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Standing Mobility Device With Passive Lower
Limb Exoskeleton for Upright Locomotion

Yosuke Eguchi , Hideki Kadone , and Kenji Suzuki , Member, IEEE

Abstract—This study proposes a novel standing mobility
device aimed at supporting and assisting people with dis-
abled lower limbs. The developed mobility device is capable
of assisting voluntary postural transition between stand-
ing and sitting by a passive exoskeleton equipped with gas
springs, in addition to providing wheeled locomotion in a
standing posture using two in-wheel motors. The device
allows voluntary natural assisted sit-to-stand motions. Fur-
thermore, it can be operated in the standing posture with-
out using hands. This paper describes the development and
assessment of the standing mobility device as well as a pi-
lot study conducted with a person with spinal cord injury.
Then, investigation of the mechanical characteristics of the
device is presented for further analysis of sit-to-stand and
stand-to-sit transfer assistance.

Index Terms—Assistive robotics, behavior-based
systems, mechanism design, wheeled robots.

I. INTRODUCTION

A
ROUND the world, there are a large number of wheelchair

users with permanent disability in their lower limbs. For

example, about 270,000 patients with spinal cord injury (SCI)

in the U.S. have reduced motor function in the affected limb.

Almost 40% of these patients received the injury in traffic acci-

dents, and the average age at injury was 41.0 years [1]. Many

of these patients were injured in their younger years. How-

ever, apart from wheelchairs, there are only a few options to

supplement the mobility of SCI patients, which is essential for

their social life. Thus far, various systems have been devel-

oped for people with SCI. These systems are, the wearable
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Fig. 1. Usage examples of developed standing mobility device (SMD).
The SMD allows a user with lower limb motor disability to sit down,
stand up as per his/her intention, and locomote in an upright posture by
hands-free operation. These functions support essential motions in daily
life, contributing to enhancement and diversification of the user’s social
activities.

robot suit HAL [2], powered lower limb exoskeletons such

as Ekso (Ekso Bionics, Freiburg im Breisgau, Germany) [3],

Indego (Parker Hannifin, Cleveland, OH, USA) [4], ReWalk

(ReWalk Robotics, Inc., Marlborough, MA, USA) [5] for re-

habilitation, a passive gravity-balancing knee-ankle-foot ortho-

sis [6], and a standing-style locomotion system [7]. However,

few robotic systems such as REX [8], have been developed for

assisting the daily locomotion of people with disabled lower

limbs.

Patients on wheelchairs are constrained to the sitting posture,

which causes inconvenience in their social life because almost

all social environments are designed for able-bodied people

who are capable of standing. In addition, the sitting posture

makes it difficult for these patients to communicate with others

by using gestures because of the difference in viewpoints and

upper body heights [9]. Furthermore, wheelchair users cannot

use their hands while they are moving because operation of a

wheelchair requires at least one hand. The standing posture has

medical benefits with regard to bone metabolism, the circulatory

system, prevention of infections and inflammatory responses to

the urinary tracts, as well as mental benefits such as greater

independence [10]. Considering these points, a control method

of a wearable robot for the sit-to-stand and stand-to-sit transfers

of a complete SCI patient [11], devices for assisting the stand-up

motion for rehabilitation [12]–[14], and an assistive device for

the sit-to-stand transfer based on passive gravity compensation

[15] were developed. Some upright wheelchairs and mobility

aids were also developed, such as LEVO (LEVO AG) [16],

Superior (Superior Sweden AB) [17], UPnRIDE (UPnRIDE
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Fig. 2. Outline drawing of developed SMD and internal structure of exoskeleton. The SMD consists of a passive exoskeleton and electrically driven
wheels. The exoskeleton consists of two pairs of gas springs to assist the motion of the ankle and knee joints. The exoskeleton assists a user in
sit-to-stand and stand-to-sit postrual transition as well as in maintaining the standing posture. It also works as an interface to infer a user’s intention
of locomotion according to the tilting angle of the trunk during wheeled locomotion. The knee pad is used to fix the anteroposterior position of the
knee joint of the user to align it with the knee of the exoskeleton.

Robotics Ltd., Yokne’am Illit, Israel) [18], and TekRMD (Matia

Robotics, Inc., Salt Lake City, UT, USA) [19].

A personal mobility vehicle (PMV), which is a newly emerg-

ing transportation system for individuals, affords mobility func-

tions that can be placed between walking and those of existing

vehicles such as automobiles, motorbikes, and bicycles [20];

examples of PMVs include Segway PT (Segway, Inc., Bedford,

NH, USA) [21] and Winglet (Toyota Motor Corp., Tokyo, Japan)

[22]. These PMVs provide mobility in an upright posture with

high controllability. However, they are designed for able-bodied

people that are capable of standing without assistance.

In this study, we propose a novel device that provides high

mobility in an upright posture for people with disabled lower

limbs. In comparison to the above devices, the novelty of the de-

vice is that the exoskeleton provides natural sit-to-stand postural

transition based on human biomechanics. It provides postural

transition in accordance with anteroposterior tilting of the trunk

by a compact mechanism consisting of passive springs and a

link structure without using electric actuators.

Target users of this device are SCI people with control of

the trunk, because their social independence can be greatly

improved through provision of support for their lower limb

functions. Fig. 1 shows the expected usage of the developed

standing mobility device (SMD). The developed SMD consists

of a wearable passive exoskeleton and wheels driven by electric

motors (see Fig. 2). The exoskeleton assists a user with postural

transitions between sitting and standing and with maintaining

either of these postures. The user is able to execute upright

locomotion by driving the electric wheels using the trunk orien-

tation as a control interface. Consequently, the SMD facilitates

diverse activities such as using a vending machine; passing

through, opening, and closing a door; and using a shelf designed

for use in a standing posture. Furthermore, the SMD enables the

user to communicate with other people using gestures during

locomotion, providing an even viewpoint at a comparable

height.

Fig. 3. Model of inter-postural transition and attitude of lower limbs. The
model has three phases—sitting, intermediate, and standing postures—
to achieve safe and smooth transition between postures. (a) Sitting pos-
ture. (b) Intermediate posture. (c) Standing posture.

Overview of the mechanical design of the SMD has been

reported in [23]. This paper presents a detailed method for

structuring the SMD including determination of the attachment

position and size of the gas springs. Moreover, it presents ac-

tual measurement of generated joint moment, and experiments

investigating its feasibility with healthy and SCI participants to

prove the performance of the developed prototype.

II. APPROACH

A. Postural Assistance

This research aims to provide assistance with natural inter-

postural transitions by a small, lightweight, and easy-to-wear ex-

oskeleton system. This system enables controlled inter-postural

transitions according to anteroposterior shifting of the upper

body. Although electromyography may also be a candidate for

a control interface, it is difficult to be applied on the lower limbs

of complete SCI patients with very low activation potential [11].

In an analysis of standing up motion of a healthy partici-

pant (age 23 years, 180 cm) using a motion capture system

(MAC3D, Motion Analysis Co., Ltd., Santa Rosa, CA, USA),
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Fig. 4. Four-link model used to calculate moment on each joint.
Li (i = 1, 2, 3, 4) denote the lengths of the shank, thigh, trunk, and head-
neck segments, respectively. mi denote the mass of each part of the
body, which is obtained by using the entire body weight mBD and the
body parts mass index. θi is the sagittal angle of each limb against
the horizontal plane.

it was observed that the ankle, knee, and hip joints are moved

in coordination in the sagittal plane. Since the standing transi-

tion can be represented by the motion of these three joints, we

consider designing the exoskeleton such that it has joints corre-

sponding to these three joints in the human body. To avoid large

acceleration or velocity, which may lead to falling, we employ

a passive actuation system that maintains its posture close to

static equilibrium all through the postural transition.

To assist postural transition in a manner such that it remains

similar to normal transition, we first model the inter-postural

transition. We then calculate joint moments that realize equi-

librium against gravitational force at each instant of transition.

Finally, we design the exoskeleton according to the required

moment.

1) Postural Transition Model: This model includes the stand-

ing, sitting, and intermediate postures (see Fig. 3).

In the sitting posture [see Fig. 3(a)], the shank should stay

outside of the space below the hip so that a user can sit on a

normal chair. For this reason, the shank is defined to be inclined

10◦ posteriorly. In the standing posture [see Fig. 3(c)], to ensure

smooth start of postural transition, the moment in the knee joint

should be loaded in the flexion direction. For this reason, the

thigh is defined to be inclined 10◦ posteriorly and the shank in-

clined 10◦ anteriorly, relative to the vertical. In this posture, the

center of gravity of a user’s body is within the supporting area.

In addition, an intermediate posture [see Fig. 3(b)] is defined for

simplifying the motion of the knee and ankle joints. The knee

joint stays fixed during transition between the sitting (a) and

intermediate (b) postures, and the ankle joint stays fixed during

transition between the intermediate (b) and standing (c) pos-

tures. Furthermore, it is considered that the upper body should

not be tilted posteriorly beyond the vertical without supporting

material on the back, so as not to cause discomfort to the user.

2) Calculation of Joint Moment: The mass of each body seg-

ment mi is estimated by Matsui’s body parts mass index [24]

according to the actual entire body mass mBD (see Fig. 4). These

estimated values are then used for computing the moment on

an ankle joint (Mankle) and a knee joint (Mknee). The center of

Fig. 5. Relationship between the moment loaded by the user’s weight
and the moment generated by the gas springs, for the ankle joint (left)
and for the knee joint (right). The condensed broken lines represent the
minimum loaded moment (when the participant kept the trunk bended
anteriorly); the broken lines represent the maximum loaded moment
(when the trunk was aligned with the vertical). Those are estimated using
(1a) and (1b). The solid lines represent the moment generated by the
gas springs. They are estimated using (4) with a specific configuration
for the participant’s height and weight. The moments are plotted in their
absolute value.

gravity of each limb is assumed to be located at the lengthwise

center.

Mankle =

(

1

2
m1 + m2 + m3 + m4

)

gL1 cos θ1 + Mknee

(1a)

Mknee =

(

1

2
m2 + m3 + m4

)

gL2 cos θ2

+

(

1

2
m3 + m4

)

gL3 cos θ3 +
1

2
m4gL4 cos θ4 (1b)

where mi , Li , and θi denote the mass, length, and sagittal angle,

respectively, against the horizontal of each body segment (see

Fig. 4). Equations (1a) and (1b) give the static moment acting

at the ankle and knee joints, respectively.

3) Exoskeleton Design: The static moments loaded by a

user’s weight on his/her anatomical joints (Mload ) are calcu-

lated using (1a) and (1b) for each posture through the postural

transition defined in Section II-A1. The loaded moment varies

depending on the tilting of the upper body. When the upper body

is bent to the anterior limit, the moment is minimum (Mmin ).

When the upper body is aligned with the vertical, which is the

posterior limit according to the postural transition model, the

maximum moment (Mmax ) is loaded on each joint. Fig. 9 shows

the temporal profile of each joint angle when a healthy partici-

pant (age 23 years, 180 cm, 70 kg, L1 = 40 cm, L2 = 47 cm, L3

= 50 cm, and L4 = 30 cm) performed postural transition from

standing to sitting. Here, the participant was asked to bend his

trunk and head anteriorly as much as possible while maintaining

natural movement. This profile is used for calculating the min-

imum loaded moment. Fig. 5 (left) shows the minimum (con-
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densed broken line) and maximum (broken line) moments on the

ankle joint for each posture during transition between the sitting

and intermediate postures, whereas Fig. 5 (right) shows those

for the knee joint during transition between the intermediate and

standing postures. These are computed using (1a) and (1b).

The design strategy of the exoskeleton mechanism is such that

the assisted postural transition can be controlled by the user’s

anteroposterior tilting of the trunk. During postural transition,

the Mload discussed above is acting as flexor moment in the

direction of stand-to-sit. At the same time, the force of the

springs is acting through the link structure as extensive moment

around the joints of the user in the direction of sit-to-stand. We

refer to this moment as generated moment (Mgen ) and discuss

more precisely later in this section. By the natural mechanics,

the direction of the assisted postural transition depends on the

magnitude relationship between Mload and Mgen . The transition

is in the stand-to-sit direction when |Mload |>|Mgen |, and sit-to-

stand direction when |Mload |<|Mgen |. For the user to be able

to control the direction by anteroposterior tilting of the trunk,

Mgen should be designed to fulfill

|Mmin | < |Mgen | < |Mmax | (2)

in terms of the possible mimimum and maximum loaded mo-

ment according to the trunk tilting. By this way, the user can

induce assisted sit-to-stand postural transition by tilting the trunk

anteriorly, and stand-to-sit transition by tilting posteriorly. The

moment relationship of (2) is defined as Requirement 1. In addi-

tion, at the initiation of sit-to-stand transition in sitting posture,

to make sure that the initiation occurs in accordance with appar-

ent intension of the user, pushing the seat surface by the upper

limb is designed to be required, therefore Mgen should fulfill

|Mgen |<|Mmin | at this moment. This is defined as Requirement

2.

In the first step of the exoskeleton design, the basic geome-

try of the link structure is defined so that it fits to the segment

length and joint center position of the lower limb anatomy of a

specific user (see Fig. 6). It is designed strictly compact to be

placed between the lower limbs. A rectangular area in which

an end of a spring can be attached without interfering with the

internal structure of the exoskeleton is defined for each of the

ends. Then, the question now is to determine the specifications

of a gas spring and its position to be attached on the link struc-

ture. This is a multiple factor exploration problem pertaining

to the maximum/minimum length, reaction force characteristics

against compression, attachment positions of the movable and

base ends, joint angle range and joint moment characteristics

when attached on the link structure. To automate the procedure

we implemented the following algorithm. It checks the validity

of spring characteristics in terms of (a) geometric validity, (b)

range of joint movement, and (c) joint moment characteristics,

for all the allowed combination of the attachment position of the

spring ends, in the end to obtain sets of valid springs and their

attachment positions.

a) Geometric validity: A list of available gas springs is de-

fined, for example using product catalogs. The springs whose

length is out of range for fitting into the exoskeleton are

Fig. 6. Geometric definition for designing the arrangement of gas
springs. The coordinate origin is set at the rotation center of the joint. A
line that connects the joint to the next joint is aligned with the Y-axis for
convenience. Rectangular shapes indicate the areas in which the base
and movable ends of the gas spring can be attached to the links.

removed from the list. To fit into the exoskeleton, the length

and compression range of a spring have to fulfill the conditions.

i) The shortest distance between the base and movable ends

(|A − B|) must be shorter than the maximal length of the

gas spring.

ii) The longest distance between the base and movable ends

(A + B) must be longer than the minimal length of the

gas spring.

A and B are the distance from the joint rotation center to the

movable end and to the base end, respectively, (see Fig. 6).

b) Range of joint movement: The movable range of joint

angle θǫ of the exoskeleton needs to be able to cover the motion

range of the corresponding anatomical joint angle defined by

the postural transition model; 80 to 100◦ for the ankle and 20 to

80◦ for the knee (see Fig. 3). The list of springs is truncated by

the conditions.

i) When the gas spring is at its minimum length, θǫ must

be smaller than the minimum anatomical joint angle

achieved during the transition movement.

ii) When the gas spring is at its maximum length, θǫ must

be greater than the maximum anatomical joint angle

achieved during the transition movement.

The joint angle θǫ is calculated as

θǫ = θβ + θσ − θα (3)

where θβ , θσ , and θα denote, respectively, the angle between

line B and the X-axis, the angle between lines A and B, and the

angle between line A and a line that connects the joint to another

joint in the figure, which are computed by planar trigonometry.

c) Joint moment characteristics: The moment M generated

by the gas spring on the joint is

M = BF sin(θ) (4)
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where F denotes the reaction force of the gas spring at length L,

and θ denotes the angle between line B and the axial direction

of the gas spring. Mgen is equivalent to M minus the moment

originating from the mass of the exoskeleton. The spring list is

truncated by the requirements on the moment relationship.

i) |Mmin | < |Mgen | < |Mmax |, for the ankle joint at the

intermediate posture [see Fig. 3(b)], and for the knee

joint at each posture between the intermediate and the

standing postures [see Fig. 3(c)] (Requirement 1).

ii) |Mgen |< |Mmin |, for the ankle joint at the sitting posture

[see Fig. 3(a)] (Requirement 2).

B. Locomotion Assistance

Most powered wheelchairs are joystick controlled. However,

even during locomotion, upper limbs have significant functions

such as handling objects and making gestures for communi-

cating with others. Although previous works [25], [26] have

revealed that an electric wheelchair could be controlled on the

basis of the electroencephalogram, this remains a topic of fur-

ther research because the inference of intention takes several

seconds. In this regard, we propose a real-time control interface

of the SMD based on the voluntary postural change of the upper

body.

First, the attitude of a user’s trunk is inferred according to the

joint angle of the exoskeleton segments (see Fig. 8):

θB = γ

(

θR + θL

2
− θγ

)

(5)

θT = δ tan−1

(

LA (cos θL − cos θR )

WB

)

(6)

where θB and θT are the tilting and torsion angles, respectively,

of the trunk (anterior tilting and counterclockwise torsion are

defined as positive); and θR and θL are the orientation angles

of the exoskeleton segments attached to the right and left sides,

respectively, of a user’s trunk. These are measured against the

horizontal plane. LA denotes the length of the exoskeleton seg-

ment from the fixing point on a user’s trunk to the rotation center,

WB denotes the width of a user’s trunk, γ and δ are adjusting

coefficients to correct inferred angle to approximate real angle,

and θγ is a constant that accounts for the offset between a user’s

trunk tilt angle at his/her natural upright posture and the vertical

axis in the sagittal plane.

Then, the control values of velocity υ and angular velocity

ω of the SMD are calculated in proportion to the inferred trunk

attitude (θB and θT , respectively).

υ = αθB (7)

ω = βθT . (8)

The parameters α, β, γ, θγ , and δ are determined experimentally.

The SMD is controlled with low acceleration to avoid instability

in the forward and backward directions.

III. SYSTEM CONFIGURATION

Locomotion in the upright posture and voluntary postural

changes between the standing and sitting postures are achieved

Fig. 7. Motion of inter-postural transition using the developed exoskele-
ton. The numbers represent the sequence of motion. Asymmetricity of
the two motions is observed. The trunk is bent anteriorly during the
sit-to-stand transfer and posteriorly during the stand-to-sit transfer.

TABLE I
SPECIFICATION OF THE SMD

by a combination of a passive exoskeleton system and elec-

trically driven wheels. Fig. 7 shows sequential images of the

assisted inter-postural transition.

A. Hardware

The developed SMD consists of the passive exoskeleton sys-

tem that we call a passive assistive limb, which assists a user

in changing and maintaining posture, and the electrically driven

wheels, which carry the structures. The specifications of the

SMD are listed in Table I, and the internal structure of the ex-

oskeleton is shown in Fig. 2 (right).

Each of the ankle and knee joints of the exoskeleton is driven

by a pair of gas springs which generate moment at the joint.

The exoskeleton itself does not have any electric actuator to

generate joint moments and therefore it does not need neither

computerized controller nor power source. The characteristics

allow the exoskeleton to be lightweight and compact enough

to fit between the legs. Length of a gas spring can be fixed or

freed by operating a lock lever. When a spring is locked, the

corresponding joint of the exoskeleton is locked. In addition,

the exoskeleton is equipped with foot belts, knee supporters, a

waist belt, and a body belt for fixing it on a user (see Fig. 2).

B. Control System

Electric control system is implemented with the SMD for

hands-free wheeled locomotion (see Fig. 8). The angles of the

ankle, knee, and hip joints of the exoskeleton are acquired



EGUCHI et al.: STANDING MOBILITY DEVICE WITH PASSIVE LOWER LIMB EXOSKELETON FOR UPRIGHT LOCOMOTION 1613

Fig. 8. Configuration of control system for upright locomotion. Angular
data of the ankle, knee, and supporters around the hip joint are transmit-
ted to the main controller. The controller estimates the trunk posture by
the angles and sends the target values of velocity and angular velocity
to the electric wheelchair controller for hands-free operation.

through embedded potentiometers, and the control values are

computed by (5)–(8). The main controller operates an electric

power unit for wheelchair (JWX-1, YAMAHA Motor Corp.,

Iwata, Japan) by sending the control values to it. Its control

circuit is modified to accommodate control commands not only

from its original joystick but also from an external source for

controlling the forward/backward velocity and angular veloc-

ity. The SMD can be moved forward and backward, as well

as turned, by controlling the pair of the in-wheel electric mo-

tors. The hands-free operation system realizes real-time con-

trol just like the original joystick. The parameters in (5)–(8)

are determined experimentally as α = β = 571, γ = δ = 1, and

θγ = 1.57.

The hands-free operation is automatically disabled when the

exoskeleton is not in standing position. This is judged by the

values of the potentiometers attached at the ankle and knee joints

of the exoskeleton. Also, a user can manually disable the hands-

free operation whenever he/she wants. It allows him/her to enjoy

communicating with others using gestures or to reach out to

things without caring about unintentional motion of the SMD.

C. User Operation

Following the implementation, a typical user operation of the

SMD can be summarized as follows. In a sitting position, a

user starts the operation by freeing the lock lever for the ankle

joint. The user initiates the stand-up motion by pushing the seat

surface by hands as well as tilting the trunk anteriorly to reach

the intermediate posture, where the user operates the lock levers

to lock the ankle joint and free the knee joint. Then by tilting the

trunk anteriorly, stand-up motion of the knee joint is performed,

and the user reaches a standing posture, where the user locks

the knee joint. In the standing posture, the user can navigate

around the environment by driving the electric wheels using the

Fig. 9. Measured and modeled segment attitude during postural transi-
tion. Each dot and line represents respectively the measured and mod-
eled angle of a body segment against the horizontal at each instant
through stand-to-sit transition without using the device.

hands-free controller interface. When the user wants to sit down,

the user frees the knee joint, tilts the trunk posteriorly to reach

the intermediate posture, locks the knee joint and frees the ankle

joint, tilts the trunk posteriorly to reach a sitting position, and

locks the ankle joint.

IV. EXPERIMENTAL VALIDATION

All the experiments with subjects were reviewed by the insti-

tutional review board of University of Tsukuba or University of

Tsukuba Hospital. Written informed consent was obtained from

the participants.

A. Natural Postural Transition

An experiment was conducted for investigating the inter-

postural transition model described in Section II-A1. The angles

of the shank, thigh, trunk, and head-neck segments against the

horizontal were measured during postural transition without the

device. The attitude transition of each limb during transition

is shown in Fig. 9. In this figure, the postures at 0, 50, and

100% correspond to the postures (c), (b), and (a), respectively,

of Fig. 3. Since it was difficult to maintain quasi-static posture

at some points between intermediate and sitting posture, the ob-

tained angle data on latter half is less than that of the first half.

The transition model is defined by piecewise linear interpola-

tion of the sampled points so that it monotonically increases or

decreases (marked as the transition model in the figure) includ-

ing the standing, intermediate, and sitting postures described in

Section II-A1. A difference of up to 20◦ is observed between the

model and the real transition. This difference is attributed to the

motion of maintaining balance in an approximately quasi-static

transition without using the device.

B. Measurement of Joint Moment on Exoskeleton

The moment generated by the gas springs on the joints of

the exoskeleton was measured with the aim of investigating its

mechanical characteristics. A towing hook was attached to the

exoskeleton to connect a steel wire that would induce a moment

on the joints by pulling. Then, each joint angle was measured

by a built-in potentiometer, and the corresponding tension of the
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Fig. 10. Measured moment on each joint of exoskeleton. The red and
blue dots represent result of five measurement trials of the moment while
the gas spring is shrunk and elongated, respectively. The gray lines
represent the theoretical moment generated by ideal frictionless gas
springs. A black line represents the regression line for each measured
data series, and the broken lines indicate the average of the two black
lines.

wire was measured by a force gauge (ZP-1000N, IMADA Co.,

Ltd., Toyohashi, Japan). Finally, the moment on each joint was

calculated using a geometrical relationship of the exoskeleton.

Meanwhile, the angular velocity of each joint was kept low

enough to approximately realize quasi-static state.

Measurement results on the knee joint and ankle joint are

shown on the left and right side, respectively, in Fig. 10. The av-

erage of the generated moment on the ankle joint during plantar

flexion motion was 16% greater than the theoretical value and

that on the knee joint during flexion motion was 18% greater

as well. During these motions, the gas springs are compressed.

Similarly, the average of the generated moment on the ankle

joint during dorsal flexion motion was 11% smaller than the

theoretical value and that on the knee joint during extension

was 24% smaller as well. During these motions, the gas springs

are lengthened. One reason for this is the asymmetric property

of the reaction force of the springs caused by friction on the

slide members. The average of the generated moment was 2%

greater on the ankle joint and was 3% smaller on the knee joint

than the theoretical value.

C. User’s Weight and Height That Are Compatible With

the Developed Exoskeleton

While the developed exoskeleton is designed to be compati-

ble with users of a specific weight and height, it is expected that

some difference in weight and height can be allowed. Weights

and heights that are compatible with the specifications of the

developed exoskeleton were investigated. The following algo-

rithm generates parameter sets of a body model, estimates joint

moments and judges if each set of the parameters is compatible

with the device.

1) Generation of weight parameters for body model: A set of

various body weight parameters is generated by sampling

from the designated weight range with a 1 kg interval. For

each sample, the weights of the shank, thigh, trunk/hand,

and head/neck segments are calculated using Matsui’s

body parts mass index [24].

2) Generation of height parameters for body model: A set of

various body height parameters is generated by sampling

from the designated height range with a 1 cm interval. For

each sample, the lengths of the shank, thigh, trunk, and

head-neck segments are calculated by referring to the av-

erage body segment ratio extracted from the AIST/HQL

Database of Human Body Dimension and Shape 2003

[27].

3) Configuration of postural transition model: In this step,

standup motion, which follows the sitting, intermediate,

and standing postures, with maximum anterior bending

of the upper body is configured. In the same manner,

sit-down motion, which reversely follows the stand-up

motion while aligning the upper body with the vertical,

is configured.

4) Estimation of generated joint moment: Joint moments

applied by the exoskeleton system to a user’s body are

calculated for each posture.

5) Estimation of loaded joint moment: Every combination of

body weight and height is applied to the four-link model

(see Fig. 4), and joint moments applied by a user’s body

are calculated for each posture.

6) Judgment on the compatibility of each weight and height

with the developed device: The combination of the body

weight and height has to fulfill all of the following re-

quirements on the magnitude relationship of the gener-

ated and loaded moments.

For the ankle joint,

a) |Mgen | < |Mmax | for each posture during the sit-down

motion (Requirement 1, Section II-A3).

b) |Mmin | < |Mgen | < |Mmax | at the intermediate posture

(Requirement 1).

c) |Mgen | < |Mmin| in sitting position (Requirement 2).

For the knee joint,

d) Mmin| < |Mgen | < |Mmax | for each posture between the

intermediate and standing postures (Requirement 1).

Simulation results for the developed exoskeleton are shown in

Fig. 11. The gray-colored domain shows the weight and height

that is compatible with the exoskeleton, as obtained on the basis

of the actual measured moment described in Section IV-B; the

light-gray-colored domain shows the corresponding range for

the same exoskeleton but with ideal frictionless springs. Lim-

itation on the weight depends on the generated joint moment

and the body height. On the other hand, limitation on the height

depends on the length of the shank part of the exoskeleton be-

cause the length of the part is not adjustable. As a result, it is

confirmed that more than 20 kg of body weight variation can

be accommodated by the developed device. The filled circles in

Fig. 11 show the weight and height of the participants of the

experiment described in Sections IV-E. Even though two of the

participants were out of the domain, all participants were able to

perform postural transition with the support of the exoskeleton.

Since the simulation considers only quasi-static equilibrium on

the joint moment, it can be potentially explained by the dynamic

motion of the trunk that induces a moment on each joint.



EGUCHI et al.: STANDING MOBILITY DEVICE WITH PASSIVE LOWER LIMB EXOSKELETON FOR UPRIGHT LOCOMOTION 1615

Fig. 11. Range of weight and height compatible with the exoskeleton.
Ranges of compatible weight and height are indicated for ideal friction-
less springs (light-gray) and for actual mechanical characteristics of the
exoskeleton (gray).

D. Pilot Study of Postural Transition With Healthy

Participant

A pilot test with a healthy participant (age 23 years, 180 cm,

72 kg) was conducted to evaluate the magnitude relationship

between assistive moment generated by the gas springs and the

moment loaded by the user during postural transition. Here the

participant was asked to keep the transition speed low to ap-

proximate quasi-static states. It was observed that after a few

trials the participant could change his posture as expected by

anteroposterior tilting of the upper body. No comment was re-

ported relating to discomfort caused by the force applied by the

exoskeleton.

Attitudes of the shank, thigh, trunk, and head-neck segments

were measured using a motion capture system (MAC3D, Mo-

tion Analysis Co., Ltd., USA) for verifying whether postural

transition could be performed by weight shifting along with tilt-

ing of the trunk. The relationship between magnitudes of the

moment generated by the gas springs and the moment loaded

on the joints of the exoskeleton according to the posture of the

participant was investigated (see Fig. 12). In the initial phase of

standing up, the loaded moment on the ankle was greater than

the generated moment. The participant pushed on the seat sur-

face to initiate forward rotation around the ankle joint. Once the

shank reached 100◦, the loaded moment became smaller than the

generated moment, and the participant maintained posture with-

out support of hands. The loaded moment was almost balanced

with the generated moment when the upper body was tilted an-

teriorly. Furthermore, the motion of sitting down commenced

when the upper body was tilted posteriorly. The fluctuation of

the trunk angle in 7–14 s and 37–42 s are due to the motion

to handle the lock levers of the springs. Joint moment of this

time period is not shown because the springs do not apply mo-

ments herein since the exoskeleton is rigid because the joints are

locked. Through the motions, fluctuation of the trunk angle was

used for adjusting the balance between the loaded and generated

moments to enable intended motion at intended speed.

Fig. 12. Limb segment attitude and joint moment during postural tran-
sition. The left part shows stand-up motion, and the right part shows
sit-down motion. The lower part shows the attitude of each body seg-
ment, and the upper part shows the moment on each joint, estimated
from the attitude and body weight.

E. Required Time for Postural Transition With Assistance

Required time to perform postural transition may depend on

user because of the use of the passive mechanism. Average re-

quired time and its deviation among users was investigated. Five

healthy male participants (age 22.8± 1.9 years, 175.7± 4.4 cm,

66.7 ± 6.7 kg) were asked to perform postural transition at their

natural speed with the assistance of the device. Operational

procedure for postural transition using the device was shown to

them once, and then they familiarized themselves with the device

through several times of trial. During all that time, instructions

were given when asked. Subsequently, the time required by each

participant to perform the transition was measured three times.

In this experiment, time required to stand up was defined as the

time difference between the instant when the ankle joint was

unlocked in the sitting posture and the instant when the trunk

was aligned to the vertical in the standing posture. In the same

manner, time required to sit down was defined as the time differ-

ence between the instant when the trunk was tilted posteriorly

in the standing posture and the instant when the ankle joint was

locked in the sitting posture. The average time required to stand

up was 10.87 ± 2.82 s, and that to sit down was 9.67 ± 2.06

s. On the other hand, the time for normal transition without the

device was 1.84 ± 0.26 s, and 1.91 ± 0.29 s, respectively. The

required time for postural transition using the developed device

is comparable to those of other systems with electric motors.

F. Evaluation of Assist for Postural Transition by Muscle

Usage in Healthy Participants

To evaluate the motion assist by the developed device for

sit-to-stand and stand-to-sit postural transitions, we conducted

experiments with healthy participants to compare the necessary

muscle activity with and without using the device.

Eight healthy participants (age 29.1± 5.5 years, 174.5 ±
6.5 cm, 65.1 ± 7.3 kg) participated in the experiments. The
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Fig. 13. Measured EMG data and body attitude of a participant while
postural transition without (left) and with (right) the developed device.
These EMG data are shown in absolute value after band-pass filtering.

Fig. 14. Reduction ratio of maximum muscle activation during sit-to-
stand (left) and stand-to-sit (right) postural transition using the developed
device in comparison with the transition without using the device. Positive
values show reduced maximum muscle activation in assisted transition
in comparison with unassisted transition.

participants performed sit-to-stand and stand-to-sit postural

transitions three times with using the device and then without

using it. During the experiments, the participants were equipped

with wireless Electromyography (EMG) sensors (Trigno Lab,

Delsys, USA) on the bilateral extensor muscles; quadriceps

(vastus medialis) for knee extension, erector spinae for trunk

extension and gluteus maximus for hip extension. Markers of

a motion capture system (MX System, Vicon Motion Systems,

Ltd., U.K.) were attached on the Acromion, Great Trochanter,

Lateral Epicondyle of Femur, and Lateral Malleolus to record

sagittal motion in synchronization with the EMG, in order to de-

tect the start and end of the transition motions (see Fig. 13). EMG

data were band-pass filtered, rectified, and evaluated according

to maximum value of local integration by a moving window of

100 ms width. A paired t-test was adopted to compare between

the two conditions. In the assisted sit-to-stand case, maximum

activation levels were reduced in average by 74.2% (p < 0.01)

for quadriceps and 48.3% (p < 0.01) for gluteus maximus when

compared to that of the unassisted case. In the assisted stand-to-

sit case, they were reduced in average by 53.8% (p < 0.05) and

31.0% (p < 0.01) (see Fig. 14). On the other hand, the activa-

tion of erector spinae showed nonsignificant increase by 4.4%

(p> 0.1) in sit-to-stand transition, and nonsignificant decrease

by 23.1% (p> 0.05) in stand-to-sit transition. Here, the reduc-

tion ratio Rreduction of maximum muscle activation is calculated

as

Rreduction =
− (EMGwith − EMGwithout)

EMGwithout
(9)

where EMGwith and EMGwithout are EMG value observed

while postural transition with and without the developed de-

vice, respectively. Significantly reduced usage in the knee and

hip extensor muscles during postural transitions using the device

was observed in the healthy participants, indicating the possi-

bility that patients with significant reduction in the lower limb

muscle control might be able to perform the postural transitions

using the device. On the other hand, the trunk extensor muscle

did not show significant difference, which is reasonable since

the device leaves the upper body free.

G. Pilot Study of Postural Transition With SCI person

The participant of this experiment was a male with incom-

plete SCI on T5-9. He was capable of generating torques on

the lower limbs enough to make swing motion utilizing gravity

while holding onto parallel bars and supporting body weight

by his arms. Without using support of the arms, he was not

capable of standing up, keeping standing posture, sitting down

or walking. Effectiveness of the proposed method was investi-

gated through assessment tests conducted with the participant.

First, the participant was asked to familiarize himself with the

device so that he was able to perform the entire operation of

postural transition by himself. Then, he was asked to perform

inter-postural transition with the support of the device. His mo-

tion was measured using a motion capture system (MX System,

Vicon Motion Systems, Ltd., U.K.). As a result, it was found that

performing the stand-up motion required 50 s and performing

the sit-down motion required 14 s and that the participant was

able to maintain his body in the standing posture by himself. The

time required by the SCI person to perform the sit-down motion

was almost the same as that required by the healthy participants

(Section IV-E), whereas the time to perform the stand-up motion

was much more than that required by the healthy participants.

After the experiment, the participant commented that he first

did not get an idea of which muscle to use for stabilizing the

body but after getting familiarized with the device it was not an

issue anymore. The comment suggested that it might be pos-

sible to further reduce the required time of postural transition

by some more familiarization. We considered that the part that

required familiarization the most was the timing to start raising

the bended trunk up to the vertical in coordination with the knee

extension. Fig. 15 shows the relationship between the generated

and loaded moments on the knee joint while flexion/extension

motion was performed between the intermediate and standing

postures. The loaded moment was less than the generated mo-

ment while the knee joint was in extension motion; on the other

hand, the loaded moment was greater than the generated mo-

ment while this joint was in flexion motion. This result implies

that the developed system can help SCI patients by assisting

them in stand-up and sit-down motions.
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Fig. 15. Relationship between generated (extension direction) and
loaded (flexion direction) moments on the knee joint in the assessment
with SCI person. Each dot represents the loaded moment and the lines
represent the generated moment. Direction of resultant moment can be
read from positional relationship between a line and dots. If black dots
are located under the black line, direction of resultant moment is ex-
tension direction on the joint because generated moment (extension) is
greater than loaded moment (flexion).

H. Locomotion Assistance

Locomotion in the upright posture controlled by the trunk

attitude was examined with a healthy participant (age 23 years,

180 cm, 72 kg) using the developed SMD. For safety purposes,

a walking aid was used in this experiment. The participant of

the experiment was the same healthy person who participated

in the experiment described in Section IV-D.

The participant could navigate the device in any direction by

tilting his trunk. The speed and the attitudes of the SMD and the

attitudes of the trunk were measured for evaluation using a mo-

tion capture system (MAC3D, Motion Analysis Co. Ltd., USA).

Results of the experiment demonstrated that the motion control

functioned appropriately according to the relative attitudes of

the SMD and the trunk of the participant. The trunk attitude

in the anteroposterior direction was calculated from a line seg-

ment between the seventh cervical spine and the sacrum. The

attitude in the twist direction was calculated from a line segment

between the right and left shoulders. The relationship between

the anterior and posterior tilting of the trunk and velocity of

the SMD is shown in the upper part of Fig. 16. The SMD was

stationary in the initial phase, then accelerated according to the

attitude of trunk, and finally stopped by the posterior tilting of

the trunk. The lower part of Fig. 16 shows that the angular ve-

locity of the SMD was controlled on the basis of the twist angle

of the trunk.

V. DISCUSSION AND CONCLUSION

This paper has proposed a SMD which assists sit-to-stand

and stand-to-sit postural transitions and standing posture main-

tenance, as well as hands-free navigation in standing posture,

for those with motor disability in the lower limbs. The SMD

consists of a passive exoskeleton and electrically driven wheels.

Through several assessments of the developed prototype, we

Fig. 16. Experimental results of locomotion assistance by the SMD.
The attitude of a participant and the position, velocity and angular ve-
locity of the SMD were measured and estimated using a motion capture
system.

confirmed the advantage of the proposed approach. The devel-

oped SMD can maintain the posture of a user and assist postural

transition between the sitting and standing postures. The transi-

tion motion can be controlled by a user’s anteroposterior tilting

of the trunk. The exoskeleton for postural assistance is com-

posed of passive gas-springs and a rigid link structure without

electric actuators or controllers, which keeps the system small,

lightweight, and low cost. Each of the ankle and knee joints of

the exoskeleton is driven by a pair of gas springs.

Voluntary control of postural transition is achieved by having

the user tilt the trunk anteroposteriorly. To achieve this func-

tion, the generated moment by the springs has to be within the

range of the loaded moment which the user can apply by tilting

the trunk. For this reason, specification of the gas springs and

their attached position on the exoskeleton have to be carefully

chosen according to the user’s weight, height and style of postu-

ral transition. This is a complicated multiple factor exploration

problem and might possibly severely affect the design work-

load. To mitigate the problem, we have proposed in this paper

to automatically process the procedure by implementing a for-

malized algorithm. By using the proposed algorithm, the design

workload and development time are significantly reduced. In

addition, it facilitates developing of variation of the SMD for

various users of various body weight, height and postural tran-

sition style. Since the proposed mechanism is scalable, future

possibility includes development of a smaller version of the

SMD for lightweight users, e.g., children, without compromis-

ing on any feature.

During hands-free locomotion in standing posture, a pair of

in-wheel electric motors attached on the sides of the exoskeleton
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is controlled according to the attitude of the trunk. The SMD

is moved forward according to anterior bending motion of the

trunk and is also turned according to twisting of the trunk.

The developed SMD is tailor-made for a specific subject.

In the future, the configuration and interface of the SMD will

be improved to accommodate users with motor dysfunction of

greater variety and severity by extending the knowledge gained

through this study. Recently, through some pilot experiments

with several SCI users, we found that improvement of assistance

on the lower part of the upper body may be helpful in some cases.

Further investigation will include consideration on the fitting of

the exoskeleton on to the human body, application of recently

proposed ideas of self-adjusting fitting mechanisms [28], [29],

the required time to get familiarized with the SMD, the easiness

of wearing it on and off, modification of the structure to allow

a user to sit on any chair or bed without structural interference,

the effect of appearance and size of the SMD on facilitation

of communication, evaluation and improvement of stability of

the SMD especially when negotiating slopes, and application to

people with greater variety of lower limb motor dysfunction.
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