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Abstract: The problems of attachment failure and detachment impact within gecko-like robots’ locomotion control are
considered in this paper. A real-time foot-end force intelligent sensing module with integrated sensing and structure is
developed to help the robot get the foot-end force information in time and realize stable locomotion in an uncertain
environment. Firstly, a structure/sensing integrated elastomer based on a Maltese cross /cantilever beam structure is
completed by designing and finite element analysis. Secondly, a real-time data acquisition and transmission system is
designed to obtain the foot-end reaction force which is miniaturized and distributed. Thirdly, based on this system, a
force sensor calibration platform is built to complete the calibration, decoupling, and performance testing of the
sensing module. Finally, the experiment of single-leg attachment performance is carried out. The results indicate that

the three-axis sensing module can detect robot’ s weight, measure the reaction force with high precision and provide
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real-time force from robot’s foot end.
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0 Introduction

The wall-climbing robot is a new type of robot.
It combines the key technologies of mobile robots
and attachment technology and has been widely
used in high-risk tasks, like building inspection"’,
ship inspection, and anti-terrorism warning. Among
many wall-climbing robots, the legged wall-climb-
ing robot has become a research hotspot because of
its all-round and flexibility of movement and adapt-
ability to the wall environment.

According to the contact situation between the
legged attachment climbing robot and the climbing
surface, some research teams divided the whole
movement cycle of the legged attachment wall-
climbing robot into the attach phase, the standing

phase, the detach phase, and the swing phase'®.
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The difficulty of investigating the motion control of
the attachment climbing robot is to achieve stable at-
tachment'® between the robot and the climbing sur-
face and compliant detachment. The stable attach-
ment ensures that the robot has sufficient tangential
attachment traction to overcome the gravity of the
fuselage and load and to climb forwards, while the
compliant detachment can effectively reduce the im-
pact between the robot and the contact surface dur-
ing the detachment process. For the method of at-
tachment and detachment of robots, scholars con-
ducted systematic testing and research. Geckobot
achieves the robot’ s compliant detachment through
the active detachment device, but the open-loop po-
sition control cannot guarantee the stable attach-
ment of the robot to the climbing surface. as a re-

sult, Geckobot’s climbing angle on the wall cannot
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reach 90°. Stickybot has a tangential force sensor on
the elbow'”'. Through the mechanical information of
the sensor, Stickybot realizes the tangential force
regulation during the robot detachment process.
RiSE uses the foot-end two-dimensional force sen-
sor to efficiently climb up through the closed-loop
force control to achieve stable attachment and com-
pliant detachment when climbing'®’. Compared to
Geckobot’ s zero-sensing open-loop position control
mode, Stickybot and RiSE improve the motion sta-
bility of the robot by using a force-aware closed-loop
force control mode. However, Stickybot cannot
sense the normal force and does not guarantee stable
attachment during climbing, while RiSE’s force
sensing module can help it achieve stable upward
climbing, but for the foot aiming to achieve omnidi-
rectional performance, the two-dimensional force
sensing module is not suitable. Therefore, the de-
velopment of the three-axis force sensing module for
the attachment climbing robot is the basis for the sta-
ble attachment and compliant detachment of the at-
tachment climbing robot.

The three-axis force sensing module of the foot
robot should be designed according to the perfor-
mance requirements and structural characteristics of
the robot. Xu et al.”’ combined FSS force sensor
and 3D printing technology, and designed an assem-
bled three-axis force sensor for robot reaction force
detection. Ding et al.'® used four FSS force sensor
arrays to design a foot bionic robot foot-end mecha-
nism with three-axis force-sensing capability. The
mechanism has load-bearing and external force-sens-
ing functions. Xu et al.'” designed the sensor range
of 0—2.5 N, the load capacity is poor; Ding et al.'®
designed the three-axis force sensing mechanism
range of 0—15 N, but the accuracy is only about
10%; RISE’ s designed strain-based two-dimen-
sional force sensing module has a range of 0 to 20 N
and measurement accuracy of 0.25 N, but the size is
large.

In order to realize the three-axis force sensing
of the contact surface of the adhesive climbing ro-
bot, this paper designs a three-axis force sensing

module of the foot-end based on the principle of

strain sensing. The three-axis force sensing module
is capable of sensing the reaction force between the
foot-end and the wall environment. The structural
design of the elastomer and signal processing mod-
ule integrated into the leg can significantly reduce
the size of the leg mechanism. Besides, to design a
force sensing system suitable for an adhesive climb-
ing robot needs the following prerequisites: The ac-
curacy and range of the force sensor should meet the
needs of most foot-climbing robots, which must
have good dynamic characteristics and overload ca-
pability. It is possible to reliably measure the interac-
tion between the foot-end and the wall during the
climbing process.

Our approach is conducted as follows. First,
according to the operational requirements of the ad-
hesive wall-climbing robot, the structure/sensing in-
tegrated design of the three-axis force sensing mod-
ule is completed. Second, the finite element analy-
sis of the sensor elastic body is carried out to verify
the feasibility of the measurement principle. Third,
a real-time data acquisition/transmission system is
designed according to the fast reaction force and
steps in the process of attachment and detachment
of the wall-climbing robot, and a calibration plat-
form is built on this basis to complete the calibra-
tion, decoupling, and test of the three-axis force
sensing module of the foot-end. Finally, combined
with the mechanical information of the foot-end, the
admittance control algorithm is successfully used to
verify the single-leg attachment test of the climbing

wall robot.

1 Design of Three-Axis Force Sens-
ing Module

1.1 Structure/sensing integrated design

The force sensing module is mounted at the
foot-end of the robot, which is used to sense the
magnitude and direction of the reaction force be-
tween the foot-end of the robot and the wall environ-
ment, and return the force data to the control sys-
tem of the robot. Combined the ideas of the integrat-

ed design of the sensor module and the resistance
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strain sensor, the integrated design of the structure/
sensing of the force sensing module is shown in
Fig.1. The three-axis force sensing module is com-
posed of the following parts: (1) The upper connec-
tor, (2) covers, (3) supports, (4) the signal
board, (5) the elastomer, (6) lower connectors,
(7) fix staff, (8) the ball bearing, (9) the footpad,
(10) adhesion materials.

The force sensing module functions as both
foot three-axis force measurement and load support.
Therefore, considering the operational requirements
of the wall-climbing robot, the structure of the
three-axis foot force sensor and its elastomer should
comply with the following rules. (1) High overload
capacity: During the climbing and detachment pro-
cess, the foot of the robot will produce a large im-
pact force with the contact surface, so the elastic el-
ement with a large overload capacity can avoid the
occurrence of sensor damage and failure. (2) Simpli-
fied elastomer structure: The elastomer structure of
a multi-axis force sensor is complex and the structur-
al design i1s much more difficult than that of the uni-

axial sensor. Therefore, the structure design of the

Signal board 1

Signal board 2 l

rd
5.7

Force sensing modules*2(hind legs)

Upper connector
Covers

i — Signal board

Elastomer

| Lower connectors
‘= —— Fix staffs
o Ball bearings

o = Footpads
Driven motors ] esion materials
—

Fig.1 Constitutions of force sensing module

elastomer is as simple as possible to avoid the unnec-
essary trouble caused by the complex structure de-
sign for the elastic processing of sensors.

Therefore, after comprehensive consideration
of various factors, the design index of three-axis

foot-end force sensor 1s set, as listed in Table 1.

Table 1 Design parameters of force sensing module

Range/ Resolution/ Length/ Width/ Height/ Overload capacity/
N (%FS) m m m (%FS)
0—10 <1 <0.03 <0.03 <0.035 =300
1.2 Principle analysis and finite element simu- F
lation of foot-end three-axis force sensor L_F
As shown in Fig.2, the three-axis force sensor FXFY FKFZ
is composed of an elastomer, an upper connector, Fronkview Left view lFx
and a lower connector. An elastomer is the element é ; T
that converts external load (multi-dimensional é é
force) into a strain variable'® , which is the core of y .
Maltese cross Caltailever beam

the whole sensor. The three-axis force sensor
adopts the cantilever beam structure in the tangen-
tial direction, which has the advantages of moderate
stiffness, high sensitivity, and good stability.

In the finite element analysis, when the upper
connector is fixed and the tangential force load F is
applied at the end of the lower connector, the maxi-

mum strain occurs at the upper and the lower surfac-

Fig.2 Structure of elastomer

es of the sensitive parts of the strain beam, namely
the placement position where the strain gauge is de-
signed, as shown in Figs.3, 4. The three-axis force
sensor adopts the Maltese cross structure’’ as the

design scheme in the normal direction. This struc-
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beam

ture has a large overload capacity in the normal di-
rection, high normal stiffness, and moderate sensi-
tivity. In finite element analysis, the maximum
strain occurs in the middle of the four beams
(Fig.5). The strain gauge on the patch can effective-
ly convert the strain of the sensor elastomer into a
change in the resistance value.

There are four groups of Wheatstone full-bridg-
es on the sensor elastomer, among which, in the up-
per and lower surface strain sensitive area of Mal-

tese cross structure (Fig.2), eight resistance strain

Strain
gauge
y o

a4

Size/mm 0

Strain
gauge

10 20

5 15
(a) Maximum positive strain

Size /mm 0 10 20

5 15
(b) Maximum negative strain

Fig.5 Analysis of the = axis’s tangential stress of the strain

beam

gauges jointly constitute two groups of Wheatstone
full-bridge circuits, which are used to detect the
force and direction of the sensor elastomer in the
normal z direction. The elastic body of the sensor is
a cantilever beam structure in x and y tangential di-
rections. Here, only x direction is analyzed. When
the sensor elastomer is the tangential force along the
x direction, the upper surfaces of beam 1, beam 2
are in the positive stress (strain), and the lower sur-
faces of beam 1, beam 2 are in the negative stress
(pressure). Therefore, the resistive strain gauge in
Wheatstone full-bridge circuit is composed of these
four strain sensitive areas, which can realize the de-
tection sensor elastomer force in the x-direction. In
the same way, the y-direction is also tested by a set
of Wheatstone Bridges, as shown in Fig.6.

The output voltage of each bridge is set as
AU,, AU,, AU,, AU,, then the measurement
method can be expressed as

AU, = AU, + AU,

AU, = AU, (1)

AU.= AU,
where AU,, AU,, AU, represent the variation of
the corresponding electrical signal generated by the
force exerted on the robot in the coordinate system

at the foot.
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Fig.6 Design of resistor and hardware

2 Sensor Static Calibration and De-

coupling

The calibration of the resistance strain gauge
force sensor is the basis of sensor measurement.
The corresponding relationship between force and
voltage signal is established through calibration.
During the calibration, the known weight is loaded
to measure the output voltage of the bridge, and the
mathematical model between the force and the volt-
age 1s established. In this way, when the sensor is
used, the force direction and magnitude of the sen-
sor can be obtained by measuring the output volt-
age. Due to the special structure of the sensor, cou-
pling parameters of the sensor need to be obtained
through calibration. The calibration of the three-axis
force sensor on the foot-end of the robot is carried
out by hanging weights in three directions (Fig.7).

Due to the structure and patch mode of the sen-
sor elastomer, as well as the difference between the
elastomer processing error and the strain gauge ef-
fect, there is a coupling between the three axises of
the sensor. Therefore, before using the three-axis
force sensor, it is necessary to calculate the decou-

pling matrix of the sensor through static calibration

Platform

Tl I

(a) Sensor calibration
in z direction

(b) Sensor calibration
in x direction

(c) Sensor calibration
in y direction

(d) Calibration device

Fig.7 Schematic diagram of sensor calibration

of the sensor, establish the algebraic relationship be-
tween force vector F' and bridge output voltage vec-
tor U, and solve the problem of three-axis coupling.
The static calibration adopts the signal condi-
tioning device of the NST400 system, and the out-
put of the four gauge bridges are connected to the
NST400 system. Fixed weights are loaded on the
x, y, and z directions of the sensor, and three axes
of the sensor are measured each time. Through the
acquisition software of the upper computer, the cali-
bration data can be obtained, and then the slope and
linearity of the output curve of the sensor can be cal-
culated through the fitting data. The ideal situation

of the three-axis force sensor is that when force is
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exerted in x, y, and z directions, the output of the
gauge bridges in each direction will not affect each
other. However, the directions of the force sensor
are not independent from each other, and there is a
dimensional coupling. The relationship between the
variation of bridge voltage signal and the force exert-

ed on the sensor should be

Ul [A. A, A][F.
U,|=|A, A, A.|F,|=TA*F (2)
Ul AL A, ALLF.

By substituting the data obtained from the cali-
bration into Eq.(2), Eq.(3) can be obtained

U, [0.1477  —0.0009 0.004 7][F.,
U,|=10.0107 0.1403 —0.0075|| Fy,| (3)
U.] [0.0162 —0.0061 —0.0643]LF,.

By calculating, Eq.(4) is obtained.
F. ] 6.8196 0.0651 0.4909[U,,
F,|=|—0.6089 7.0858 —0.8709|| U,
F.] L—16600 —0.6886 —15.5931JLU,.

(4)

Then, the three-axis force of the foot sensed

by the sensor can be obtained through the change of
resistance bridge voltage and the decoupling matrix.

The results are shown in Figs.8—10 and Table 2.
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Table 2 Sensor performance parameters

Sensi- Hysteresis Nonlinearity/Accuracy/Resolution

Force
tivity error/ % % % ratio/ %
F, 0.585 0.05 0.09 1.25 0.74
F, 0.557 0.44 0.23 2.49 0.80
F. 0.255 0.06 0.04 1.81 0.64
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3 Attachment Performance Experi-

ments with Force Sensing Module

3.1 Experimental platform setup

The stress on the foot-end of the adhesive wall-
climbing robot in the process of attachment and de-
tachment has a very important impact on the stable
movement of the robot. The proposed three-axis
force sensor design can effectively sense the stress
on the foot-end. With one limb of the three-axis
force sensor for research of attachment perfor-
mance, we set up a single limb attachment perfor-
mance test platform. The platform is mainly com-
posed of a contact area test base, a robot single limb
with a three-axis force sensor and high-speed cam-
era (Fig.11). The contact area test base is a synthet-
ic glass surrounded by light strip, according to the
principle of frustrated total reflection. When the
light shoots into contact surface parallelly, contact
with the basal part of the paddle can produce the
bright spot. The single-limb equipped with a three-
axis force sensor is placed on one side of the plexi-
glass plate. When the pad contacts with the plexi-
glass plate, the built-in force sensor can sense and
collect the three-dimensional reaction force on the
foot in real-time. The optical axis of the high-speed
camera is placed perpendicular to the glass surface
on the opposite side of the single-limb to record the
image information during the pad contacting the sub-

strate.

Trajectory

(a) Trajectory of
robot’s foot end

Fig.11 Experimental platform

3.2 Experiment results and discussion

In Fig.12, we can get the relationship between

the preloading depth and the preloading pressure
(reaction force) : The greater the preloading depth,
the greater the preloading pressure, which is consis-

tent with the actual situation.
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Fig.12 Attachment areas and percentage of footpads

As shown in Fig.12, the greater the preloading
depth, the greater the adhesive area. It can be
known from previous studies that the greater the pre-
pressure is, the larger the adhesive area will be.
The same conclusion can be drawn in combination
with Figs.12, 13, which proves the effectiveness of
the force sensor.

Besides, it can be seen from Fig.13, the adhe-
sive areas decrease when preloading depth reaches
to 3 mm.In general, it is not a good idea to improve
the adhesive ability by increasing the preload force
blindly, the foot-end reaction force experiment pro-
vides a reliable data basis for the motion control of

the adhesive foot climbing robot.

4 Conclusions

Aiming at sensing the interaction force for ad-
hesive legged-climbing robot, a new type of three-
axis force sensing module is designed. Force-sens-
ing principle for the sensor is analyzed and verified
based on ANSYS. Based on the results of the cali-
bration experiment, the relationship between the
voltage values and force is set up. The experiment
results show that the designed three-axis force sens-
ing module can meet the requirements of measuring
adhesive legged-climbing robots. The following
work will be focused on applying this three-axis
force sensing module to an adhesive legged-climbing

robot platform, and realize stably attaching and com-
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pliantly detaching. This study lays a foundation for

realizing more complex robot motion control.
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