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Maintaining dynamical stability for humanoid robots to walk or run in even environments
has so far been achieved. However, it will become a challenge work to keep balance under
rough terrains, because the effective contact area (ECA) between the feet and the uneven
environments is less than that on even ground. Thus some control schemes are additionally
needed for robot to keep dynamical balance, which increases the complexity of control. In
view of that, flexible force sensor array (FFSA) system is adopted under robot feet to detect
the ECA in the case of stepping on rough terrains. Structure optimum, data acquisition, pro-
cessing methods, etc., of the FFSA system are all elaborately provided in this paper. And the
feasibility and validity of the FFSA system mounted in the robot foot system are experi-
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1. Introduction

The realization for humanoid robots to walk or run
dynamically and stably on various kinds of rough terrains
has long been considered as the research emphases. Unlike
multi-legged robots that can benefit from a stable base of
three or more contact regions, the humanoid robot is
forced to maintain stability with only one or two contact
regions [1-3]. The foot system constitutes the element
which ensures the interaction between the humanoid
robot and the environment. Apart from supporting the
whole weight of robot and sensing external forces,
perception of effective contact area (ECA) of foot on rough
terrains is indispensably important information supports
for various control schemes. A dynamic equilibrium crite-
rion - Zero Moment Point (ZMP) has so far been exten-
sively employed in humanoid robot control [4-7]. Most
stable motion control algorithm bases on the assumption
that the actual ZMP is always in the support polygon area
formed by the contour of the robot feet during walking
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[8-9]. However, it is not suitable for balance control espe-
cially in the case of stepping on rough terrains. And it is dif-
ficult to keep ZMP in the small support polygon even
though the robot is controlled by a moment compensatory
method.

The humanoid robots ASIMO [10], HRP-2 [11], HUBO
[12], etc. had also rubber layer set under soles plate for
impact absorption mechanisms. Though these foot mecha-
nisms can ensure robot stability on some occasions, it is
difficult to be totally applied to the real-time acquisition
of the ECA distribution especially for keeping balance on
rough terrains. WS-1 (WASEDA Shoes-No. 1) foot system
[13] with cam-type locking mechanisms can contact on
the ground as four points while could not maintain the
large-scare four-point contact on the uneven ground while
its foot meets obstacles. Yang et al. [14] proposed a new
flexible foot system with 12 degrees of freedom that can
automatically adapt to the three dimensional terrain. How-
ever, it has a low real-time performance due to revolute
joints.

This paper describes our research efforts aimed at the
perception of the ECA distribution under the robot feet
[15]. The FFSA system was designed by the conception
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derived from the biomechanical information of human foot
while in walking motion. Firstly, the Structure configura-
tion, data acquisition and ECA processing methods of the
FFSA system elaborately described in Sections 2-4, respec-
tively. Secondly, in Section 5, the feasibility and validity of
FFSA system are experimentally tested in the integrated
perceptual foot (IPF) system of humanoid robot platform
BHR-2. Finally, the conclusions and future works are pro-
vided in Section 6.

2. The structure configuration of FFSA system

Wherever a human foot is generally divided into fore-
foot, mid-foot, and hind-foot, which represent the toes
and frontal part, foot arch, and the heel, respectively. The
foot-sole contact areas are affected by the structure of
the foot as well as the placement of portions of the foot
during walking or running. Fig. 1 shows the contact area
mainly distribute on the rear foot and forefoot sole from
heel-strike to toe-off during single support phase in human
walking motion [16]. Most of the present day humanoid
robot feet are non-anthropomorphic with solid plate as
feet. So during static or flat foot walking, the robot feet
would not necessarily show unique contact area distribu-
tions, but in the case of dynamic walking or stepping on
rough terrains.

To real-timely obtain the ECA distribution in robot
walking motion, the simplest measurement type of resis-
tive force sensor arrays have been adopted in the FFSA sys-
tem with the consideration for light foot weight, small
mounting space and being build in-sole sensory system.
The FFSA are piezoresistive elements made by screen-
printing of piezoresistive ink on thin polymer film sub-
strate. Fig. 2 shows two such layers on which the ink is
printed in rows and columns are joined together by an
adhesive. The intersection of the rows of one layer with
the columns of another layer becomes a pressure sensing
element. Its characteristic is that its conductance value
increases together with the intensity of a force applied
on an active area. Every sensing element behaves a resistor
and the resistance is affected by the contact on these sur-
faces. As shown in Fig. 3, the resistance is inversely propor-
tional to the applied force. The hysteretic characteristics
indicate low measurement accuracy.

If R is the resistance and conductance is given by

g=1/R (1)
then the gauge factor g is given by
g =8/F 2)

where F is the applied force.
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Fig. 2. The FFSA with spatial resolution 5 mm x 5 mm.

The FFSA have a geometry suited for contact area distri-
bution measurement of foot sole contact on ground. Each
sensor array element can be addressed by its correspond-
ing row and column. The connections are populated
arbitrarily according to requirements of foot contour, and
hence the periphery of the sensor film can be trimmed into
two parts for the fist-generation prototype shown in Fig. 4,
the frontal part is 150 mm x 60 mm in dimension corre-
sponding to the fore sole of human foot. The heel part is
150 mm x 40 mm to the rear sole, since it is flexible and
very thin (0.22 mm) and well suited for in-sole measure-
ments; the spatial resolution is 5 mm x 8 mm, and there
are about 448 sensing elements.

The FFSA are attached between the lower surface of flat
plate sole which is designed curvedly at two ends and the
lower layer also called shock absorption layer which con-
tact directly with ground. FFSA behave some switches,
however conductance value changes rapidly after pressure
reaches a threshold set in advance. It is not fit for accurate
measurement because measurement value has an error
rating of about F5-F25%. Nonetheless, we do not measure
a force precisely, but we use it for measuring force distri-
bution area by calculating the threshold of the loads
applied to each FFSA. The FFSA system has only a band-
width of about 100 Hz, which is lower than the response
time for robot control system. So here we merely concern
about the contact area rather than applied forces and get
bandwidths up to about 200 Hz (nearly 5 ms).

Furthermore, the parts of FFSA adhere to the front arc
surface and rear arc surface (shown in Fig. 5) can also serve
as the switch at heel-strike and toe-off stance respectively
for bionic gait planning generation.

Stances 1m e——-

Fig. 1. The evolution of contact area distribution from heel-strike to toe-off stances in human walking.
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Fig. 3. The relationship between resistance of sensing element and applied force.
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Fig. 4. The FFSA film trimmed to two portions are adhered to the forefoot
sole plate and rear parts respectively with the scanning unit embed in the
post-midst part of sole plate (here rear portion not shown).
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Fig. 5. FFSA at the front arc surface and rear arc surface are configured as
switch to detect heel-strike and toe-off phase.

3. Data acquisition of FFSA system

The conductance value of the sensor element is directly
proportional to the force applied on it. It is implied that a
FFSA element lies in the effective supporting area when
the value of force applied on it exceeds the force threshold
value (set in advance experimentally from 2 to 10 kg). The

sensing and scanning theory diagram based on the thresh-
old setting.

As shown in Fig. 6, for scanning the resistors R; (the sens-
ing element at the intersection of the row i with the column
Jj), the output Vj; of FFSA can be obtained by controlling the
multiplex switch and 2-way switch toiand V. respectively.

Ro
Vi — Vv 3
" Ro -+ Rig_n) IRyl [Rigi+1) )

where the symbol “||” denotes the resistance shunt in par-
allel. And then the 2-way switch to ground while other
states remains unchanged, the output V; of FFSA can be
expressed by:

Vo = RUHRO
v RUHRU + Ri(i—l)HRi(Hl) «

(4)

From Eq. (5) and (6), the conductance value of R; can be

educed by
1 Vij — Vx;

8i = Ry XV =V, (5)

The variable resistors R; represents the pressure sens-
ing elements at the intersection of the rows i and the col-
umn j. The data of contact position and area between the
foot and the ground can be synthetically operated by the
centre processing system-DSP microprocessor and timely
transmitted to the central control system of robot (CCSR)
through the communication bus with a bandwidth of
about 1000 Hz (shown in Fig. 7).

4. ECA processing method of FFSA system
4.1. Segmentation of force threshold

Every rectangular lattice represents a sensing array ele-
ment and the black rectangular lattice shows contact force
applied on it (as shown in Fig. 8a). The rectangular lattice
(i, j), for example, represent the sensing array element lo-
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Fig. 6. Conceptual schematics of the FFSA system hardware with the multiplex switch to select the row and column.
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Fig. 7. The block diagram of the signal processing of the FFSA system in
IPF system.

cated at the lattice intersection of the row i and the column
Jj, where i denotes the row number of array elements
(1 £i<8), and j denotes the column number of array ele-
ments (1 < j < 8). F;; denotes the force applied on the sens-
ing array element at the rectangular lattice (i, j). The mean
force values F;; of all sensing array elements are sampled.
The contact area formed by those sensing array elements
whose force values are more than the force threshold Fry
value (set in advance) can be considered as the ECA.

4.2. Detection of support contour

After the processing of step (a), the maximum and the
minimum coordinate of sensing array element in the row i
are defined as MAX; and MIN;, respectively. It did not be dis-
posed if there is only one or no sensing array element in a
row. Thus we can extract the edge elements of the ECA (rep-
resented by those black rectangular lattices shown in Fig. 8b).

4.3. Reconstruction of ECA

The two elements MIN; and MIN;,; (i=1-7) are con-

nected to form the line I"",

min _ 1 _
bis ~Y = 'm X =MX ®)
If
k—i .
- <
MIN, — MIN,., =>M,(i+1<k<7) (7)

The element MIN,, is right in the ECA, and then con-
nect the two new elements MIN;; and MIN;.; to form a
new line '], , repeatedly. If not, the two elements MIN;
and MIN;, are connected to form a new line [} (n+1) to make
judgment according to the processing procedure from Eq.
(6) to Eq. (7) repeatedly until the sensing array element
satisfying the condition defined by Eq. (7). And the pro-
cessing procedure is just the same for MAX; By the process-
ing procedure, we can get the convex polygon area which
forms the contour of ECA (shown in Fig. 9a).

4.4. ECA definition

The sensing array element satisfying the condition
defined by Eq. (7) are connected in sequence to form
contour of ECA which is shown in Fig. 9b.

5. Experiment on FFSA system

Practical tests about force applied on the FFSA system
were performed by two convex parts in laboratory before
mounted in the IPF system of robot to verify the display
effect and the setting of force threshold value. Fig. 10
shows the test spot and the display effect of FFSA system.

The experiments on FFSA system located in the IPF
system were conducted on the humanoid robot platform
BHR-2. (The humanoid robot BHR-2 manufactured by the
Intelligent Robotics Institute of Beijing Institute of
Technology, China, is 160 cm tall and weighs approxi-
mately 51 kg. Its physical dimensions are based on anthro-
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Fig. 8. (a) Segmentation result of applied force on sensing array elements, (b) Extraction of the edge elements of the ECA.
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Fig. 9. (a) The contour of ECA formed by convex polygon area, (b) acquisition of ECA contour.
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Fig. 10. (a) Laboratory tests on the FFSA system applied by two convex parts; (b) The ECA distribution obtained by the measurement system.

pometric data and have totally 32 degrees of freedoms
(DoFs): the legs have six DoFs each, the pelvis has nine
and the dead has two DoFs. BHR-2 can achieve stably bipe-
dal walking based on pre-planning gait data). Fig. 11 shows
the robot mounted the IPF system in ankles steps on a
cable to estimate walking on uneven ground surface. The
cable is arbitrarily about 5-10 mm in diameters as convex

parts lying under the fore and rear part of the right sole
plate. The ECA distribution can be obtained from the FFSA
system and displayed by host computer software at a fre-
quency of 1000 Hz (shown in Fig. 12). In dynamic and sta-
ble control of humanoid robot, the actual ECA lies in the
peripheral contour that scanning points encompass rather
than the contour of sole plate.
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Fig. 11. The humanoid robot BHR-2 mounted with the FFSA system walks
on uneven environment.
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Fig. 12. ECA distribution on the foot sole measured by FFSA system.

6. Conclusions and future works

The FFSA system adopted in the IPF system of humanoid
robot mainly concern the ECA distributions under the
robot feet rather than the pressure distributions, thus giv-
ing higher scanning frequency. Reducing spatial resolution
and effective perceptual elements would make the IPF sys-
tem well suited for dynamic measurements and real-time
control. However, in some degree it is difficult to detect
the surface/terrain unevenness precisely with information
from foot-sole pressure maps. So with the intelligent
development of humanoid robot walking or running in
human living spaces more anthropomorphically, the prac-
tical prospect of the FFSA system used in robot would
become broad with the continuous perfection of fabrica-
tion process of sensor array film.

Additionally, an important point should be noticed that
the sensor elements on the frontal arch and heel arc can

detect the instant times of heel strike and toe off phase
respectively, which is indispensable for bionic gait plan-
ning generation of humanoid robot. Our future work is to
experiment on the real-time control of humanoid robot
balance with information derived from the FFSA system.
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