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Abstract: Adhesion robots have broad application prospects in the field of spacecraft inspection,
repair, and maintenance, but the stable adhesion and climbing on the flexible surface covering the
spacecraft has not been achieved. The flexible surface is easily deformed when subjected to external
force, which makes it difficult to ensure a sufficient contact area and then detach from it. To achieve
stable attachment and easy detachment on the flexible surface under microgravity, an adhesion
model is established based on the applied adhesive material, and the relationship between peeling
force and the rigidity of the base material, peeling angle, and working surface stiffness is obtained.
Combined with the characteristics of variable stiffness structure, the adhesion and detachment
force of the foot is asymmetric. Inspired by the adhesion-detachment mechanism of the foot of the
gecko, an active adhesion-detachment control compliant mechanism is designed to achieve the stable
attachment and safe detachment of the foot on the flexible surface and to adapt to surfaces with
different rigidity. The experimental results indicate that a maximum normal adhesion force of 7.66 N
can be generated when fully extended, and the safe detachment is achieved without external force
on a flexible surface. Finally, an air floating platform is used to build a microgravity environment,
and the crawling experiment of a gecko-inspired robot on a flexible surface under microgravity is
completed. The experimental results show that the gecko-inspired foot with variable stiffness can
satisfy the requirements of stable crawling on flexible surfaces.

Keywords: gecko-inspired robot; dry adhesion foot; variable stiffness design; flexible surface

1. Introduction

Spacecraft is a typical high value and complex system [1]. Timely detection and main-
tenance are an important part of ensuring its working ability and service life. According
to the needs of thermal protection, the surface of the spacecraft is covered by flexible
protection materials. Ensuring the stable adhesion of the robot on the surface of the flexible
material is a difficulty in space engineering. At present, the attachment methods include
magnetic adsorption [2,3], electrostatic adsorption [4,5], vacuum adsorption [6,7], and
dry adhesion [8-15]. These adhesion methods have their own characteristics. Magnetic
adsorption requires the working surface to be ferromagnetic; electrostatic adsorption re-
quires a high voltage to maintain the adsorption force; vacuum adsorption is not suitable
for vacuum environment; dry adhesion is based on Van der Waals force between solid
molecules, which is currently known to be the most suitable for space environment.

In 2000, AUTUMN et al. [16] revealed the adhesion characteristics and mechanism
of the gecko’s feet. In the past 20 years, the research on dry adhesion climbing robots
has made great progress. The dry adhesion climbing robot Stickybot [17] developed by
Kim et al. could climb 4 cm/s on a vertical rigid surface. The feet with various anisotropic
adhesion material is designed with a pull-up type (Figure 1a). Stickybot-III developed
by Elliot et al. [18] used the foot design of the gecko to achieve the uniform distribution
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of loads on the toe pads of the feet and reduce the overturning force. However, passive
attachment cannot regulate or reduce the adhesion force (Figure 1b). The Abigail series of
dry adhesives hexagonal climbing robots were developed by Menon et al. [19-23]. Abigaille
adopted passive striking method, and it can bend its ankles (Figure 1c); Abigaille-II also
used it. As shown in Figure 1d, for the toe pad of foot, the dry adhesive material is attached
to a sheet attached to the outside of the foot, which can obtain a larger adhesive area and
reduce adhesion. Abigaille-III, shown in Figure le, used an active desorption method,
which uses a cam mechanism to disengage the toe pad of the foot. This desorption method
is only suitable for rigid surfaces.
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Figure 1. Several representative dry sticking wall robotic feet designs: (a) The foot of Stickybot; (b) the
foot of Stickybot-III; (c) the foot of Abigaille; (d) the foot of Abigaille-II; (e) the foot of Abigaille-III.

Compared with the adhesion and desorption of the rigid surface, the flexible surface
is more difficult to adhere stably. The reasons are: (a) The flexible surface deforms greatly
under force, and it will be difficult to fit the foot; (b) the surface is prone to vibrate under the
action of external force, which may cause robotic resonance and lead to unstable exercise.
Under microgravity, the adhesion of flexible surface needs to have the characteristics of
robust adhesion and easy detachment, so the toe pad of the foot needs to adapt actively to
control the adhesion.

This article takes the gecko adhesion and desorption mechanism as the starting point.
The simulation model of its adhesive force for the adhesive material used is established,
and the relationship between desorption force, desorption angle, and the substrate stiffness
is analyzed. An active bionic foot with variable stiffness is designed.

2. Model and Design
2.1. Theoretical Adhesion Model Establishment

Currently, the model that is useful to describe the desorption process is the Kendall
Tape model, proposed by Ravin and improved by Kendall [24,25]. Based on the idea of
conservation of energy, it is widely applicable to explain the process of elastic thin film
from the rigid surface. The adhesion material considered by the Kendall Tape model is
the desorption of the thin film material, and the shape of the peel zone and the bending
stiffness of the adhesive material are not considered. It does not conform to the research of
this paper. Based on the observation of the setal system of the gecko, Pesika proposed the
PZ model [26,27], which obtains the relationship between the desorption force and angle
of desorption. Since the micropillar on the adhesive material is quite different from the
gecko setae in terms of adhesion force, elastic modulus, and stretchable length, the shape
of the peel zone may not be consistent with the PZ model. However, the adhesion model
proposed in this paper is based on the dry adhesion materials used, which is suitable for
this study.
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The dry adhesion material used in this paper is PVS (Polyvinyl Siloxane) material. Its
micro-morphology is shown in Figure 2a. The surface of the material is neatly arranged
with many mushroom head-shaped micropillars. Figure 2b shows the composition of
adhesion material, including the micropillars, the base, and the sandwiched layer to stick
them together.

(b)

micropillar

adhesive

base material

Figure 2. PVS material micro-structure and adhesion material composition: (a) The dry adhesion
material’s micro-structure; (b) the composition of adhesion material.

The base material is divided into N equivalent base units. The base unit and the
micropillar are connected by the rotating joint J;. Changing the rotation stiffness of the
rotating joint J; is equivalent to changing the bending stiffness of the base material. One
end of the adhesion units is hinged to the center of the base unit by the rotating joint J,,
and the other end is hinged to the working surface by the rotation joint J3. In addition,
because the working surface is made of flexible material, it is divided into multiple surface
units. The adjacent unit is hinged by the rotating joint J;. By changing the value of the joint
rotation stiffness, it can change the bending stiffness of the working surface equivalently.
Let the rotation stiffness of the rotation joint J; be k, the rotation stiffness of the joints J»
be ks, the length of the base unit be L;, the stretch elastic modulus of the adhesion unit be
E, and the original length be / 4o. The cross-section is a circle with radius r. Usually, the
length of the adhesion unit is greater than the diameter, and the curvature deformation
on it is smaller. Therefore, the torque generated by the adhesive unit is ignored, with
only the adhesion and elasticity in the direction of the adhesive unit. The base unit and
adhesion unit are numbered from left to right (1, 2, ... , n), and Figure 3 is the force analysis
of the base unit and adhesion unit in the adhesive model. B; is the angle between the
base unit and the horizontal direction, «; is the angle between the attachment unit and
the connection unit of the base unit, and 6; is the angle between the adhesive unit and the
working surface. The base unit i is also subjected to the tension f;;, fr;, torque My;, Mg;,
and the force f4; of adhesion units. y;; and yg; are the angle between f1; and fg; in the
horizontal direction, respectively.

When the model is in a balanced state, there are

fri-cosyri + fri-cos(a; — Bi) = fri- cOSYRi 1)
— fri-sinyr; + fri-sinyg; = fai-sin(a; — B;) )
1 . 1 .
Mt — 5 fui-sin(yri — B)-Ls = Mri + 5+ fri sin(vri — Bi)-Ls 3)

fri—1 = —fri» Mri—1 = —Mpi, Yri-1 = VLi 4)
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The adhesion unit only has adhesiveness and elasticity. Both are equal in magnitude
and opposite in direction. Therefore, the adhesion force generated by a single adhesion
unit can be calculated through the following formula.

_ E-5:(lai — lao)
Lao

fai ®)

Among them, S is the cross-sectional area of the adhesion unit and ,; is the length of
the adhesive unit at this time. The critical condition of the model is to reach the maximum
length L 4,,,, of an adhesion unit. At this time, the adhesion force on the adhesion unit is
f Amax, assuming that the maximum length of all adhesive units is consistent.

base unit i+1

base unit i

M Ji

base unit i-1

T ..
Q.| ﬁl-l

Sai-1

adhesion unit
i-1
91-1 !.4

adhesion unit i

Jh

R

surface unit i-1 surface unit i surface unit i+1
Figure 3. Micro adhesion model of adhesion material.

2.2. Model Simulation

We established simulation models in Matlab/Multibody. Based on the observation of
adhesive material, the base unit length is 100 um and the thickness is 10 pm. The length
of the adhesion unit /40 is 200 um, the radius r is 20 um, the maximum length L 4.,y
is 400 pm, and the elastic modulus E is 100 MPa. In addition, the gravity and mass are
ignored in the model, but the acceleration will be infinite when the external force is on it
for an object without mass. Therefore, a certain damping is given to each joint to ensure the
stability of the simulation. Figure 4 is the simulation model established in Multibody. In
order to preliminarily explore the relationship between desorption force and desorption
angle, the relationship between desorption force and bending stiffness of substrate, and
the relationship between desorption force and working surface stiffness, the setting model
contains 20 surface units, 20 adhesion units, and 25 base units. The additional five base
units are used to simulate some of the adhesion material that has been adhered to. In
order to facilitate the adjustment of the perspective and base rigidity of the adhesion,
the parameter setting function is added. At the beginning of the simulation, the external
force will slowly increase with time and pull up the adhesive material. When the system
satisfies the condition of the critical resilience, that is, the length of the adhesion unit reaches
Linax, the simulation ends, and the peeling force is recorded. The simulation experiment
contains three variables: the desorption angle 6, the bending stiffness of the base k and
the bending stiffness of the working surface k;. The angles of desorption are 5°, 15°, 30°,
45°, 60°, 75°, 90°, 105°, 120°, 135°, 150°, and 165°. In order to obtain the relationship
among the base rigidity, the working surface stiffness, and the force of desorption, the
base rigidity in the model can be divided into three types: small, medium, and large.
The corresponding k values are 10 uyN-m/°, 50 uN-m/°, and 250 uN-m/°. The working
surface stiffness in the model also includes three types. The bending stiffness ks of the rigid
surface is 1000 uN-m/°, the bending stiffness ks of the flexible surface is 2 pN-m/°, and
the bending stiffness ks of the super flexible surface is 0.1 pN-m/°. Figures 5-7 show the
desorption force distributions of rigid, flexible, and super flexible surfaces, respectively.
Each figure is made up of arrows in three different colors and a polyline connecting the
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ends of the arrows. Different colors indicate different base bending stiffness; different
arrows in the same color represent the experimental results of different desorption angles.
From left to right, the arrows represent the experimental results of desorption angles of 5°,
15°, 30°, 45°, 60°, 75°,90°, 105°, 120°, 135°, 150°, and 165°. The coordinate value at the end
of the arrow indicates the tangential and normal desorption forces.

R 1 F

Figure 4. The structure diagram of the simulated model.

—= =250 pN-m/° = k=50 yN-m/° ——= k=10 uN-m/° |

120 -
100
80

60

F,/Nm"

40

20

0 :
—100 0 100 200 300 400

F./Nm™

Figure 5. Distribution of desorption forces on rigid surfaces.
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Figure 6. Distribution of desorption forces on flexible surfaces.
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Figure 7. Distribution of desorption forces on super flexible surfaces.

The following conclusions can be obtained by the simulation results of the adhesive
model: (1) The desorption force of adhesive material decreases with the increase of desorp-
tion angle, showing asymmetry; (2) the greater the bending stiffness of the base, the greater
the desorption force of the adhesive material; (3) the smaller the bending stiffness of the

working surface, the smaller the adhesive force can be generated, and the more difficult it
is to achieve stable adhesion.
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2.3. Adhesive Test Experiment

Simulation models are now verified by the desorption experiment of adhesion material.
The experimental platform is shown in Figure 8, including a two-dimensional (2D) mobile
platform, two-dimensional (2D) force measuring module, fixture, adhesive material, and
working surface. The fixture is fixed on the two-dimensional (2D) force measuring module.
The fixture and the adhesive material are connected by a 40 mm long adhesive tape. The
tape material is very flexible and thin, which can only pass the tension along the tape. The
adhesive material completely adheres to the working surface. The size of adhesive material
used in the experiment is 30 mm x 10 mm, which is completely fitted with the base. The
base material is polyvinyl chloride (PVC), and the size is 30 mm x 10 mm. In order to
verify the effects of different rigidities on the dismissal, three bases with three thicknesses
are selected, and the thickness d is 0.03 mm, 0.1 mm, and 0.35 mm, respectively.

2D mobile platform

Force
measuring

module Foree

measuring
Fixture module

Adhesive
material

Figure 8. Desorption experimental platform.

In order to verify the impact of perspective on dismissal and ensure the stability of
strife and the consistency of perspective, the description was completed by controlling
the 2D mobile platform to pull the adhesive material along different angles. During the
experiment, 10 groups of different desorption angles were taken under the same substrate
stiffness, and the desorption angles were 15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135°, and
150°, respectively. In the initial state, the adhesive material was completely fitted with the
working surface. The platform mobile tightened the tape to drive the adhesion materials
to be attached. We recorded the descriptions of different base stiffness and different aid
angles by using vector diagrams, as shown in Figure 9.

Under the three stiffness, the desorption force shows obvious asymmetry: when 6
is large, the adhesion with smaller 6 is far greater than that with larger 6. In addition,
when d = 0.35 mm, the desorption force is greater than d = 0.03 mm. When 6 = 165°, the
desorption force of d = 0.03 mm is 57.14% of d = 0.35 mm. The desorption experiment
verifies the correctness of the adhesive model.
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Figure 9. Disposal distribution at different beaded angles.

2.4. Gecko-Inspired Foot Design

Geckos have excellent climbing ability and can achieve stable adhesion movements in
horizontal, vertical, and even inverted surfaces. The gecko adhesion process is accompanied
by inward grasping of the toes, and the detachment process is accompanied by outward
turning of the toes to achieve active detachment (Figure 10b). This behavior ensures that
when gecko is attached, its toes uncurl to obtain a larger contact area, while when the
gecko is detached, its toes roll up and detach from the flap one by one, ensuring that this
process is accompanied by a low and smooth detachment force. The application of this
desorption mechanism to the gecko-inspired robot foot can effectively improve the stability
of adhesion.

Figure 10. The desorption method of a gecko foot: (a) The gecko’s foot is spread out; (b) the gecko’s
foot is curled up.

Based on the results of the adhesion model, a gecko-inspired foot with variable stiffness
characteristics was designed, as shown in Figure 11. The weight was 243 g, the height was
80 mm, and the width at the widest point was 200 mm.

Figure 11. Gecko-inspired foot.
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The structure of the foot is shown in Figure 12. The top layer of the foot is a driving
servo and a winding helm disk. The bottom layer is four toes, and each toe consists of a
telescopic rod, variable stiffness materials, and adhesion materials. The expansion and
rolling of the toe are controlled by the servo relaxing or tightening the traction wire to
change the length of the telescopic rod. The telescopic rod is equipped with a spring, which
is in an extended state when it is not subjected to external force. At this time, the toe is
expanded, resulting in a larger attachment area. The traction line is tightened to drive the
telescopic rod to retract, and the toe rolls up to complete the desorption. Top and bottom
are connected by ball joints, which provide three passive degrees of freedom, and when
the working plane tilts or shakes, the stability of the body will not be affected. At the same
time, when the fuselage is slightly inclined, it will not affect the adhesion of the palm on
the working surface.

Steering gear

The rudder plate
used to roll the line

Guide wheel

Variable stiffnes ;
material ‘

Adhesive material Work surface Spring

Figure 12. Structure of the gecko-inspired foot.

In order to prevent the robot’s feet from shaking when swinging and make the feet
parallel to the working surface when touching the working surface, four reset springs were
installed on the feet to improve the stability of the structure.

The toe of the telescopic rod was placed in the spring and the wire. When the wire is
relaxed, the telescopic rod is in an extended state, and the toe pad of the foot is opened.
At this time, it was attached to the working face, so that a larger attachment area could be
obtained. When absence is required, the servo drives the rudder to rotate, the traction cable
tightens, the telescopic rod contracts, and at the same time drives itself to rise, so that the
variable stiffness toe naturally rolls up. The rolling process makes the adhesive material
separate from the absence surface, and several absence states in the absence process are
shown in Figure 13a.

10mm

expand
roll up

(b)

Figure 13. Several states of the toe movement process and substrate material. (a) Several states of the

toe movement process; (b) cross-sectional view of substrate material.

As shown in Figure 13b, the base material was made of a silicone outer layer wrapped
around the inner layer of the metal sheet, and its variable stiffness characteristic was
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determined by the cross-sectional shape of the sheet. The sheet had different cross-sectional
bending coefficients when straightened and bent.

When the metal sheet is bent, its cross-section is approximately as a rectangle, as
shown in Figure 14a.

w

(a)

Figure 14. Calculation of section flexural coefficient diagram: (a) The metal sheet’s cross-section
when it is bent; (b) The metal sheet’s cross-section when it is straightened.

The width of the rectangle is w, the height is /, and its cross-sectional bending coeffi-
cient Wy, is
1
Wy = ¢ -w?h (6)

When the metal sheet is straightened, the cross-sectional shape is approximately a
partial arc, as shown in Figure 14b. The arc angle is 6;, the radius is rs, and the thickness is
bs. Since the thickness and cross-sectional area of the metal sheet remain unchanged when
bending and straightening, there is the following relationship:

by =h @)

rs-0s = w 8)

w?-bs- (25 + sin 2a;)
8us (s — sinag)

Ws = (9)
where W; is the bending coefficient of the section when the metal sheet is straightened,
as = 0.50;. From Equations (6)—(9),

ws _ 3(2as + sin2as)
wy,  4(as —sinag)

rw(as) = (10)

where 1y () is the ratio of the anti-bending coefficient of the cross-section of the mental
sheet when it is straight and bent, where as ~ 19° is substituted into Equation (10):

r2(19") = 158.70 (11)

In summary, the bending coefficient of the section of the metal sheet is much greater
when it is stretched than when it is bent. When this material is used as the base part to the
gecko-inspired foot, the toe root will have a larger bending stiffness and the end will have
a smaller bending stiffness.

2.5. Adhesion Analysis of the Gecko-Inspired Foot

The adhesion and desorption force are essentially the forces required to detach the
feet from each other after they are attached to the working surface. However, the adhesion
force of the feet with variable stiffness during adhesion and the detachment force required
during detachment show some asymmetry. That is, when the adhesion force of the foot
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can be firmly attached to the working surface without falling off, and when it needs to be
detached, only a small force is required to realize the detachment from the surface. This
property comes from the design of the foot. The base of the foot root is in a straight state,
while the end is in a rolled-up state. The stiffness of the base in the two states is different,
and the corresponding detachment conditions are also different: the base of the root is in
a state of large stiffness base detachment, and the end is in a small stiffness detachment
state. In addition, when the foot is in the adhesion state, the contralateral toe forms a “Y”
structure [28], and the normal detachment force F required to detach it from the working
surface is distributed to the four toes. The force state of each toe is close to that in the
adhesion model, and the force relationship is shown in Figure 15.

(@)

F, F,

(b)

(c)

adhesion state desorption state

F}?I F-/J_’ 0

...... _—

Figure 15. Toe force in different states: (a) When the foot is in the adhesion state, the contralateral

toe forms a “Y” structure; (b) the force state of each toe when the foot is in the adhesion state; (c) the
force state of each toe when the foot is in the desorption state.

Because the base is not completely rigid when it is straightened, the section near the
root must bend to a certain extent, and then the external force will be transferred to the
base of the adhesion section along this section. At this time, the required force Fy; is larger
for the detachment condition of the toe base and the attached material with large rigidity
and small angle. When detaching, the required detachment force is generated by the force
Fyp rolled up by the base. The detachment condition is that the stiffness of the base is small,
the detachment angle is large, and the required detachment force is small.

3. Results
3.1. The Performance Test of the Gecko-Inspired Foot

The stable adhesion between the foot and the working surface in the space environ-
ment mainly depends on the normal adhesion force. However, the flexible surface of
spacecraft is generally a thin film made of polyimide and metal materials, and the normal
contact force has a great influence on the deformation of the flexible surface. Based on
the above considerations, the performance test of the adherent foot is carried out for the
normal detachment force on the flexible surface. The experimental platform adopts the
spacecraft surface film as the flexible surface, which is fixed to the base of the test platform.
The toe pad of the foot takes its own weight (73.5 g) as the pre-pressure and the flexible
surface, and the area of the material attached to the toe pad is 47.2 cm?. Figure 16a shows
that the toe is fully extended, the lead rope is fixed to the center of the foot, and then the
top of the platform is moved up to pull the foot to complete the desorption. The desorption
force during the desorption process is recorded. Figure 16b shows the desorption of the toe
pad on the flexible surface in the way of lateral curling, and the desorption force during
the process of desorption is recorded. The test results are shown in Figure 16c. When the
toe pad of the foot is desorbed by pulling up, the maximum desorption force required is
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7.66 N, while, when the toe pad of the foot is desorbed by rolling up, it can be desorbed
almost without additional desorption force.

(a) (b)

8 — Pull straight up
—— Curl up on the side

F(N)

X (mm)

(©)

Figure 16. Foot design of the toe pad of gecko feet performance test: (a) The toe pad of the foot is
desorbed by pulling up; (b) the toe pad of the foot is desorbed by rolling up; (c) the test results.

3.2. Application of the Gecko-Inspired Feet

In the application of adhesive motion, the foot design of gecko toe pad is combined with a
climbing robot to form a bionic gecko robot, as shown in Figure 17. In addition, the test experi-
ments of various movement modes of gecko-inspired robots are carried out in microgravity.

The gecko-inspired robot is fixed on the air floating table bracket, and the continuous
spraying at the bottom of the bracket offsets the weight of the bracket itself and the
robot, creating a microgravity condition. Combined with the smooth steel plate plane,
it eliminates the friction pair between the bottom and the moving ground during the
movement. Figure 18a,b shows the linear crawling motion of the gecko-inspired robot on
the inverted surface of the polyimide flexible film in a microgravity environment from
different perspectives (Supplementary Materials, Videos 51-53). The experimental results
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show that the gecko-inspired robot can crawl stably on a flexible surface in microgravity
with the help of gecko-inspired toe pads.

r

(b)

Figure 18. Experiment of gecko-inspired robot crawling on flexible surface: (a) Adhesion climbing
experiment of gecko-inspired robot on flexible surface by using air floating platform (side view);
(b) adhesion climbing experiment of gecko-inspired robot on flexible surface by using air floating
platform (top view).
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4. Conclusions

In this paper, an imitation gecko foot is proposed and its adhesion performance is
tested. The foot paw adopts an active adhesion-debonding mechanism combining materials
with variable bending stiffness to achieve asymmetric adhesion-debonding characteristics.

First, the adhesion model is established based on the microstructure of the dry adhe-
sion PVS material. Through simulation analysis and design of the adhesion experiment, the
relationship between adhesion force and adhesion angle, bending stiffness of the substrate
and bending stiffness of the working surface was investigated. The results show that the
smaller the debonding angle, the greater the bending stiffness of the matrix and the bending
stiffness of the working face, and the greater the debonding force required for debonding.

A bionic gecko foot with variable stiffness was then designed according to the results
of the adhesive model and the structure with variable bending stiffness. Inspired by the
adhesion-desorption behavior of the large gecko paw, an active desorption mechanism was
designed to make the paw exhibit asymmetric adhesion-desorption characteristics.

Finally, the adhesion-desorption performance of the bionic gecko paws on flexible
surfaces was tested. The results show that the variable stiffness paw design with active
desorption mechanism can adapt to the flexible surfaces. The maximum normal adhesion
force is 7.66 N, which can be desorbed without additional tension, showing a high degree
of asymmetric adhesion-desorption characteristics, laying a foundation for the application
of bionic gecko robots on flexible surfaces.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /biomimetics7030125/s1, Video S1: Adhesion climbing
experiment of gecko-inspired robot on flexible surface by using air floating platform (top view);
Video S2: Adhesion climbing experiment of gecko-inspired robot on flexible surface by using air
floating platform (side view); Video S3: Turning in place experiment of gecko-inspired robot on
flexible surface by using air floating platform (side view).
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