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This article studies the problems of high labor intensity, low efficiency and high
cost in manual fruit picking operations. Taking apples as the research object and utilizing the
rapidly developing robot technology and computer technology, a bionic mechanical hand
with force feedback was designed for agricultural harvesting applications. This equipment is
equipped with an integrated force-sensing control system, aiming to minimize mechanical
damage to fruits during the harvesting process as much as possible, while enhancing
operational efficiency and reducing labor costs. This paper designs a force-sensing system.
Through a series of high-precision sensors, the system can precisely detect and adjust the
subtle pressure changes during the apple grasping process. This paper develops a bionic
robotic arm model, featuring three core technological innovations. It designs a flexible
underactuated finger mechanism with variable stiffness adjustment, which can achieve
adaptive envelope grasping of irregularly shaped fruits. Therefore, the modular design of
this system will allow for the scalable harvesting of various horticultural crops in the future,
providing technical references for the development of smart agricultural equipment.

Apple picking, Algorithm control, Agricultural machinery, PID

China, as the world's dominant apple producer, achieved a record yield of 45 million metric tons in
2021 with sustained growth since 2016 [1]. Apple harvesting, the most critical production link,
urgently requires mechanization to reduce economic losses from improper practices. International
academic research has focused on harvesting robotics encompassing mechanical design, trajectory
planning, target recognition, and grasping control. Pioneering nations, including the United States,
France, and Japan, have established theoretical frameworks validated through field prototypes.
Israeli firm Tevel's autonomous aerial robot demonstrates 15-hectare orchard coverage with peak-
season harvesting capacity for apples and avocados, featuring a compact design for upper canopy
access [2]. New Zealand researchers developed a four-armed kiwifruit robot integrating deep
learning and stereovision, achieving an 86.0% success rate with a 2.78 s/fruit average picking time.
Spain's Agrobot introduced a 24-armed strawberry system using multispectral sensors for real-time
fruit analysis [3]. This study presents a design of an apple harvest end effector based on force
feedback that combines passive flexibility optimization and active force control. Through theoretical
modeling, after designing the bionic manipulator, this study further proposed an intelligent
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harvesting solution based on morphological adaptation and damage minimization, providing a
technical framework for the development of precision agricultural machinery.

2. Actuators design

The end-effector, serving as the actuating mechanism for harvesting operations, constitutes an
indispensable component of agricultural harvesting robots. High-performance end-effectors can
minimize damage to harvested targets, making their design and optimization a critical research focus
in agricultural robotics. In recent years, novel end-effectors for agricultural applications have
emerged with advancements in sensor technology and bionic mechanisms, primarily categorized
into four types: gripping manipulators, cutting manipulators, pneumatic manipulators, and bionic
manipulators [4].

However, the first three configurations exhibit notable operational limitations. Specifically,
gripping manipulators may induce mechanical damage to fruit epidermis through direct surface
contact, particularly when precise grip force modulation remains unattainable. Pneumatic
manipulators face constraints in harvesting efficiency. Enveloping cutting manipulators are
susceptible to environmental interference from extraneous botanical elements (e.g., leaves and
branches). Consequently, bionic anthropomorphic manipulators demonstrate superior performance
characteristics, including strong adaptive capabilities, lightweight design, high stability, and energy
efficiency, positioning them as the optimal solution. This configuration leverages biological motion
principles to achieve compliant interactions with delicate agricultural products while maintaining
operational precision in complex orchard environments.

Figure 1. Bionic anthropomorphic manipulators

This paper analyzes the motion law of the crank-slider mechanism and proposes a method for
achieving energy transfer by using the reverse movement of the crank-slider [5]. During the process
of the robot wrapping apples, there are certain requirements for the shape of the fingers so as to
ensure successful picking and avoid causing damage to other apples and leaves. Based on the shape
of apples, this paper designs the shape of fingers and simulates the process of human hands grasping
and putting down apples. An adaptive hand structure of the apple-picking robot was designed, and a
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three-dimensional model was established, as shown in Figure 1. Each finger of this three-finger
manipulator consists of three knuckles. Rubber pads are designed at the fingertips to fix the fruits
and prevent the surface of the fruits from being damaged when the manipulator grasps them. The
two knuckles below the fingertips are elongated and clamped through the movement of the
mechanism.

Therefore, the picking process completed by the mechanical hand is as follows: The motor drives
the mechanical arm to approach the target fruit. At this time, the three-finger mechanical hand
relaxes and naturally spreads out. The three-finger palm determines through the sensor that the
mechanical arm has reached the target position and then clamps the fingers. The motor drives the
end effector to rotate and breaks the apple stem. After picking the fruit, the motor reverses, the
fingers relax, and the mechanical arm returns to its original position, getting ready for the next

grasp.

Neville Hogan proposed the anti-control principle in a paper in 1985 [6]. The main idea of this
principle originates from the relationship between voltage and current in the circuit system. In a
circuit system, when an input voltage is applied across the resistance loop, a current is generated.
The ratio of voltage to current is called impedance. Similarly, a mechanical system can also be
compared to impedance. When an input force is given to the system, the system will generate
corresponding motion. Impedance control is to determine the dynamic relationship between force
and position through this method. It provides a control method for a continuous and smooth
transition to a specified position, which can be regarded as an instinctive response to the perception
of force.

This chapter explores the control strategy of bionic manipulators, enabling the output force of the
manipulator to reach the set force quickly and without overshoot during the process of grasping
apples. A force output is generated under the action of the position input (Figure 2). This
characteristic is called the impedance characteristic, the reverse as admittance property. E represents
position deviation, F as force deviation, Z as equivalent impedance, and Z as equivalent admittance.

E F F E

—  Z VH

(a) Impedance principle (b) Admittance principle

Figure 2. Schematic diagram of impedance and admittance

During the contact process, impedance control is manifested in the fact that while the robot
performs position control, it also needs to plan its own impedance. In Table 1, for a single-degree-of-
freedom system, the impedance model can control the feedback speed or force error by changing the
dynamic relationship between force and position to achieve the purpose of compliant control.
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Table 1. Impedance and admittance characteristics of mass-damping-spring system
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Impedance control can be represented by a system composed of mass-damping-spring, and its
dynamic representation is:

mX +bx+kx =f (1)

Among them, f is the contact force, b is the damping coefficient, and k is the stiffness
coefficient. By collating and converting to the frequency domain through the Laplace transform, we
can obtain:

f(s) = (ms®+ bs + k)x (s) (2)

Thus, for the mass-damper-spring system, the relationship impedance between its force and
displacement can also be expressed as:

%zmﬁ—l—bs—l—k (3)

For ease of implementation, the expected impedance model is usually represented by a second-
order differential equation, and the common form is:

MgX 4+ BaX + Kq (X — X4) = —F.
MdX + B4 (X — Xd) + Kgq (X — Xd) = —F, 4)

Md(X—Xd> +Bd<X—Xd> +Kqg(X —Xq) =-F.

Here, My, By and K, are respectively the n X n order inertia matrix, damping matrix, and
stiffness matrix, and n is the dimension of the working space. X,X and X are respectively the
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acceleration, velocity and position of the actual movement at the end of the manipulator; And Xd ,

Xq and X4 are the expected acceleration, velocity, and position at the end of the manipulator; Fe
is the interaction force between the robot and the environment. The impedance model is determined
by three parameters: target inertia, target damping, and target stiffness. The target inertia is mainly
related to the mass of the system, and its influence is more obvious when the acceleration is large.
Target damping has a significant impact on the movement speed of the system. The target stiffness
has a significant impact on the displacement of the system. The greater the stiffness, the less likely it
is to move.

3.2. Manipulator end grasping control based on position impedance

It is proposed that this approach demonstrates superior stability characteristics compared to
alternative methods. The rationale for this preference lies in biomimetic principles derived from
human grasping mechanisms. Research indicates that the human hand's adaptive capability to
modulate grip forces through haptic feedback constitutes a critical feature for preventing object
damage during manipulation tasks. Impedance control emulates this biological strategy by
establishing a continuous trajectory modulation framework that facilitates smooth transitional
movements toward target positions. This approach can be conceptualized as an engineered analog to
biological force-regulation reflexes.

Expected position physical location

station control robotic hands

Environmental impedance
characteristics

Target admittance
characteristics

Expected force

Figure 3. Position based impedance control

As illustrated in Figure 3, the force-based impedance control paradigm operates through
systematic integration of three primary components: desired kinematic states, actual motion
parameters, and predefined control objectives. Through computational analysis of these elements,
the system derives optimal end-effector contact forces. The control architecture achieves target
impedance characteristics through precise force-tracking mechanisms, fundamentally modifying the
dynamic coupling between positional motion and force application at the robotic terminal.
Consequently, successful implementation of force-based impedance control necessitates
comprehensive modeling of the robotic system's anticipated operational states, including both
kinematic and dynamic parameters.

The reactance control mode based on position is composed of the system position control loop
and the reactance control loop (Figure 4). Through the deviation of the actual contact force and the
expectation force, the method of adjusting the reactance control environment to generate and correct
the position shift is used to realize the expected reactance control model. The reactance control
model based on position should be used in an unknown environment and have good robustness.
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Figure 4. Force based impedance control

Impedance control in the constrained space can be classified into force-based impedance control
and position-based impedance control according to different implementation methods. Force-based
impedance control is achieved by solving the expected motion state, the actual motion state, and the
parameters of the expected impedance control model to obtain the expected contact force at the end,
and by tracking this expected contact force to realize the control of the target impedance model. Its
essence is to adjust the dynamic relationship between the force and displacement at the end of the
robot. Therefore, when adopting force-based impedance control, it is necessary to clearly define the
expected motion state information of the robot.

For the apple-picking manipulator, based on the deviation between the measured force and the
preset force, a position-based impedance model controller is input to generate the corrected
displacement information of the motor, which then drives the manipulator to grasp the apples.

Position-based impedance control also satisfies formula (4). Substituting X; = X — Xj into the
expression of the third expected impedance control model in Formula (3-4), we can obtain:

My (Xf> + Ba <Xf> + Kq (Xf) = —F. (5)

Equation (5) shows the application of the robot impedance control model in the time-domain
system, that is, the force-information quantity and displacement quantity change with time. By
performing the Laplace transform on Equation (5), its frequency-domain expression can be obtained,
and it can be obtained that:

B —F(s) _ 1/My
e(S) T Maes®+Baes+Ka 21 2fn,stw,” (6)

Formula (6) can be understood as the elements in the contact force F.(s) passing through a

second-order low-pass filter, and the output is the position correction information e(s). w, = 4/ %j
is the undamped natural frequency of the impedance model, and & = — B4 s the damping ratio
2v/MaKq

of the impedance model [7].

It can be seen that the undamped natural frequency is positively correlated with the target
stiffness and negatively correlated with the target inertia. The damping ratio is negatively correlated
with the target stiffness and target inertia and positively correlated with the target damping. Within a
certain range, increasing the target stiffness can raise the natural frequency and enhance the response
speed of the system. However, it simultaneously reduces the damping ratio, which will weaken the
oscillation performance of the system. If the stiffness is too large, the system will become unstable.
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Therefore, it is necessary to select appropriate impedance parameters in order to design a target
impedance model with good performance.

When the end of the picking manipulator comes into contact with the apple, the system will
generate a certain impact force due to inertia, which may have a certain impact on the stability of the
entire system. Therefore, it is necessary to set reasonable adjustment target impedance parameters.
To select reasonable impedance control parameters, this paper analyzes the impact of impedance
parameter changes on the system one by one, as follows:

Step response curves with different inertia parameters
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Figure 5. Step response curves with different inertia parameters

In Figure 5, the change in the value of the inertia parameter Mg basically does not affect the
steady-state error, and before overshoot occurs, it follows My . As the increase increases, the rising
speed of the response curve decreases, but the adjustment time shortens. When Mg is further
increased, overshoot begins to occur, and the rising speed of the response curve continues to
decrease. If the value of the target inertia is further increased, both the overshoot amount and the
adjustment time will become longer and longer. The main reason is that the coefficient of inertia
mainly reflects the acceleration characteristics of the picking manipulator system: when the actual
inertia is smaller than the inertia parameter, it indicates that the inertia of the picking manipulator
system is larger, so the impact of the manipulator on the apples during the picking process is greater,
and the time for the system to reach stability is longer.

Figure 6 shows the displacement correction response curve obtained by only changing the value
of Bg . The value of the damping parameter Bgq does not affect the steady-state error but only
influences the response process of the system. When Bgq is small, the system overshoot is large and
the oscillation is significant. If By is increased, overshoot will decrease, oscillation will diminish,
but the response speed will also decline accordingly. Therefore, Bq has a significant impact on the
response speed, and appropriate damping parameters need to be selected based on the requirements
of the contact environment. Figure 7 shows the terminal force response curve obtained by only
changing Kg , where Kg . The change has little impact on the system response speed, mainly
affecting the steady-state value. As K increases, the output stable value becomes smaller and
smaller. When the impedance stiffness parameter is actually selected, as the K4 value increases, the
rigidity of the contact between the end of the picking manipulator and the apple becomes greater and
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greater. By correcting a smaller position value, the expected contact force between the end of the
manipulator and the environment can be achieved.

Step response curves with different damping coefficients
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Figure 6. Step response curves with different damping coefficients

Step response curves of different stiffness coefficients
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Figure 7. Step response curves of different stiffness coefficients

From the simulation results, it can be seen that the functions of the impedance parameters Mgq ,
Bgq and Kg are different. In practical applications, it is necessary to select more rigid or flexible
impedance parameters based on the application environment characteristics of the impedance model
to achieve reasonable control of the contact force between the end of the picking manipulator and
the apple. The adjustment of other parameters should be made as much as possible to keep the
system in a critical damping or over-damping state so as to ensure the stability of the system.
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3.3. Improved grasping control based on position impedance

Zhong and others from Nanjing Agricultural University arranged force sensors on the mechanical
hand device and combined them with current sensors [8]. They used current signals to replace force
signals and designed a position-based impedance control block diagram (See Figure 8):
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Figure 8. Zhong's impedance control block diagram based on position

Among them, f, is the reference force, f is the actual force, e; is the force deviation, x, is the
reference rotation Angle position, u is the voltage driving the DC motor, I is the current
magnitude detected by the current detector, T is the force-current fitting function relationship, x is
the actual rotation Angle position of the DC motor, and x, is the initial rotation Angle position of
the DC motor.

During the grasping process implemented by Zhong's team using the impedance control method
they designed, the deviation between the measured force and the given force was measured. Only in
a few grasping attempts did the relative error between the two exceed 10%, with an average error of
around 4%. From this, it can be concluded that the improved impedance control basically meets the
requirements of the picking robot for grasping force control. After reaching the target position, the
mechanical hand can stably complete the grasping task. After the above multiple grasps, the success
rate is above 94%, so the success rate of the entire system is relatively high, and it can complete the
picking task as expected.

The current sensor is installed on the surface of the manipulator, which will not change the
structure of the manipulator and reduces the design difficulty. Therefore, the Hall principle of the
current sensor is utilized to measure the current value of the drive motor. Compared with the force
sensor, its advantages are very prominent. In addition, the tactile sensor can not only precisely grasp
and effectively reduce fruit damage but also adapt to complex environments [9]. Therefore, in this
study, a certain number of tactile sensors were arranged based on Zhong Hongyu's work. The
improved impedance control diagram is shown in Figure 9:

fo e Xf o X | L
e n“f impedance f A Xa position u position X
b () N encoder
p controller & controller 1 controller 2|
Xy
. . . — — v X

AV function 1’ current equivalent stiffness for Ax(‘ AW e

(o fe— — . )

- fitting Sensor fruit tree grasping e

‘ "]-\i\.‘llldslgn;ll}- | Tactile }_ |

processor sensor

Figure 9. Improved impedance control block diagram based on position
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Yang’s team from Shandong Agricultural University proposed to train the grasping action
compensation model by using Support Vector Classification in Support Vector Machine (SVM) [10].
This model can classify the grasping state based on the current reading of the pressure sensor and
compensate for the grasping action according to different grasping states. The training of the SVM
model is based on a large amount of experimental data, including the readings of the pressure sensor
under different grasping actions and their corresponding grasping states, providing data support for
precise control. Then integrate the trained SVM model into the MPC framework. The controller
compensates for the picking position of the picking manipulator in real time based on the prediction
results of the SVM model, ensuring the stability and success rate of grasping. By using the MPC
control strategy integrated with the SVM model, the system can not only operate stably in a complex
working environment but also flexibly adjust the control strategy based on real-time data and
prediction results to ensure the lossless grasping of apples during the picking process.

This paper aims to develop an apple-picking manipulator. This manipulator does not require multi-
threading control like traditional rigid manipulators and can achieve non-destructive grasping of the
grasping target, which is of great significance for promoting agricultural automated picking
operations. Therefore, this paper addresses the problems of low recognition accuracy, obstacle
obstruction, and easy damage to apples in the intelligent apple picking process. It analyzes the basic
parameters such as the apple picking process and mechanical properties. Based on the experience of
manual apple picking, an apple picking manipulator with a force-sensing control system is designed.
In addition, this paper also introduces the basic principle and application scenarios of the impedance
control algorithm. A second-order impedance controller is established for the contact problem
between the manipulator and the apple. A double closed-loop PID control system with force
feedback as the outer loop and position quantity as the inner loop is constructed. In the force
feedback, a force fusion module is designed, and tactile sensors and current sensors are used to
improve the accuracy and efficiency of feedback. In the issue of obtaining the magnitude of the
feedback force, the functional relationship between the finger contact force and the current is
determined by using the curve fitting of the least square method. The input of the PI position
controller is adjusted through the output of the impedance controller to complete the closed-loop
control. Finally, analyze the influence of the changes in the parameters of the impedance controller
on the system one by one. Although the design results have not been verified, further data collection
and experiments will be carried out in the future to verify the feasibility of the control process.
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