, the proposed BWS system is different from
conventional dynamic BWS systems because 1) its assistance
is two dimensional; 2) it provides an impedance control-
based assistive force to attenuate inertial force and provide
an artificial environmental force; and 3) it does not utilize any
force sensors.

This research was conducted to examine the functional
characteristics of the proposed BWS system, including human
interactions. A clinical test focusing more on the human’s
motions is the future work of this research.
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