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Abstract It is an emerging challenge for robots to achieve non-destructive pick-and-place manipulation
for delicate objects under low normal preload, i.e., critical-contact manipulation. The prominent on-off
controllable property of the gecko-inspired microwedge adhesive makes critical-contact manipulation possible
for robotic end effectors. However, it is difficult for end effectors to actuate the micron-scale microwedge
adhesive and detect the adhesion state. In this paper, a gecko-inspired adhesive robotic end effector for
critical-contact manipulation is proposed, which consists of a half-scissor variable-scale actuator, a 3-axis
high-sensitivity isotropic flexible capacitive tactile sensor, and the microwedge adhesive. The half-scissor
variable-scale actuator is designed to provide pure large shear loading for the microwedge adhesive at micron-
scale displacement by merely controlling the normal macro-scale displacement of the actuator. Besides, the
3-axis high-sensitivity isotropic flexible capacitive tactile sensor is designed for accurate detection of multi-
axis contact forces and the adhesion state between the adhesive and objects to ensure the success of the
critical-contact manipulation. The sensor can sense the shear and normal forces by detecting variations
of the overlap and distance between electrodes, while the design of the finger-like electrodes improves the
sensitivity. In addition, a set of experiments on manipulating objects are implemented and the results show
that the proposed robotic end effector can provide pure large shear loading for the microwedge adhesive at
micron-scale displacement and can detect the adhesion state between the microwedge adhesive and objects
accurately to stably grasp delicate objects in critical-contact condition.
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1 Introduction

With the continuous development of industrial technology, it is necessary to develop some advanced
robotic end effectors in the highly sophisticated application fields, such as compliant micromanipula-
tion [1], minimally evasive surgery [2], space exploration [3], and vehicle control system [4,5]. These
complex applications present more newly demanding challenges for robotic manipulation.

Traditionally, the technologies of grasping various objects in dexterous and precise manipulating ap-
plications are mainly divided into two types, contact manipulation (pneumatic adsorption, etc.) and
non-contact manipulation (Bernoulli, ultrasonic, etc.). Pneumatic end effectors may harm brittle devices
owing to their gas flow, such as the micro-structures on the wafer, and they cannot be used in a vacuum
environment. Bernoulli levitation has the advantages of high technical maturity and low cost, but it
cannot provide sufficient radial recovery force, leading to poor stability. The ultrasonic method has the
advantages of high precision, compact structure, and minimum energy consumption, but it is easy to
cause warpage or arching deformation of delicate objects. In summary, the above traditional technologies
will more or less adversely affect the delicate object. Therefore, it is necessary to develop the ultra-gentle
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pick-and-place end-effector with low normal preload to the delicate object and achieve non-destructive
manipulation for delicate objects in critical-contact condition.

Recently, robotics combined with bionics has become a research hotspot in the field of robotic ma-
nipulation. For example, a biorobotic adhesive disc for underwater hitchhiking inspired by the remora
suckerfish is designed by BUAA [6]. The inchworm-inspired soft climbing robot using microspine arrays is
proposed by CityU [7]. Moreover, the gecko-like structure has attracted the attention of researchers ow-
ing to its high adhesion. Stanford designs a three-dimensional dynamic surface for grasping objects with
dry adhesion [8]. Since the bionic gecko-inspired material has flexibility and the adhesion is sufficient,
it provides a possibility for robotic end effectors to conduct non-destructive manipulation for delicate
objects. In essence, the gecko-like dry adhesive [9] can adhere objects stably by van der Waals force
generated from micro-structures, such as microwedge [10], mushroom [11] and microridge [12]. Among
them, the microwedge adhesive turned on/off by the shear loading is controllable and exhibits excellent
characteristics such as low normal preload, high adhesion and easy detaching [13]. It can be seen that
if the above-mentioned excellent characteristics of the microwedge adhesive can be fully utilized, it will
be a very ideal critical-contact operation mode to realize the non-destructive pick-and-place for the del-
icate objects. This critical-contact operation mode can avoid or solve the shortcomings of traditional
manipulation.

It is valuable to mention that the loading of the microwedge adhesive is the key to achieve the robotic
critical-contact manipulation with the interface of objects. Therefore, researchers have carried out a lot
of research on driving the microwedge adhesive. Hawkes et al. [14] presented a screw-driven rifling-like
bionic attachment actuator, which used a ratchet nut to adjust the tension of the rifling to change the
loading force on the adhesive pads and achieve adhesion or desorption to objects. To further enhance the
adhesion performance of manipulator, Parness et al. [15] and Jiang et al. [16] subsequently designed the
tandem-pulley actuator and the constant-force spring actuator. However, it is easy for the tendon loading
to introduce interference such as out-of-plane force and peeling torque, resulting in poor robustness of the
adhesion device. Dadkhah et al. [17] designed a 5-link drive device, which introduced the tendon line guide
groove and the guide spring at the end of the adhesive to reduce the out-of-plane loading force/torque.
Jiang et al. [18] presented a robotic device using gecko-inspired adhesive which can grasp and manipulate
large objects in microgravity, but the device has a large volume and is suitable for attaching larger
objects instead of small delicate objects. Besides, some novel adhesive actuators, such as electromagnetic
actuation [19], vacuum [20] and shape memory alloys (SMA) actuator [21], have some deficiencies (long
response time, high power consumption, increased complexity) in terms of mechanical structure and
control system. Although researchers have made some explorations on driving the microwedge adhesive,
these actuators still cannot avoid the influence of out-of-plane force and peeling torque, resulting in poor
robustness during the loading process. Therefore, it is necessary to explore a new actuator to eliminate
the coupling effects of other force or torque and achieve quantitative shear loading for the microwedge
adhesive at micron-scale displacement.

On the other hand, precise perception of the adhesion state between the microwedge adhesive and
the object is also the key to manipulating objects stably. Therefore, the tactile sensor is necessary for
robotic end effectors to detect interface contact force and adhesion force, so it demands high sensitivity
for measuring low normal preload and isotropic sensing ability to sense large shear loading and high
adhesion during manipulation. Recently, various miniaturized tactile sensors have been developed for
easy integration in robotic end effectors. Kim et al. [22] reported a 6-DOF tactile sensor, but its normal
capacitance for shear sensing produced a non-ignorable height, resulting in an additional torque. Besides,
Liang et al. [23] designed a 3-axis flexible capacitive sensor, with a truncated-pyramid-array dielectric
layer to enhance its sensitivity. And the sensitivities are 0.25 pF/N and 0.035 pF/N for normal and
shear force respectively over a measurement range (0.5-4 N). Also, Shao et al. [24] proposed a 3-axis
differential capacitive tactile sensor with sensitivities of 34.5 counts/N and 14.1 counts/N for normal
and shear forces over the entire measurement range (0-1 N). Obviously, many of the above designs
have measured anisotropy, showing a higher normal sensitivity than the shear, which prevent accurate
measurement of the tactile sensor in both shear and normal directions. Besides, the measurement range
and sensitivity of these sensors are not enough for detecting forces of the microwedge adhesive [9].

This paper presents a gecko-inspired adhesive robotic end effector for critical-contact manipulation,
which consists of a half-scissor variable-scale actuator, a high-sensitivity isotropic flexible tactile sensor,
and the microwedge adhesive. For overcoming the shortages of traditional driving methods, the half-
scissor variable-scale actuator is proposed to provide pure large shear loading for the microwedge adhesive
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Figure 1 (Color online) (a) 3D schematic diagram of the robotic end effector; (b) the tactile sensor; (c) the microwedge adhesive.

at micron-scale displacement by merely controlling normal macro-scale displacement of the actuator.
Besides, the 3-axis high-sensitivity isotropic flexible capacitive tactile sensor is designed for accurate
detection of multi-axis contact forces and adhesion state between the adhesive and objects to ensure the
success of the critical-contact manipulation. In addition, the robotic end effector is proved efficient when
manipulating various objects in critical-contact condition.

This paper is organized as follows. The design of the critical-contact robotic end effector is introduced
in Section 2. In Section 3, the design and model of the half-scissor variable-scale actuator are presented.
The 3-axis high-sensitivity isotropic flexible capacitive tactile sensor is described in Section 4, followed
by the experimental results and analysis in Section 5. Finally, Section 6 concludes the paper.

2 Design of the critical-contact robotic end effector

To achieve critical-contact manipulation under low preload to grasp delicate objects without damage on
their surface, this paper presents a gecko-inspired adhesive robotic end effector, which can adhere objects
by van der Waals force generated from the microwedge adhesive. For providing large shear loading for
the microwedge adhesive at micron-scale displacement, a half-scissor variable-scale actuator is designed.
Besides, for accurate detection of multi-axis contact forces between the adhesive and objects, a 3-axis
high-sensitivity isotropic flexible capacitive tactile sensor is proposed. Integrating the actuator, the tactile
sensor and the microwedge adhesive, the gecko-inspired adhesive robotic end effector is composed.

As shown in Figure 1(a), the robotic end effector consists of a half-scissor drive module, a 3-axis
high-sensitivity isotropic flexible capacitive tactile sensor (Figure 1(b)) and the microwedge adhesive
(Figure 1(c)). The half-scissor drive module composed of a linear motor unit and a half-scissor trans-
mission unit (specific description in Section 3) provides pure large shear loading for the microwedge
adhesive at micron-scale displacement. The 3-axis high-sensitivity isotropic flexible capacitive tactile
sensor (specific description in Section 4) is designed to achieve accurate detection of multi-axis contact
forces and adhesion state between the adhesive and objects to ensure the success of the critical-contact
manipulation. And the micron-scale microwedge adhesive is prepared by casting the elastomer material
into a microwedge wax mold and actuated by a shear loading of a few newtons according to our previous
work [9]. Combining the above, the end effector can manipulate objects in critical-contact condition.

The schematic of the attaching and detaching process is shown in Figure 2. In the initial state,
the microwedge adhesive integrated in the robotic end effector keeps the original shape as shown in
Figure 2(a). Before loading, only the tips of the microwedge adhesive contact the object (Figure 2(b)),
when the adhesion is negligible and the normal preload detected by the tactile sensor is low. Later the
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Figure 2 (Color online) The schematic diagram of (a) initial state, (b) low normal preload, (c) loading, and (d) unloading.

half-scissor drive module conducts pure large shear loading for the microwedge adhesive at micron-scale
displacement by controlling normal macro-scale displacement, so that the microwedge adhesive bends
over (Figure 2(c)) and the adhesion is turned on. Finally, the half-scissor drive module actuates reversely
to unload and the microwedge adhesive is separated from the object owing to the withdrawal of the shear
loading, when the adhesion is turned off (Figure 2(d)).

3 The half-scissor variable-scale actuator

3.1 Design

Inspired by traditional bridge-type flexure displacement amplifiers [25] and half-scissor amplifiers [26],
the half-scissor variable-scale actuator which is capable of converting normal macro-displacement to
tangential micro-motion is proposed. Therefore, pure large shear loading for the microwedge adhesive
at micron-scale displacement can be achieved by controlling the normal macro-scale displacement of the
half-scissor actuator.

As shown in Figure 1(a), the system is composed of three units: motor drive unit, half-scissor transmis-
sion unit and its supporting outer frame. The motor drive unit provides a specific normal displacement
for the half-scissor transmission unit, and then, overcomes the elastic potential energy of the flexible
hinge, and pushes the normal putter of the half-scissor transmission unit to move downwards, so that the
scissor ends expand outward, providing bidirectional symmetrical movement for the microwedge adhesive.

As shown in Figure 3(a), the half-scissor transmission unit is mainly composed of a normal putter, a
variable-scale transmission unit, and two tangential loading units (scissor ends). The normal putter is used
as driving source, and the driving force and displacement are transmitted to the tangential loading units
(scissor ends) through the variable-scale transmission unit which can provide several dozens of micron
displacement for the microwedge adhesive. The variable-scale transmission unit consists of flexible hinges
and rigid rods. Besides, the shaft is fixed to the outer frame and passes through the tangential loading
units. By the cooperation of the shaft and the bearing, the normal displacement of the tangential loading
units is restricted, so that it can only move in the tangential direction to eliminate interference from
other axial forces/moments and provide pure shear loading for the adhesive.

3.2 Model

This subsection explores the constitutive relationship between the output force/torque and deformation
of the flexible hinge of the half-scissor transmission unit. Furthermore, the relationship between normal
driving force/displacement and tangential force/displacement is established by kinematics theories to
analyze the performance of the half-scissor transmission unit.

Owing to the symmetrical structure of the half-scissor transmission unit, modeling of one scissor arm
can simplify the analysis, as shown in Figure 3(a). Considering that flexible hinges usually work within
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Figure 3 (Color online) (a) Structure of half-scissor transmission unit. (b) Coordinate system and schematic diagram of forces
of the flexible hinge. (¢) Mechanical diagram of single arm AB. (d) Deformations of single arm of half-scissor transmission unit.

a small deflection range, the flexible hinge cannot be equivalent to a node. To this end, the following
assumptions are made in the modeling process:
(1) Elastic deformation only occurs at the flexible hinge, and the rigid rod is not elastically deformed;
(2) Rotational and translational deformations of the flexible hinge are small enough to linearize.

The flexure hinge has 3-DOFs (degree of freedoms) (tensile and compressive deformations can occur
on the z/y-axis, and flexural deformation can occur on the z-axis) as shown in Figure 3(b). According
to the elastic beam theory, the flexibility equation of the flexible hinge can be expressed as follows:

X = CF, (1)
where
X = [52,5y,50]", (2)
F = [in;Fyi;Mzi]Ta (3)
l

Bl . 0 02
C=10 31%lbt3 + ﬁ EﬁlitS ’ (4)

0 612 121

Ebt3 Ebt3

Fyi, Fy; and M, are external forces and moment applied to the flexure hinge, dx, éy and 66 are corre-
sponding to translational displacements and rotational angle, C'is the flexibility matrix, F is the Young’s
modulus, G is the shear modulus, and [, b, t represent the length, width, and thickness of the flexure
hinge respectively, as shown in Figure 3(b).
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For the single arm AB, the mechanical diagram is shown in Figure 3(c), where z corresponds to the
tangential direction of the actuator, and y corresponds to the normal direction. According to the force
equilibrium, the equations can be obtained as

Eiy
FAy:FByZTa (5)
FBa::FAx:Fout; (6)
F - F
M= My — Byl . A;cl27 )

where Fi, is the normal driving force applied by the motor, Fi,y; is the shear loading for the microwedge
adhesive, i.e., the output force of the actuator (see Figure 3(a)), Faz, Fay, Ma, Fps, Fpy and Mp
represent the forces and moments of hinges A and B respectively, I; and ls (Ia = I3 tan «, « is the angle
between the rigid rod and the horizontal line) are the tangential and normal components of the rigid rod
respectively. According to the Euler-Bernoulli beam theory, the cross section of the deformed beam is
still perpendicular to the deformation axis, so the relationship can be obtained as [25]

AOzA = AaB = AO&[ = Aa, (8)

that is, the rotation angle Aq; of the rigid rod is equal to the rotation angle Aaa, Aap of the flexure
hinge A and B.

As shown in Figure 3(d), the tangential output displacement Az of the actuator that is the micron-
scale displacement for microwedge adhesive includes the rotation of the rigid rod and the compressive
deformation of the flexible hinge, while the normal input displacement Ay of the actuator consists of
the rotation of the rigid rod and the flexural deformation of the flexible hinge. Owing to the same force
status, the flexible hinges A and B have the same elastic deformations. So tangential output displacement
Ax and normal input displacement Ay of single arm can be derived as

Az = lhAa — 2Axy, 9)

Ay =1 Aa+ 2Ay;, (10)

where Azy and Ay, represent the deformations of the flexure hinge along x and y axes. From (1), the
following relationships can be derived

Al'l = Clle, (11)
Ayr = CoFy + Co3 M, (12)
Ao = CgQFy + C33M, (13)

where Cj; is the element in the i-th row and j-th column of the flexibility matrix C'. From (9) and (13),
the output and input displacements as shown in Figure 3(d) can be obtained,

2
Az = (@ — M) Fi, + (l2033 - 2011) Fout, (14)
2 4 2
12Cs5: 1115C-
Ay - <022 -4 433> E + <%§3 + 12023) Fout~ (15)

Finally, the displacement conversion rate of the half-scissor transmission unit can be got as

Ay [412 =912 +6(1 + p)t?|Fin + 181a(1 + 1) Fous

R=—"2— 16
Ax 9l2(l - ll)En + 6(3[% — t2)Fout ’ ( )
and the input stiffness as
E
Kin = 17
- (1)

where 1 is the Poisson’s ratio. It is obvious that the displacement conversion rate and the input stiffness
are mainly related to the length and angle of the rigid rod, the length, thickness, and Poisson’s ratio of
the flexible hinge.
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In the actual process, the shear loading for the microwedge adhesive F,,; is proportional to the micron-
scale displacement Ax of the microwedge adhesive and the relationship can be described as

Four = kAl‘, (18)

where k ~ 3 x 10* N/m is frictional coefficient of the microwedge adhesive [9], as the shear loading is 3 N,
the displacement of the microwedge adhesive is about 100 pm. Substituting (18) into (14) and (15), let

12C 12c . .
A= l2g32 — 11124C33, B==22_-20,C=Cn—=232,D= % +15C33 and the relationship between

the shear loading for the microwedge adhesive Fy; and input displacement Ay can be obtained as

k
($£(1— Bk) + Dk)

Fout = Ay (19)

3.3 Parameters optimization

According to the above model, the displacement conversion ratio and input stiffness of the half-scissor
transmission unit are used as the optimization goals to optimize the responsiveness of the actuator. The
optimization variables are

X=[a I | t (20)

Considering the size of the end effector and several dozens of micron displacement of the microwedge
adhesive, the constraints of the optimization variables are

8 mm < /; < 15 mm,

s.t. = (21)
1 mm </ <5 mm,
l1 + 20 <20 mm

To maximize the displacement conversion ratio and input stiffness of the actuator, the optimization
objective function is

R*Rmax 2 Ki 7Kinmax ?
min F(x) - ( Rmax > T < Kinmax > , (22)

where w; is the weighting factor, Ryax and Kiymax are the maximum values of the displacement conver-
sion ratio and input stiffness under the constraint conditions (Rmax = 15.23, Kinmax = 1.22 X 105).
Take weighting factors w; = 0.5, ws = 0.5 and use the non-linear programming function fmincon
of MATLAB for optimization calculation. In the optimization calculation, the given initial value is
[10° 10 mm 3 mm 1 mm]|, and the optimization result is

X*=[5.62° 15mm 2.5mm 1 mm]. (23)

Taking optimization parameters into (16)—(19), the displacement conversion rate and input stiffness of
the half-scissor transmission unit can be obtained as R = 10.34 and Kjmax = 1.31 x 10%, respectively.
Furthermore the relationship between the shear loading for the microwedge adhesive Fy,; and input
displacement Ay of the actuator can be obtained as Ay = 345F, ;. Therefore, it is possible to provide
the pure large shear loading Fy, for the microwedge adhesive by merely controlling normal macro-scale
displacement Ay of the actuator.

4 3-axis high-sensitivity isotropic flexible capacitive tactile sensor

For accurate detection of multi-axis contact forces between the adhesive and objects to achieve critical-
contact manipulation, a 3-axis high-sensitivity isotropic flexible capacitive tactile sensor is proposed.
The 2 x 2 array structure of the 3-axis tactile sensor is shown in Figure 4(a). And based on capacitance
principle, the shear (F,/F,) and normal forces (F,) can be sensed by detecting variations of the overlap
and distance between electrodes (see Figures 4(b) and (c¢)). Therefore, the tactile sensor is capable of
3-axis sensing ability including the forces in z/y/z axes. The model is presented as shown in (24), which
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Figure 4 (Color online) The 3-axis tactile sensor: (a) the 2 X 2 array structure of the 3-axis tactile sensor, the measurement
principle for (b) shear force and (c¢) normal force.

Table 1 Geometrical parameter design

Geometrical parameter Symbol Value
The length of finger-like electrodes L 1.523 mm
The initial width of the overlap ) 127 pm
The number of finger-like electrodes n 8
The width of the electrodes w 254 pum
The separation between two neighbor electrodes s 508 pm
The height of the dielectric d 100 pm
The modules of elasticity of shear dielectric G 80 kPa
The modules of elasticity of normal dielectric E 1.5 MPa
The dielectric constant of dielectric € 2.7

establishes the relationship between the forces and capacitances. Therefore, the model is beneficial for the
independent tune of each-axis sensitivity of the sensor and it is possible to realize measurement isotropy.
For high sensitivity, the finger-like electrodes are designed. Two electrodes in the upper layer are facing
one electrode in the lower layer as shown in Figure 4(a), which can improve sensitivity of shear forces by
reducing the overlap area A and increasing the number n of electrodes according to

nesL(xO_ ﬁfg)

Cy = d )
Fyd

nes L(zo—524=)

C, = %’ (24)
Cz0
CZ - 1_ze )
A.B

where the symbols in (24) are described in Table 1, A, is the cross-sectional area of the shear elastomeric
dielectric and C, ¢ is the initial normal capacitance. Considering that the microwedge adhesive (1 cm
x1 cm) has a shear adhesion limitation of less than 44 kPa and a normal adhesion limitation of less than
15.1 kPa [9], it is required that the tactile sensor has a normal force range greater than 1.5 N and a
shear force range greater than 4.4 N. In the guidance of the model, for measurement isotropy and high
sensitivity of the sensor, geometrical parameters of the sensor are designed (as shown in Table 1).

Then according to (24), the performance of the 3-axis tactile sensor is shown in Table 2. It is obvious
that the sensitivity 0.49 pF/N of shear forces is close to the normal force (0.58 pF/N). The performance
shows that the 3-axis tactile sensor has high sensitivity and can achieve isotropy measurement among
multi-axis, which provides the possibility to detect the contact forces of the robotic end effector.
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Table 2 Performance of the 3-axis tactile sensor

Axis Sensing range (N) Theoretical sensitivity (pF/N)
F, 0-7 0.49
F, 0-7 0.49
F, 0-3 0.58
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Half-scissor
/transmission unit
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@ ®)

Figure 5 (Color online) The experimental apparatus. (a) Principle components of the robotic end effector, including a motor
drive unit, a half-scissor transmission unit, a tactile sensor, and two microwedge adhesives. (b) Experimental set-up, including a
z-axis precision displacement platform (FSL40), a force sensor (ATI Gamma SI-65-5), and the robotic end effector.

Table 3 Parameters of the half-scissor transmission unit

Parameter Value Parameter Value
l 2.5 mm b 1 mm
11 15 mm t 10 mm
lo 2.8 mm E 2.3 GPa

5 Experimental results and analysis

5.1 Experimental set-up

The experimental apparatus as shown in Figure 5 was set up to test the performance of the robotic
end effector, which mainly includes a z-axis precision displacement platform (FSL40), a force sensor
(ATT Gamma SI-65-5), and the robotic end effector. The robotic end effector consists of the half-scissor
transmission unit, the tactile sensor and the microwedge adhesive. The dimension parameters of the
half-scissor transmission unit (Figure 3) machined by 3D printing are designed as Table 3, and the size
of the microwedge adhesive and the tactile sensor is 1 cmx1 cm.

The entire experimental process is as follows. Firstly, the z-axis displacement platform was driven to
move vertically downward until the robotic end effector got in touch with the ATI under low normal
preload (critical-contact condition). Then, the motor drive unit drove the half-scissor transmission unit
to move vertically downward with a special normal displacement, when the half-scissor transmission
unit implemented a specific shear loading for the microwedge adhesive. Finally, the z-axis displacement
platform was vertically moved up until the adhesive would be pulled out of contact. The sensor could
detect the forces (preload, shear loading and normal adhesion) of the microwedge adhesive throughout
the process.

5.2 Experimental results

Figure 6(a) shows a typical curve of shear and normal forces versus time during the experimental pro-
cess. In phase A, the end effector is in a natural state. In phase B (preloading stage), the end effector
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Figure 6 (Color online) Adhesion performance test results of the end effector. (a) Normal and shear force curve during preload,
shear load and detaching of the microwedge adhesive. (b) Relationship between normal driving displacement of the actuator and
shear load of the microwedge adhesive. (c¢) Relationship between normal adhesion force and shear load of the actuator.

is approaching the ATI with the preload of just a few tenths of a Newton, when it is in critical-contact
condition. Then, the half-scissor variable-scale actuator provides shear loading for the microwedge adhe-
sive (in phase C, loading stage). Owing to insufficient hardness of the 3D printed material, the normal
loading causes a certain deformation of the half-scissor transmission unit, which further increases the
normal force. Finally, in phase D (pulling stage), the end effector is moved upward until the detaching
occurs and at this time the normal force is the adhesion performance of the robotic end effector. After
processing sets of experimental data obtained by changing the normal displacement of the half-scissor
variable-scale actuator, the following results are obtained.

Figure 6(b) shows the relationship between the normal displacement of the actuator and the shear
loading of the microwedge adhesive. The displacement conversion rate can be calculated as 9.3-12.18
(1-2 N of shear loading) and is similar to the theoretical value 10.34. The reason for the difference is
mainly that there is friction between the guide and the tangential loading units of the actuator. Since
the normal driving force Fjy is not tested in these experiments, the input stiffness of the actuator is not
discussed further. It can be found through curve fitting that the relationship of the shear loading and
the normal displacement is nearly linear, and the fitting linear equation Ay = 502F,,; — 192 is similar
to the model Ay = 345F,,; in Section 3. Based on that, it can provide guidance for the critical-contact
robotic end effector to implement steady shear loading for the microwedge adhesive by merely controlling
the normal macro-scale displacement of the actuator.

Figure 6(c) shows the adhesion performance curve of the critical-contact robotic end effector, where
the maximum normal adhesion occurs among 1.5-2 N of the shear loading and reaches about 1.25 N (the
area of the microwedge is 1 cm?, shown by dotted lines), i.e., the robotic end effector can reach maximum
adhesion by controlling about 600 um normal displacement of the actuator (according to Figure 6(b),
shown by dotted lines).

To further verify whether the adhesion performance of the microwedge adhesive is fully utilized by the
end effector, the test results are compared with the adhesion performance of the microwedge adhesive
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Table 4 Comparison of the proposed robotic end effector and other end effectors

Research institute Preload Maximum adhesion Application
This paper 0.4 N 12.5 kPa Delicate flat surface
Stanford University [18] 0.75 N 3 kPa Large flat surface or curved surface
Carnegie Mellon University [27] - 10 kPa Nonplanar 3D surface
Arak University [28] 15 N 4 kPa Large flat surface
Harvard University [29] 0.045 kPa 0.77 N Underwater grasping
University of Lincoln [30] - 12 N Nonplanar 3D surface
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Figure 7 (Color online) Comparison between applied force and calculated force. (a) Fy; (b) Fy; (c) F..

without actuator, and it is found that the maximum normal adhesion performance (12.5 kPa) is driven by
the end effector exerts 76.6% of the adhesion performance of the microwedge adhesive without actuator
(16.31 kPa [9]). Further, we list some robotic end effectors proposed by different research institutions
in recent years as shown in Table 4 [18,27-30]. And the application scenarios of these end effectors are
more biased towards large flat, curved or underwater objects. In contrast, the critical-contact robotic
end effector we proposed is more inclined to the non-destructive manipulation of flat delicate objects.
And the experimental results show that it has the excellent characteristic of low normal preload and can
meet critical-contact application requirements to achieve non-destructive manipulation.

The measurement accuracy of the tactile sensor is important in practical applications. And the 3-axis
measurement accuracy is calculated as

Amax
AIII&X

5‘ x 100%, (25)

where Apax i the maximum error between applied force and calculated force, and A ax is the sensing
range. The experimental results are compared with the calculated values as shown in Figure 7. It can be
seen that the maximum errors are 0.3 N, 0.29 N, 0.04 N in F,, Fy, F,, respectively. Finally, the 3-axis
measurement accuracy can be obtained as 4.29% (F;), 4.14% (Fy), and 1.33% (F%).
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Figure 8 (Color online) The shear and normal forces of (a) ATI and (b) tactile sensor during the manipulating process. (c) First
derivative of the sensor’s normal force.

The test data of the tactile sensor and ATI during the process is shown in Figure 8(a) and (b). It can
be seen that the normal and shear force curves of ATI and sensor are similar. And shear force of the
tactile sensor can reach 1 N, while the measured normal force can reach 3-5 N. Obviously the magnitude
of normal and shear forces is equivalent, which proves that the proposed sensor is isotropic. As shown
in Figures 8(a) and (b), the sensor can detect a low normal pressure about 0.2 N as the same as ATI,
indicating that it has higher resolution and sensitivity. Therefore, the robotic end effector integrated with
the tactile sensor can detect the normal preload accurately to determine whether it is in critical-contact
condition. However, by comparing the tactile sensor’s output with the ATI, it is found that the tactile
sensor’s normal output force is small and does not reflect a pulling force (adhesion) at the moment of
detaching (sign with a circle). The reason may be that the dynamic characteristics of the tactile sensor
are not good enough to reflect its high-frequency signal. For overcoming the problem, we characterize
the moment of detaching through the rate of change of normal force, so that we conduct a first-order
derivative of the sensor’s normal force. As shown in Figure 8(c), the first-order derivative curve outputs
a spike signal at the moment of detaching. In the actual operation process, once the sensor detects a
spike signal, it means that the end effector is about to separate from the object, which can guide the
subsequent operation of the robot. Although it is possible to detect the detaching moment by processing
the normal force, we still have to explore how to improve the dynamic response of the sensor so that it
can react to the interface state in real time.

In addition, to verify the universality of the operation of the robotic end effector, a set of experiments
were conducted to pick and place the objects of different materials, shapes, and weight, including irregular-
shaped circuit boards, lightweight flexible circuit boards, rigid circuit boards with uneven surfaces, and
smooth acrylic plates, as shown in Figure 9. Ten experiments were carried out respectively on different
objects, where the success rates of these objects are 90%, 100%, 100% and 100%. The reason for the
failure of operating the irregular-shaped circuit boards may be that the overall weight is uneven owing
to the uneven distribution of electronic components on the circuit board surface. In summary, the
experiments show that the robotic end effector can provide enough adhesion for various objects at micron-
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Figure 9 (Color online) (a) Operate irregular-shaped circuit board; (b) operate lightweight flexible circuit board; (c) operate
rigid circuit board; (d) operate acrylic plate; (e) targets.

scale displacement, and the sensor can detect multi-axis contact forces and the adhesion state accurately,
so as to stably grasp delicate objects in critical-contact condition.

6 Conclusion

This paper presents a gecko-inspired adhesive robotic end effector for critical-contact manipulation, which
consists of the half-scissor variable-scale actuator, the high-sensitivity isotropic flexible tactile sensor,
and the microwedge adhesive. Based on kinematics theory, the relationship between normal driving
displacement and shear output force of the actuator is established to guide the shear loading for the
microwedge adhesive. The experimental results show that the robotic end effector can reach maximum
adhesion by controlling about 600 pm normal displacement of the actuator. Besides, the 3-axis tactile
sensor is designed to achieve accurate detection of multi-axis contact forces and the adhesion state between
the adhesive and objects to ensure the success of the critical-contact manipulation. It has high sensitivity
for the low normal preload and isotropic ability to detect large shear loading and high normal adhesion
simultaneously. And the method of conducting a first-order derivative of the normal force is verified to
identify the detaching moment of the microwedge adhesive and objects. Finally, the experiments show
that the proposed robotic end effector can provide large shear loading for the microwedge adhesive at
micron-scale displacement and detect the adhesion state between the microwedge adhesive and objects
accurately to stably grasp delicate objects in critical-contact condition.

The robotic end effector can adhere objects stably by van der Waals force generated from the mi-
crowedge adhesive, and the van der Waals force is very sensitive to the condition of the surface, such
as roughness, contamination, and wetness. In rough surface, flexible substrate combined with flexible
support for the microwedge adhesive can increase the adaptability of the micro-structure to the surface,
thereby enhancing the adhesion. On contaminated or wet surfaces, the interfacial surface energy is af-
fected, so that van der Waals force is reduced. It is urgent for researchers to further study the internal
relationship between van der Waals force and surface environments and the effects of other forces on
adhesion performance such as capillary force and hydrodynamic force. Therefore, it is a challenge for
the gecko-inspired robotic end effector to adhere objects in complex environments. For this problem our
future work will focus on how to improve adhesion performance.
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