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Abstract—Walking and sit-to-stand support system, the smart
mobile walker, is being developed to help elderly and disabled to
live an independent daily life. It comprises almost omni-
directional driving mechanism, sit-to-stand support mechanism,
and motion compliance module to control the system. The
development and evaluation of basic motion compliance
algorithm shows that the algorithm for extraction of user
intention from the interaction of the operator and the system
determines performance of the system. The required parameters
and performance index for improving sit-to-stand function are
evaluated by the analysis of force reflection between the operator
and the system. Finally, future research topics to improve the
performance are addressed

I. INTRODUCTION

Assistive technology is an umbrella term that includes
assistive, adaptive, and rehabilitative devices for people with
disabilities and also includes the process used in selecting,
locating, and using them. It could be categorized by some key
words such as mobility, access, daily living, communication,
vision, etc. Due to improved welfare and medical treatment, it
is anticipated that percentage of people above the age of 65 will
grow strongly during the period 2010 to 2030. And it implies
that percentage of population with disabilities is growing
rapidly as the society is super-aged, i.e. the percentage of
people above 65 is over 20%. Even though major market
segments of assistive technology products are vision and
communication aids, daily living and mobility aids are
becoming more important for elderly to live an independent
daily life. Robotic assistive technology in these categories
could be distinguished as manipulation and mobility support,
such as exoskeletons for disabled people, robotic wheelchairs
and walkers, and navigation systems. Among these areas,
robotic walking and sit-to-stand support system is considered
to be the most feasible assistive product followed by robotic
wheelchairs.

There are so many research areas in walking and sit-to-
stand support system, including motion control algorithm [1]-
[3], navigation based gait assist [4]-[6], and sit-to-stand(STS)
support [7]-[10]. Gait and sit-to-stand support is evaluated by
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the interaction between robot and human body based on gait
analysis [11]-[12] and sit-to-stand analysis [13]-[14].

This paper presents a robotic walking and sit-to-stand
support system, smart mobile walker (SMW), which comprises
mobile platform with drive and steering functions for semi-
omni-directional motion generation including pure rotation and
translation, sit-to-stand support mechanism with 6 linear
actuators for trajectory generation of supporting element, and
6-axis force/torque sensor system for force feedback during
walking and sit-to-stand support. Additional feature includes
the stability improvement in traversing rough terrain, such as
ramp, slope, bump, etc.

II.  SMART MOBILE WALKER

The overview of the smart mobile walker is described in
Fig. 1. It comprises drive mechanism, sit-to-stand mechanism,
and motion compliance module. The drive mechanism uses
front conventional DC hub-motor wheels with active brakes
and high holding torque servo motors to generate translational
and rotational motion, i.e. almost omni-directional function.
The sit-to-stand mechanism can make 3 degree-of-freedom
profile of motion with conventional 6 linear actuators and
support links. The motion compliance module measures force
and torque reflection between operator and system, determines
intention of operator, and generates motion commands.

Motion Compliance Module [

f — Main Linear Actuator
Sit-to-Stand Mechanism — Rear Linear Actuator
e Front Linear Actuator
Drive Mechanism G o Motor
— Hub Wheel Motor

Figure 1. Overview of smart mobile walker

The motion compliance control enables the smart mobile
walker to move as if it is a light passive walker with low
friction, even though the robotic walker is much heavier than



passive walker. Furthermore, force feedback control algorithm
can make the system insensitive to the terrain condition, i.e.
ramp, slope and bump.

The basic concept of sit-to-stand support considered in the
smart mobile walker is illustrated in Fig.2. The sit-to-stand
(STS) motion is guided by the trajectory of support plate of the
system, which improves balancing and supports specified
portion of weight during transition from sit to stand position.
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Figure 2.

In the walking and sit-to-stand support system, the motion
of the system should be synchronized with the human behavior
in accordance with the interaction between operator and system.
To fulfill the requirement, motion compliance or admittance
control scheme is incorporated in the system. For appropriate
interaction detection during the support, 6 axis force/torque
information applied to the supporting plate is required. The
force-torque measurement unit shown in Fig.3 uses low cost
force sensing resistor (FSR) for compression force detection
and calculates 6-axis force/torque estimates according to the
time responses of series of FSRs arranged around the
supporting plate.
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Figure 3. Force-torque measurement unit under development

In this paper conventional 6-axis force/torque sensor, ATI
Omega-160, is used as reference measurement and control
system design in accordance with the FSR based sensor system
under development.

III.

In general, a motion is generated by the force and moment
applied to the object. By assuming that force and moment
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applied to the walker are resulting from the force interaction
between the arm of operator and the supporting plate, physical
relationship of the force/torque sensor, operator, and external
forces could be simplified to (1)-(3) by the model shown in
Fig.4.
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Figure 4. F/T sensor configuration
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The dominant motions along with Fy, Fy, and T axis could
be determined as shown in Fig. 5. In this application, it is
assumed that the pure translation and pure rotation are switched
by the pre-defined surface according to the Fx and Fy condition
and differential rotation term is added to the determined motion
according to the amount of T5.
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Figure 5. Relationship between force/moment and resulting motion

The linear velocity Vx and Vy, according to Fx and Fy
respectively, and the angular velocity Wz, according to Ty, are
calculated by (4)-(6), in which artificial drag force, Fp and Tp,
and velocity damping with design coefficients, ky and ky, are
added to make the system stop smoothly, where mr and It are
target mass and inertia, AT is sampling period, and n is the
current sample number.

Vin = Vxa +(FXn Fy —ky - Vi, 1)/m AT “4)
V, :V 1+(FYn D v VYnl)/mT'AT (5)
W, =W, +(T,, — Ty —ky - W, I, - AT (6)

The numerical integration error and chattering due to sign
change of drag force could be reduced by applying saturation
function and high pass filtering near velocity zero range. For
the pure translation, the steering angle, @, is calculated by (7),
and velocity reduction of inner radius side of the differential



wheel, Vs is applied by (8), where ¢ and k are design
parameters.

o= tan( /(m V)) (7
Vi =[V2 + V2 [T+ K°W2 ®)

For the pure rotation, the velocities of two driving wheels
should be equal in order to move along with a circle, in which
radius of rotation could be changed according to the amount of
Wz. In this application, the steering angle is mechanically
limited to £85° and switching between pure rotation and pure
translation could be determined by a.

In the application, the motion should be generated by the
combination of the pure translation, the pure rotation and the
differential rotation. To fulfill this requirement, the system uses
5 modes to generate motion in accordance with operator’s
intentions. In forward (FWD) mode, Vx, Vy, and W7 are used
as state variables to calculate the driving velocity for
translation, the steering angle, and the velocity difference of
two driving wheels for the differential rotation. The resulting
motion command is generated by the superposition of the pure
translation and the differential rotation terms. As in (7), the
steering angle, a, is reduced according to W7 to obtain stable
differential rotation performance with velocity differences
between two driving wheels. In backward (BWD) mode, the
steering angle is set to zero to improve stability, and Vx and
W; are used as state variables to determine moving velocity
including differential rotation rate. For the pure rotation, two
rotation (ROT) modes are separated according to Vy and W
respectively for velocity command calculation. The system
stays at the idle (IDLE) mode until all integrated state variables
are within the threshold levels.

Since the pure translation and pure rotation are not
contiguous, i.e. motion is not smooth during change, ignoring
resulting force and moment during transition is required.
Furthermore, the remained integrated state variables, Vy, Vy,
and Wy, after mode exit could induce abrupt driving velocity
change when it is entering to the next mode. It results in force
reflection to the operator and consequently has a possibility to
amplify unwanted motion terms. To solve this problem, all
integration values are reset to zero when one mode is exit to

idle (IDLE) mode.
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Figure 6. State diagram for mode change

It is also required that the system must exit the current
mode even though the exit condition is not satisfied when the
state variables for the other modes are severely bigger. In this
case the mode change priority could be controlled by clearing
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the state variables for the current mode before exiting to the
idle mode for mode change. The entering and exiting
conditions for mode switching among 5 modes applied for the
experiment are shown in Fig. 6, including working state
variables for velocity command calculation.

In real case, force reflection between the operator and the
system is complicated, because the contact condition is time
varying according to the motion of the operator and the system.
The response lag of the driving and the steering can cause
unwanted oscillation. Furthermore, the operator can apply
parasitic force or moment by leaning, gripping, hitting, rotating,
etc. The time responses of the state variables and determined
modes are shown in Fig. 7. In pure translation state periodic
oscillation of Vx near zero value occurs due to the relative
motion between the operator and the system, and it results in
fluctuation of the steering angle. In differential rotation state, it
is observed that the steering angle reduction according to Wy
increase makes other state variables stationary.
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Figure 7. Time response and resulting mode switching

In the rotation (ROT) mode, working state variable is
changed from Vy and a to W7 according to the T caused by
operator’s exertion.

Iv.

Standing up (or sitting down) motion requires changes in
the center of gravity from hip in seated state to foot in stand
state (or from foot in stand state to hip in seated state). During
the transition of two stationary points, body balance must be
maintained. Leaning or holding support element can improve
balancing by adding support points. In addition to balancing
improvement, it would be helpful if the shoulder is guided by
supporting element holding specified portion of body weight
during the sit-to-stand motion. The trajectory of the supporting
element is critical factor to determine sit-to-stand support
performance [7]. In this paper, two candidate trajectories are
evaluated to find out dominant parameters and performance
index prior to the development of trajectory generation scheme
based on optimization technique. Trajectories are expressed in
local coordinate of sit-to-stand support mechanism of the
system, in terms of the length of main, front, and rear linear
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actuators. Two candidate trajectories are plotted in Fig. 8.
Major difference between two trajectories is the angle of the
body during the transition. The trajectory (a) in Fig. 8
maintains trunk angle almost parallel to gravitational axis and
the trajectory (b) exerts inclination of trunk to forward
direction.
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Figure 8. Two candidate trajectories for sit-to-stand support

To evaluate the characteristics of candidate trajectories,
motion measurement and analysis are carried out. During the
motion capture, the force plate responses of the seat and foot of
the operator and force/torque sensor responses in the
supporting element for arm rest are simultaneously measured.
In addition, electro-myograph (EMG) signals in lower limb are
also measured for further analysis. The marker position and
EMG patch positions are shown in Fig. 9.
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Figure 9. Marker and EMG patch configuration

In this paper, the candidate trajectories could be evaluated
with the analysis of the force plate and the force/torque sensor
responses during the sit-to-stand motion.
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Figure 10. Force plate(upper) and F/T sensor(lower) response
for candidate trajectory (a)

The time responses of force reflection during sit-to-stand
using the candidate trajectory (a) and resulting motion images
are shown in Fig. 10 and Fig. 11, in which (a)-(d) are same
time instances. It is observed from the result that COP
(coordinate of force application point) Y of the force plate is
suddenly changed in (b)-(c) region and torque of force/torque
sensor is about 100Nm in (c)-(d) and (d)-(c) region. It
represents that balancing is maintained by the external support
of the elbow, as shown in Fig. 11 (c).

Figure 11. Sit-to-stand motion for candidate trajectory (a)

For the candidate trajectory (b), related time responses are
given in Fig. 12 and Fig. 13. It could be observed that COP Y
variation is small comparing to the trajectory (a) result, which
shows that balancing during the sit-to-stand motion is more
stable in the trajectory (b). The support of balancing at elbow
results in 50Nm in (b)-(c) and (c)-(b) region, which is almost
half of the value in trajectory (a). It is also noticeable that COP
Y is moved to positive position at the start of (b)-(c) region,
which results in stable balancing during the sit-to-stand
transition.

600

500

400 £
~ 8
Z 300 >~
N A
=200 °

©

100 “

t (@ @)
0 600

500 . . 250

—m—Fx —®Fy —4—Fz ‘

400 200 _
- ]
Z 300 /iE)LA “422/ (d) ) Ol s 2
Y w °
S 200 mmm il A - 100 =
S N ) R b
= (a) /_; b f &

100 » 50

H—MV./O\_MQ\W\M
0 .—.«./—./\.\ 0

Samples

Figure 12. Force plate(upper) and F/T sensor(lower) response
for candidate trajectory (b)

Comparing Fig. 11 (c¢) and Fig. 13 (c), it could be found
that the candidate trajectory (b) shows better performance in
balancing by the inclination of the body trunk. Furthermore,
inclining the trunk reduces the load of knee during sit-to-stand
motion [14].
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By the evaluation of two candidate trajectories using the
force reflection analysis, it is found out that COP Y can be a
key performance index for assessing balancing maintenance.
Torque of force/torque sensor should be maintained to small
value for smooth balancing during the sit-to-stand motion. The
flatness of Fz and Fx in the force/torque sensor in the weight
support region of the sit-to-stand trajectory is required to
reduce COP Y variation during the transition.

Figure 13. Sit-to-stand motion for candidate trajectory (b)

V.

To improve the performance of the walking and sit-to-stand
support system, driving motor wheel and linear actuator should
be improved in the response time, the position measurement
accuracy, the driving noise, the compactness and output force.
To fulfill these requirements, we are now developing the in-
wheel motor with the suspension mechanism and high
performance silent linear actuator module. The improvement of
structure design can reduce the weight of the system, which
plays important role in the response time improvement.

FUTURE WORK

It is also required that the low cost motion compliance
module with allowable force and torque measurement
performance should be developed in parallel to the algorithm
development for determining the intention of the operator in
the system. The improvement of the motion compliance in the
rough terrain environment can be another appealing function of
the robotic walker. Furthermore, next research topic could be
the development of optimal trajectory generation and force
feedback algorithm for reliable sit-to-stand support.

VL

The new robotic walker is developed to support walking
and sit-to-stand motion for elderly and disabled. The motion
control algorithm and the state transition diagram for operating
mode change are developed and evaluated. Furthermore, two
candidate trajectories for sit-to-stand support are evaluated to
determine the key index for performance assessment and to
characterize related parameters for the improvement in
supporting body balancing and load reduction during the sit-to-
stand.

SUMMARY
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