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Abstract: The end-effector is a key device for direct contact and operation between the operator
and the workpiece, and its mechanical structure will directly affect the quality of the machine and
expand its application. The theoretical research and technical implementation of the end-effector for
compliance control are facing a lot of urgent challenges to be solved, therefore, the research results of
active compliance control of robot end-effectors have a very broad application prospect. This paper
describes the design and research results of different end-effectors under impedance-based control,
hybrid force/position control, and intelligent flexible control methods, respectively. Under each
control method, the structural characteristics and the optimized control scheme under different drives
are introduced. Finally, key techniques for achieving compliance control are derived by summarizing,
which broadens the engineering applications and provides methods and ideas for future research.

Keywords: end-effector; compliance control; impedance control; hybrid force/position control;
intelligent compliance control; mechanical structure; drive method; key technology

1. Introduction

With the advancement of manufacturing intelligence, many occasions require ma-
chines with the ability to sense and control contact forces. For example, during the precision
assembly, grinding, polishing, and scrubbing operations of robots, it is required to keep
their actuators in contact with each other and the environment [1]. Single position control
is often not enough to meet the demand. For more complex tasks, the uncertain working
environment, changing assembly, and high-precision assembly operations require toler-
ances that exceed even the accuracy that the robot itself can achieve [2]. At this point, it
is not only expensive but also potentially futile to still try to further improve accuracy
through position control. The use of compliance control is one of the solutions to this type
of problem.

There are two main types of this control: passive and active. The former adjusts the
gain of the position control system by its own controller to change the overall stiffness of the
arm to adapt to the stiffness of the external environment [3]. For example, Ramon et al. [4]
designed a passive control system and proposed a sensor-less control method based on
the accurate tracking error dynamic passive output feedback (ETEDPOF) method for the
angular velocity trajectory tracking of the “full-bridge Buck inverter-DC motor” system.
Aguilar et al. [5] proposed a Liapunov-based construction method for output feedback
quenching of continuous regenerative DC-DC buck power converters and experimentally
verified the anti-winding property and the efficiency of the “} -A” modulator of this scheme.

The latter involves the design of a flexible mechanical device and requires such a device
to enable the arm to absorb or store energy when it interacts with the environment [6].
What is commonly referred to as softness control is active softness control. As an important
feature of intelligence, the study of flexibility control capability for end-effectors has become
an important research direction.
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An end-effector is a mechanism that is installed on a mobile device or a robotic arm,
so that it can complete the functions of clamping, placing, and releasing the target object
to an accurate position [7]. The actions of the end-effectors are coordinated with the
robot to complete the job together, and most mechanisms are designed according to the
requirements of specific workpieces [8]. The different characteristics of the object and the
requirements of the different operating parameters influence the elements of the actuator,
which include construction, gripping method, gripping force and drive, and so on [9,10]. In
recent years, end-effectors have played an increasingly important role in scientific research
and engineering applications, such as underwater surveys, military industry, welding
assemblies, medical applications, etc. Some of the more popular research directions in the
field of mechanisms are parallel mechanisms, unfolding mechanisms and series-parallel
mechanisms [11,12]. With the continuous research and technological advancement in robot-
related research, higher requirements for robot actuators have been put forward [13]. A
comprehensive design of the actuation structure based on different functional requirements
can greatly improve the adaptability of the robot gripping mechanism [14,15].

The design of the actuator structure varies depending on the variety of robot forms [16].
The actuating part is in direct contact with the workpiece, and its structural design is partic-
ularly important; the driving part mainly provides the driving force for the actuating part,
so that the actuator can realize the corresponding gripping action [17-19]. The transmission
system of the gripping mechanism is mainly in the form of mechanical transmission, hy-
draulic transmission, pneumatic and electric transmission, etc., [17-25]; the control system
is to control the robot according to specific procedures and requirements so that the machine
can complete the specified gripping action and tasks [22,23]; the auxiliary system contains
various detection devices, sensing devices, identification devices, etc., [24,25]. Together,
they serve the actuator to ensure the smooth implementation of the gripping work.

What is commonly referred to as softness control is the active softness control [26],
which can be implemented in three ways. The first way is impedance control (includ-
ing stiffness control and damping control) [27]; the second way is hybrid force/position
control [28], and the last one is intelligent compliance control [29]. This paper focuses on
the design of the end-effector structure and the optimized control scheme that can realize
flexible control. It has been arranged as follows: Chapter 2 and 3 specifically introduce
two end-effector classical flexible control methods. A distinction is made between the
end-effectors under different drive methods, which include four methods: mechanical,
pneumatic, electric, and electromagnetic. Under each control, we summarize the different
structures, the working principle of the device, advantages, and disadvantages, etc. Chap-
ter 4 gives a detailed introduction to the research of modern intelligent flexible control.
In the fifth part, we summarize the end-effectors according to the previous introduction
and come up with the key technologies to realize the compliance control of end-effectors.
Finally, we summarize the whole paper and provide ideas and research directions for the
future design of end-effectors based on compliance control.

2. Implementation of Impedance Control Actuators
2.1. Introduction to the Impedance Control

The impedance control is proposed by Hogan [30]. Rather than directly controlling
the desired force and position, impedance control achieves a supple function by controlling
the dynamic relationship between force and position. The end of the manipulator is made
to exhibit the required stiffness and damping by an appropriate control method. Typically,
the DOF requiring force control requires less rigidity in that direction and exhibits softer
characteristics. For the DOF that require force control, less rigidity in that direction is
required, which exhibits softer characteristics [31]. This dynamic relationship is similar
to the concept of impedance in a circuit and is therefore called impedance control [32].
Its characteristic is that it does not directly control the force between the robot and the
environment, but adjusts the feedback position error, velocity error, or stiffness to achieve
the purpose of controlling the force according to the relationship between the position (or
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velocity) of the robot end and the force acting on the end. The elastic deformation of the
contact process is particularly important at this point [33].

In the two types of impedance control, the inputs to the controller are position error
and velocity error [34,35]. When the force feedback signal is converted into the position
adjustment quantity, this force control is called stiffness control; when the force feedback
signal is converted into the velocity correction quantity, this force control is called damping
control; when the force feedback signal is converted to both position and velocity correc-
tions, it is called impedance control. Thus, impedance control is fundamentally position
control, whether it is stiffness control or damping control. Specifically, it is an expansion of
the position control principle.

The core of the impedance control structure is the design of the force/motion conver-
sion matrix “K”. The force/motion conversion expression is “AX = KF”. From the force
control point of view, it is hoped that the larger the elements in the “K” array, the better,
so that the system will be more flexible; from the bit control point of view, it is hoped that
the smaller the elements in the “K”, the better, so that the system is more rigid. Thus, it
also reflects the contradiction of the requirement of robot rigidity and flexibility, which also
brings great difficulties to the actuator force control [36,37].

To achieve impedance control, the first step is to characterize the force between the
mechanical end and the environment, while in the whole impedance control system, the
expected force of the end-effector is:

F; = KAX + BAX' + MAX" 1)

where “AX = X; — X” is the end position error, “X;” is the desired position, and “X”
is the actual position. K, B, M are the stiffness, damping and inertia coefficient matrices,
respectively, which are formed by the environment. Figure 1 shows one composition
scheme of the resistance control system [35].
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Figure 1. Impedance control scheme structure diagram. (Stiffness matrix Kj, damping coefficient
matrix Ky, stiffness feedback matrix Kr; and damping feedback matrix Kr»).

2.2. Review of Impedance Control Mechanisms” Research
2.2.1. Mechanical

Mechanical impedance controllers can rely on the structure itself to achieve rigidity and
flexibility, for example, by using gears, springs, or material properties for soft adjustment.
Lee et al. [38] proposed a flexible end-operator. It mainly uses springs to achieve axial
flexibility control and uses universal joints to achieve flexibility control of other degrees of
freedom such as rotation, but the control accuracy is relatively low. The actuator invented
by Xu [39] et al. controls the bending stiffness of each finger joint by varying the number
of flexible lamellae and the thickness of the joint connection unit as well as the stiffness
of the elastic steel lamellae. The structure is designed with a one-piece flexible structure
for each finger and combined with 3D printing technology, it can be personalized for
different hand sizes at a low cost. Yao et al. [40] invented a rigid and flexible switchable
manipulator. The structure is equipped with an elastic polymer manipulator for directional
bending, and its internal cavity can achieve expansion and compression. It combines
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the flexible manipulator and the phase change properties of liquid metal materials [41].
David et al. [42,43] invented a spring-based automatic actuator for multi-purpose medical
instruments It can use the spring to control the mechanism to complete the grasping,
shrinking, cutting, dissection or other surgical functions. Moreover, this mechanism can be
combined independently with rigid or flexible endoscopes of any size.

In addition to the rigid-flexible conversion, the actuator position can also be controlled
directly and precisely. Wang et al. [44,45] equated the end-effector for grasping fruits and
vegetables to a second-order impedance first-order conductance model. The end-effector
gripping force impedance control strategy is shown in Figure 2. The control algorithm
is highly adaptable to the uncertainty and force perturbation of the object model, and
can quickly control the gripping force with a low overshoot to achieve flexible robot
grasping. The structural design and control system of the end-effector was studied by
Cheng et al. [46] for a small underwater double-arm manipulator. It uses a pushrod
telescoping and linkage self-locking mechanism to realize the opening and closing function
of the gripper jaws. The control system adopts two-level control above and below water,
and PID control is performed by smoothing the joint module with multiple interpolation
so that the manipulator has better motion and basically realizes the function of the control
system. Li et al. [47] proposed a method for precise position control of a soft robot based
on a fuzzy time lag algorithm. As shown in Figure 3, the SMA wires of different materials
are embedded in the structure of the soft robot, and the basic mechanism of the variable
stiffness of this actuator relies on SMA filaments. Finally, they proved that the method is a
feasible SMA actuator position control method.
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Figure 2. Impedance control diagram for gripping force of the end-effector. In the formula: m, by,
k;, are the target inertia, damping and stiffness parameters; k., x., are environment stiffness and
reference position; x is actual location; f, is contact force. In the picture: Ax, is the clamping length, f;
is the set force, x; is the reference position, eris the actual force deviation, and x; is the control input.
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Figure 3. Soft robot control block diagram.

2.2.2. Pneumatic

Pneumatic type can provide greater and more stable driving force compared with
mechanical type, and the driving effect is better. Ryuh et al. [48] proposed a single-degree-
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of-freedom force-controlled end-effector using a cylinder for axially flexible control, and it
can directly drive the tool head for rotational motion, reducing the mass of the tool head
power components and improving the response speed and load capacity. Zhang [49] et al.
invented a large-load flexible manipulator based on rigid constraints. The mechanism is
provided with three flexible manipulator fingers, and each finger is connected to the driving
device through an installed trachea. A strain limiting layer made of non-stretchable textile
mesh is attached to the inner surface of the finger so that the deformation on one side of the
finger is limited. Li et al. [50] proposed a large-load pneumatic flexible end-effector based
on a fiber-reinforced flexible actuator. A new gripping body construction method with a
single pneumatic artificial muscle winding layout is adopted in the structure. They add
pre-deformation to the inner cavity of the soft body end to achieve its regular contraction
to complete the gripping of objects with different characteristics. It provides new ideas and
new methods for the development of soft body end.

The control can also be accomplished by compensating for the execution platform.
Wang et al. [51] designed an end-stage for a parallel robot with three DOF. They used
PID [52] and LADRC [53] algorithm to complete the trajectory control of the pneumatic
parallel translating robot platform, respectively. Jeremy Krause et al. [54] developed a
pneumatic actuator as shown in Figure 4. The actuator was demonstrated using setpoint
control based on standard proportional and integral controllers with the parameters shown
in the figure. In contrast, their actuator is linear and has a large travel distance. It usually
operates at relatively high pressure. Thus, a great force and responsiveness can be provided,
which is the main novelty of their work. The actuator addresses the placement of the
position and force control sensor and successfully demonstrates the force and impedance
control of the actuator. Their work has the potential to open up new avenues for creating
cheaper, customizable and capable actuators for industrial and other applications.

Hall Eddort Sensor

& Piston
u’@ -
Sensor Carrier ‘ | 2 End Cap
= 1
Piston Head .

Bushing ""&

Figure 4. Pneumatic actuator structure diagram. Actuator test parameters: where, Ky, K; are constants
for proportional and integral control, V is the voltage, X is the quantity that needs to be regulated
and X is the reference value.

Currently, soft end-effectors are one of the most promising research directions in the
field of soft robotics [55]. With its strong ability to operate in unstructured environments
and broad development prospects, the soft end has made a large impact, and its inher-
ent potential will enable it to provide better services to humans in a more diversified
way [56,57]. Lv et al. [58]. designed the pneumatic driven soft robot actuator from a bionic
perspective. The bending deformation of this modular actuator is achieved by controlling
the magnitude and timing of the pressure inside the actuator cavity. Finally, they demon-
strated the feasibility of bending the actuator. Wehner et al. [59]. controlled the flow of air
in and out of the actuator by tuning the impedance limits to produce bending actuation.
The finger actuator configuration system is shown in Figure 5. This configuration is used
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for uncontrolled, passive impedance control and visual servo feedback control methods.
For the uncontrolled and passive impedance control methods, the camera and PC are used
for data acquisition only.

1

Relieving ?
pressure regulator Pneumatic supply

|

A

pC Microco- D-to-A
ntroller Converter
Camera Tmage
processing

Figure 5. System diagram of the finger actuator.

2.2.3. Motorized

Compared with the first two drive methods, the electric drive is more widely and
conveniently used. Wang et al. [60] developed a new vibratory electric cutting tool for
space maintenance tasks and chose a force-based impedance control to achieve the active
supply control of the robotic arm. The direct force control achieves the force tracking
and simultaneous control of force and motion in all task directions by the parallel control.
To achieve accurate control of the robot, Xu et al. [61] introduced the three-dimensional
information of the aspen in the BAS algorithm into the PID parameters, and in the iterative
optimization process, the ITAE adaptation function, which measures the stability of the
system, was reduced to solve the viscoelasticity problem existing in DEA. Mohammad
et al. [62] developed a new small mass force-controlled end manipulator for robotic polish-
ing. The rotary motor drives the polishing head through the spindle for rotational motion
and the linear hollow voice coil motor for axial force control. As the mass of the moving
parts is greatly reduced, not only the output capacity of the axial compensation device
is reduced, but also the noise and vibration are reduced. Fernando et al. [63] designed a
multi-degree-of-freedom active flexible end manipulator. It mainly consists of DC motors,
roller screws upper and lower stages, etc. It can control the position of upper and lower
stages by six DC motors to achieve multi-degree of freedom active flexure control.

2.2.4. Electromagnetic

The electromagnetic drive can provide a relatively large electromagnetic force, but
its application range will also receive certain limitations. Wang et al. [64] invented a
magnetic gripping device that can switch between rigid and flexible. It adjusts the degree
of separation of the cone surface by controlling the cylinder piston rod, thus changing
the rigid and flexible state of the magnetic gripper. This device avoids the problems of
deformation, damage, and alarm caused by the reaction force when the workpiece is placed
on the fixture.

Liu et al. [65] modified the three-finger end-effector positional attitude based on
the integrated virtual impedance control. They achieved a high-precision connection by
analyzing the structure of the end-effector and the grappling hook interface, and mounted
the corresponding grappling hook interface on the target for co-capture. They propose
an “ivic”-based actuator attitude correction method to avoid collisions and reduce the
unavoidable contact shock. Moreover, the rationality of the structure is verified by two sets
of experiments. After that, Simon et al. [66] presented a complete controller design scheme
for magnetic field orientation control (FOC) of brushless DC motors. The active impedance
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controller is mainly used for the compliant control of the trajectory of the robot end-effector.
They propose a standard and well-known pole-based configuration method that involves
only controlling the flexibility of the rotor axis. The design of the super magnetostrictive
actuator and its magnetic circuit was carried out by Chen et al. [67]. The order of magnitude
of the input voltage is effectively reduced, which improves the stability and power transfer
of the system. Arwed et al. [68] developed a novel electromagnetic-free flight micro-
actuator position control system stage model shown in Figure 6. They developed an
innovative design of a free-moving actuator and designed a PD controller for reflector
position feedback control. The one-dimensional equations of motion were obtained by
combining the model’s electromagnetic force, gravity, air resistance, and inertia.

3D 2D FEM Mesh
2 2 b

[ 1]
=
Feu(z,1) = a(D)I? + B(2)] + y(2)
a = (aWa;)
EMagnet B Copper p = (a'Wa, +aWa,)
g T
B Air W Air (far field) r = (aWa.)

Figure 6. The catch actuator’s design. Where, a is the vector of magnetic vector potential; W is a

body-dependent weighting matrix.

According to the above research results of end-effector based on impedance control,
the innovative structural design results are shown in Table 1.

Table 1. Summary of innovative structural design results of impedance control actuators.

Soft Realization Structure Classification
g 0 o
= p— .J:" : :% . .
Reference = ° S & a. - Characteristics
9 > - =} E g
s b3 § 3 = )
= A 0 < o o
Lee [38] Vv vV Multi-degree-of-freedom flexible control.
Xu [39] Vv 4 Can be combined with 3D printing technology, low cost.
Yao [40] Vv N4 Use of phase change properties of metallic materials.
David [42] Vv Vv Structure with independent variability.
Reduced mass of tool head power components for
Ryuh [48] v v increased responsiveness and load capacity.
Zhang [49] Vv Vv Greater output force is ensured by rigid restraint.
Li [50] Vv Vv Vv Achieve regular contraction control.
Mohammad [62] v v Significantly reduced mass of moving parts.
Fernando [63] v vV Achieve multi-degree-of-freedom active smoothing control.
Simon [66] Vv Vv Involves only controlling the flexibility of the rotor shaft.

3. Implementation of Force/Position Control Actuators
3.1. Introduction to the Hybrid Force/Position Control

The basic idea of dynamic hybrid force/position control is to decompose the task
into position control in some degrees of freedom and force control in some other DOF in
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the flexible coordinate space and to perform the calculation of position control and force
control in the task space separately, and then to convert the calculation results to the joint
space to merge them into a unified joint control torque to drive the manipulator to achieve
the desired flexible function [69].

Mason first proposes the concept of simultaneous non-contradictory force and position
control and the idea of joint suppleness in 1979 [70]. His approach is to control the force
and position independently for different joints of the robots according to specific task
requirements, which has some limitations. M.H. Raibert and J.J. Craig [71] conducted an
important experiment in 1981 on hybrid position and force control of robotic manipulators.
They assign forces and positions in any direction in the workspace to individual joint
controllers utilizing Jacobi matrices and achieved good results. Later, this controller is
called an “R-C” controller [72].

Figure 7 represents the structure of the “R-C” controller. In the “R-C” force/position
hybrid controller, the torque of each drive motor is provided by two relatively independent
control loops, the position loop (upper), and the force control loop (lower), respectively.
The position loop gets the corresponding joint position and velocity from the desired
end position and velocity according to the inverse kinematics, which is adjusted by a PI
regulator and added to the drive. The force control loop obtains the corresponding joint
drive torque from the desired end force and torque, which is adjusted by a PI regulator
with a limiter. This results in a hybrid force/position control of the robot arm [73,74]. This
is expressed mathematically as:

Tp+T=1 2)

where “7,” is the driving torque provided by the position loop; “7;“ is the driving torque
provided by the force control loop; and “7” is the total driving torque.
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Figure 7. R-C controller structure diagram. (The “S” and ” S” are the fitness selection matrices; the
“Cx4” and ““F;” are the desired position and force trajectories defined in the cartesian coordinate
system; the “P(g)” is the kinematic equation of the manipulator; the ”%T " is the force transformation

" "

matrix; “q” is the joint position; “q ” is the velocity.)

3.2. Review of Force/Position Control Mechanisms’ Research
3.2.1. Mechanical

Yang et al. [75] invented the dual-drive clamping mechanism with mixed force-position
control. The two actuators are coordinated with the two gripping members one by one.
Two drives control the torque of the gripper, which in turn regulates the position movement
of the gripper on the main slide at different speeds. By controlling the position of the
clamping member, the clamping force of the clamping member is changed, and the force-
position mixing control of the clamping member is realized. Sheng et al. [76] invented
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a self-balancing fuel assembly grabbing mechanism. In the grabbing mechanism, the
autonomous balance is mainly achieved through three parts: the balanced cam, the upper
balance roller, and the roller guide. The hook jaws are positioned vertically through the
drive shaft, and the gripping force is controlled by balancing the force generated by the
cam. The invention can be used to maintain the balance of the fuel claws.

Manav et al. [77] proposed a simple and economical soft polymer micro-actuator
incorporating morphological computation. They successfully applied the concept of mor-
phological computation to the actuator to control the bending motion in two different ways.
First, the bending direction and shape are controlled by selecting the pattern direction based
on the flexible and rigid elements. Second, the bending angle is controlled by designing the
thickness and spacing of the flexible and rigid parts.

3.2.2. Pneumatic

The pneumatic flexible polishing end-effector invented by Dai et al. [78,79] effectively
solves the installation error and the planning error. The device is capable of flexible pol-
ishing and has three sets of positional compensation components for polishing, which can
combine with the control of the robotic arm to realize the unit normal vector of workpiece
localization and the unit directional vector of normal polishing force to reverse coincidence.
Qiao et al. [80,81] invented an adaptive manipulator grabbing mechanism. The mechanism
adjusts the position distance between the industrial suction cups according to the feedback
position information, then the controller controls the rotation of four motors at the same
time. It can realize the rotation of the rotating device and the horizontal movement of the
translation device. The feedback information from the displacement sensor forms a full
closed-loop control to improve the accuracy of the robot’s movement and complete the
adaptive adjustment of the robot.

Su et al. [82] proposed a pure in-plane bending pneumatic flexible actuator 2D-PSA
with anisotropic soft and rigid body constraints, as shown in Figure 8. They designed
the anisotropic motion of the soft actuator by embedding a simple two-dimensional free
bending chain in the soft material, which produced large stiffness differences in different
directions without complex active control. It acquires anisotropic structural characteristics
due to two-dimensional following chains, twisted fibers and symmetrical soft matrix.

Mirror

Figure 8. Structural characteristics of the 2D-PSA.

3.2.3. Motorized

Electrically driven hybrid-controlled actuators are mostly used for end-contact grind-
ing, polishing and other tasks. Liu [83] et al. discussed the force control of the operator’s
arm for two major directions of force control assembly and grinding. A force feedback
device is mounted on the end flange structure of the robot to achieve force control and
position control at the end of the tool. The mounting method achieves physical separation
and decoupling to realize an assembly and grinding system with force/position control at
the end of the robot. Zhou et al. [84] designed a robotic effector for grinding and polishing
a robotic system. They fully consider the position, posture, and force control adjustment
of the robot as it moves through free space to the table, while the human makes contact
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with the table and performs compliant movements. An environmentally friendly and
convenient head grinding robot was studied by Tang et al. [85]. The grinding mechanism
is connected with the posture adjustment, and the position and contact force of the end
grinding mechanism can be controlled by adjusting the posture adjustment mechanism.

Kazemi et al. [86] developed a simple hybrid grasp controller for grasping small objects.
They use a position-based controller to generate compliant motion. The controller brings
all fingers into contact with the support surface while protecting the fingers from damage.
Because the fingers do not necessarily contact the surface at the same time, we continuously
update the servo control points and axes to correct the hand motion. They used a velocity-
based operating space formulation to generate a compliant motion of the hand in response
to the force seen at the wrist. Edin et al. [87] presented a new hybrid compliance control
system for an electrically powered quadruped robot leg composing both active and variable
passive compliance parts. In order to implement variable passive compliance, this work
utilizes the recent design of a mechanical solution enabling controlled altering of passive
compliance. They made an essential improvement in the design of the lower leg by adding
a mechanism for variable passive compliance behavior [88]. The actuator is observed from
the reference position to the actual position output, whose dynamics can be modeled by
a second-order system approximation. Coskun et al. [89] used two independently tuned
PI controllers to control the displacement and force of the actuator. The PI-based position
and force controllers are then designed using this model. The system was applied to an
EAP [90] actuator to simulate a microinjection usage scenario.

3.2.4. Electromagnetic

He et al. [91] built a two DOF platform as well as a transmission system. In the system,
the power module circuit, position detection circuit, workpiece detection circuit, vision
communication circuit, and drive module circuit are designed. The microcontroller controls
the stepper motor driver and finally, the coil of the drive relay performs force control
to control the solenoid to complete the gripping action. Wang et al. [92] designed the
magnetorheological variable stiffness support device for the problem of stable support of
mirror processing system. The distance between the support device and the machining
tool can be controlled to realize the accurate control of the remaining wall thickness of
thin-walled parts, and the six-dimensional force sensor is connected to the end of the rigid
support device to realize the support force signal acquisition.

Ton-Shih et al. [93] invented an electromagnetic pick and place device for processing
equipment. When the device is working, the driving device moved the electromagnet
horizontally until the electromagnet was just above the workpiece, and then the air source
was started to release the compressed air from the air source and entered the air passage of
the fixed shaft through the air inlet connector. Afterward, the drive moves the workpiece
to the machining position to complete the control of the force. Boeing USA [94] invented
electromagnetic clamps and the clamping structure. When the electromagnetic net is
energized, the electromagnetic net attracts the clamping member through the structure, so
that the electromagnetic and clamping piece exerts a compressive force on the structure to
achieve force control; in general, the minimum lateral dimension of the electromagnetic net
core is chosen to maximize the flux density between the core and the clamping member to
achieve positioning in different positions. In the following years, Branko et al. [95] refined
the robotic system. They positioned the constant sensor on the force sensor to determine if
the clamp is normal to the surface before the force sensor makes contact with the surface.
Position the clamping surface of the clamp close to the workpiece surface to determine the
normality of the clamping surface to the workpiece surface before the clamping surface
contacts the workpiece surface.

According to the above research results of end-effector based on force/position control,
the innovative structural design results are shown in Table 2.
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Table 2. Summary of innovative structural design results of hybrid flex control actuator.

Soft Realization Structure Classification
]

- - T B
Reference -g ° S & ‘o = Characteristics

] > = 2 g z

3 b3 g < = e

= a o < O o
Yang [75] Vv Vv Hybrid control of dual drives.
Sheng [76] v Vv Achieved an autonomous balance.
Manav [77] Vv V4 Vv Control bending motion in two different ways.

. Reverse coincidence of the normal vector with the direction
Dai [78] v v v vector is achieved.
Qiao [80] Vv Vv Fully closed-loop control to complete adaptive regulation.
. Installation method achieves physical separation

Liu [831 v v and decoupling.
Moslem [86] 4 v Provides an interactive, contact-rich strategy.
Edin [87] Vv Vv Vv Ability to control passive compliance changes.
Coskun [89] Vv Vv Enables use in fully automated microinjection systems.
Wang [92] Vv Vv Vv Completed magnetorheological stiffness support.
Ton-Shih [93] Vv v Improved flux density between core and clamped parts.

4. Implementation of Intelligent Compliance Control Actuators

The above two types of control belong to the category of classical control in a broad
sense, and they have laid a solid foundation for the development of flexible control research,
but there are still shortcomings in terms of applicability and control effects. The multiple
degrees of freedom of the robot itself, the uncertainty of the position, the strong coupling
of force and position, and the limitations of impedance control and force/position hybrid
control strategies have determined the inevitability of many scholars’” attempts to study
intelligent control.

Intelligent control emerged in the 1960s as a new approach derived from the intersec-
tion of research results in cybernetics, artificial intelligence, and operations research for
modeling, controlling, and optimizing complex nonlinear systems [96]. The purpose of
soft control is to effectively control forces and positions. However, due to the influence of
actuator degrees of freedom, time variability and coupling, and the great ambiguity of the
external environment, it is sometimes impossible to determine [97]. Intelligent flexible con-
trol is most represented by adaptive control, and control strategies incorporating intelligent
algorithms, etc.

4.1. Adaptive Control Strategy

The object of study of adaptive control is a system with a certain degree of uncertainty,
which contains some unknown and random factors [98]. Adaptive control can modify its
characteristics to adapt to changes in the dynamic properties of objects and disturbances.
Adaptive flexibility control is to add some adaptive strategies to the classical flexibility
control method, so that when there are uncertainties and unknown parameters in the robot
and environment still can get the required damping or impedance [99,100]. The system
drives the adaptive mechanism to produce regulation based on the deviation between the
actual output “y(t)” and the model output “yps(t)” which directly changes the parameters
of the controller and finally makes “y(t) = yp(f)”. The core problem in designing such
systems is how to design the algorithm of the adaptive regulator [101].

José et al. [102] introduced the adaptive H-infinity controller for sphere position
tracking during magnetic levitation. It is used as a combination of adaptive and H-infinity
strategies for unknown dynamics estimation and desired reference tracking, respectively.
Ryuta Ozawa et al. [103] designed an elastic joint for a single DOF robot. They found the
optimal conditions for the stiffness in the VSA for a given task. They designed a stiffness
control law for VSA by exploiting the inherent indistinguishability between motion and
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passive impedance. They used a proportional derivative-type feedback control to control
the behavior, adapting to adjust the passive stiffness to minimize energy consumption,
which is usually required for impedance controllers. Andrew et al. [104] studied the IPMC
micro-operator for single-cell manipulation. They used a model-free iterative feedback
tuning (IFT) method for adaptive tuning, which is ideal for unknown cellular environments
and for controlling the complex time-varying behavior of the actuator itself. An indirect
adaptive robust controller was synthesized by Mohanty et al. [105]. This IARC focuses on
the accurate estimation of unknown parameters for accurate motion control of a single-
rod hydraulic actuator driving elect-hydraulics, which can adapt to system uncertainties.
Mendes et al. [106] investigated the behavior of an indirect adaptive fuzzy controller acting
as a force controller in a hybrid force/motion solution. The proposed adaptive controller
initializes the parameters of the fuzzy system to zero and does not require a mathematical
model of the robot as well as ensuring the convergence of the control variables.

4.2. Neural Network Control Strategy

Neural network control is one of the frontier disciplines in the field of automatic
control developed in the late 1980s [107]. It is a new branch of intelligent control that opens
up new ways to solve control problems for complex nonlinear, uncertain, and unknowable
systems. Neural networks can mine features from a large amount of data, and by adjusting
the weights and thresholds of internal node connections, they can cause different degrees
of influence on the network output to achieve system control [108].

Model-referenced adaptive control of neural networks is used as an example [109].
The direct adaptive control method is shown in Figure 9a. The purpose of the control system
is to maintain the difference between the controlled object output and the reference model
output “e(t) = y(t) —ym(t) — 0”. However, since the backpropagation of the neural
network controller (NNC) requires a known mathematical model of the controlled object
when the system model is unknown or partially unknown, the learning and correction of
the NNC is more difficult to perform and is not suitable for controlling uncertain objects.
The indirect adaptive control method is shown in Figure 9b. When the mathematical
representation of the controlled object is not clear, a neural network identifier (NNI) needs
to be designed to identify the controlled object. Then, it learns and corrects online according
to the recognition error “eq(t)”, feeds the recognition result to the NNC, and provides
backpropagation of the control error “e;(t)”.

Y Reference Model
Reference Model j
)

N

A

I——)(\/O—b{ NNC H Accused object ’——P p

T,/

(a)

Figure 9. Model reference adaptive control schematic. ((a) is directly adaptive; (b) is indirectly adaptive).

Initially, Connolly et al. [110] used multilayer forward neural networks for hybrid
force/position control of actuators, where artificial constraints and selection matrices
were computed using neural networks based on the detected forces and positions, and
jackknife experiments were performed. Soriano et al. [111] applied multiple compensation
gain schemes to controller design for the robot’s position tracking task. They designed
a PD control scheme based on a cascaded neural network to manage the uncertainty
compensation of the manipulator. They used a proportional differential controller to
handle the integral gain problem, but it is limited in the case of uncompensated gravity.
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He et al. [112] investigated an adaptive fuzzy neural network control method based on
impedance learning for constraining robots under unknown system dynamics, the effect of
state constraints, and uncertain flexible environments.

4.3. Machine Learning Compliance Control

Rahman et al. [113] developed a reinforcement learning method to predict the control
parameters that yield optimal/optimal control performance for the robotic booster shown
in Figure 10a. He also proposed a new adaptive control algorithm based on human
characteristics to handle large and heavy materials and objects in a wide range of industries
to improve human-robot interactions (HRIs) and system performance. Lin et al. [114]
conducted a study on the control strategy of a robot arm based on Unity3D machine
learning as shown in Figure 10b. They used a deep reinforcement learning strategy to train
the robotic arm with a reward function to achieve machine learning and intelligent control
of the robotic arm.

(b)

Figure 10. Machine learning based end-effector. ((a) assist device (b) robot arm control).

The research results of the intelligent soft control actuator are shown in Table 3.

Table 3. The research results of the intelligent soft control actuator.

Reference Algorithms & Strategies Control Variable
José [102] H-infinity Position tracking
Ryuta [103] PD Stiffness control
Adaptive control McDaid [104] IFT Variable behavior control
Mohanty [105] Robust control Motion control
Mendes [106] Fuzzy control Variable convergence
Soriano [111] String-level neural network Uncertain compensation
Neural network control Connolly [110] Multi-layer forward neural network Constraint matrix
He [112] Fuzzy neural network control Flexible constraint
Machine learning Rahman [113] Reinforcement learning Human-Machine interaction
control Lin [114] Deep reinforcement learning Intelligent learning

5. Key Technologies for the Realization of Soft Control

From the analysis of the end-effectors under different control above, the following key
technologies are required to achieve active and flexible control of the robot end-effectors.
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(1) Design and optimization of the machine configuration

Modern end-effectors are mostly parallel mechanisms because the parallel mechanism
has the advantages of compact structure, high load capacity, high precision, and fast
response [115,116]. The design of the parallel mechanism configuration is an important
guarantee to realize the specific functionalization. It relies on mathematical derivation and
physical mechanisms. It is important to study the new parallel mechanism configuration
and optimization technology applicable to the flexible control end-effector to design a
high-precision flexible control end-effector.

For example, the application of modular components, combined with the application
of 3D-printed parts, set adjustable parts, multiple drive systems, multiple hook, and claw
structures, etc., to optimize the structure.

(2) Setting of the force compensation device

Combining the above different actuators under control, the common feature is that
they all require force compensation or restraint. Therefore, this paper discusses the rel-
evant research under four different drive technologies, mechanical, pneumatic, electric,
and electromagnetic, and gives a detailed description of their respective advantages and
disadvantages. In the end, we analyze that the advantages of the electric drive are more
obvious compared to the other three drive methods, so the application of electric drive
structure also becomes key technical support. In addition, the research on compensation
devices should fully consider factors such as their section reliability and ease of use.

Most of the force compensation devices are equipped with sensors of end actuators that
receive feedback signals to compensate or restrain the interaction force with the workpiece.
Examples include the application of posture compensation devices or the installation of
end flange structures.

(3) Flexible operation technology

When the end-effector needs to perform gripping or collision operation, the flexible
characteristics of gripping need to be fully considered by different workpiece contact
limitations and precision requirements. The end-effector should have a high-frequency
response to improve the shaped complex large curvature free-form surface processing
or miscellaneous parts assembly, etc., which can effectively reduce the collision impact,
improving workpiece accuracy. Therefore, it is important to carry out research on flexible
collision technology to improve the adaptability of the end-effector, under the condition of
ensuring suitable fitting stiffness.

For example, the application of liquid phase change properties of metals, the ad-
dition of special material restriction layers, the application of rubber parts shock ab-
sorbers, and other measures mentioned in the article to increase the flexibility of the
mechanism. In addition, some actuators are designed with a rigid-flexible structure to
achieve flexible operation.

(4) Application of intelligent control strategies

As robot research enters the stage of intelligence, it determines the inevitability of the
emergence of intelligent and flexible control strategies for robots. From the research results,
intelligent control is still in its infancy and has not yet formed an independent control
strategy, but new attempts have been made to solve the problems that could not be solved
in previous research for intelligent control principles such as fuzzy and neural network
theories, and certain results have been achieved. The application of different functions of
intelligent and flexible control strategies is the key issue of current research in this field.

6. Summary and Future Development

In summary, a great deal of research has been conducted and fruitful results have
been achieved on end-effectors for robots based on compliance control. Most of the end-
effectors based on impedance control are single-DOF constant-force control, and multi-DOF
force-controlled end-effectors are still in the research stage. Because the advantages of such
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drive systems are more prominent, and the force control signal is more convenient to join,
so it is widely used in engineering applications. There are also some disadvantages, the
simple impedance controller in the actual engineering effect is very general, and it often
needs to add filter links and some feedforward links. The simple proportional control
makes the control performance of the system poor when the contact stiffness of the working
environment changes. In addition, when the robotic arm parameter changes, the system'’s
self-adaptive ability is also weak. The above control can already do a good job of general
soft control. But in many cases, we need to have high precision control of both force
and position. Therefore, we use different controls that give two positions at the same
time to achieve this. Compared with impedance control, the advantage of end-effector
based on mixed force and position control in realizing flexible control is that such force
control can control the force to follow the desired value. However, the structure of the
controller depends on the dynamics of the robot arm and the contact environment, and
the controller must transform when the robot arm moves between spaces with different
contact environments.

At present, the relatively mature and commonly used are mechanical or pneumatic
drive. However, mechanical force-controlled end-effectors have the disadvantage of poor
adaptability. The pneumatic type has the disadvantages of large hysteresis, slow response
speed, and low control accuracy. In comparison, the electric drive is simple in terms of
energy use, and the mechanism has a wide range of speed variations. It also has the
characteristics of easy-to-use, low noise and flexible control. Therefore, this method is also
becoming more and more common. The electromagnetic type is not widely used at present
due to its high cost and limited scope of application.

From the comprehensive research results above, different researchers around the world
have achieved great research results in terms of innovative structural design and control
strategy optimization. The realization of soft motion can be achieved from material softness,
drive softness, control softness, etc.; for different application scenarios, the structure also
contains a variety of innovative structures such as adsorption, clamping, and cone-like
rod. In terms of control strategy research results, the classical control methods, such as
impedance control and force/position hybrid control current research are more mature.
Intelligent control is still in its infancy, has not yet formed an independent control strategy,
but intelligent control principles such as fuzzy and neural network theory on the previous
research cannot solve the problem of new attempts, and has achieved certain results.

As a key technology in the emerging intelligent manufacturing, active compliance
control of the end-effector integrates many disciplines such as sensors, computers, mechan-
ics, electronics, mechanics, and automatic control [117,118]. Its theoretical research and
technical implementation are facing a lot of urgent problems to be solved. The research
results are not only theoretically important but also possible to achieve surface tracking,
traction motion, precision assembly, and other dependent motion control. The research
results of the active compliance control have very broad application prospects. Currently,
force-controlled end-effectors have been widely used in continuous contact operations
because they can realize the decoupling of machine human-place hybrid control, have
better dynamic and static characteristics of force control and have good versatility. Its
future development trend is as follows.

(1) The development direction of active compliance control mechanism is mainly to
combine impedance control with hybrid force/position control, introduce advanced
control methods such as adaptive control, robust control and fuzzy control into it,
improve the disadvantages of impedance control and hybrid force/position control,
and make the control performance better and the environmental adaptability stronger.

(2) The structural design of the end-effector needs to fully consider the DOF factor.
The flexibility and adaptability of the single-DOF actuator are low and often cannot
meet some special task requirements. In order to improve the assembly quality,
execution efficiency and other factors, the structure of the end-effector will also be
developed in the direction of multi-DOF flexibility.
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(8) With the continuous improvement of the precision of modern products and equip-
ment manufacturing, the requirement for precise control of the force between the
tool and the workpiece in the process of continuous contact operation is further im-
proved. The level and quality of continuous contact operation of robots are gradually
improved. Therefore, as the core component of the active smoothing system, the
end-operator will also be developed in the direction of high precision.

(4) With the continuous promotion and development of modern manufacturing intelli-
gence, intelligent manufacturing will certainly be an important leader in the future.
This also requires the end-effector to continuously develop in the direction of in-
telligence. On the one hand, it can improve the dynamic and static properties and
adaptability through intelligence; on the other hand, it is also necessary to improve
the intelligent control strategy, innovation, optimization, and integration of intelligent
and flexible control algorithms.
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