micromachines

Article

Design and Evaluation of an Adjustable Compliant
Constant-Force Microgripper

Jiahang He, Yinong Liu, Chunbiao Yang, Zongdi Tong

check for
updates

Citation: He, J.; Liu, Y,; Yang, C.;
Tong, Z.; Wang, G. Design and
Evaluation of an Adjustable
Compliant Constant-Force
Microgripper. Micromachines 2024, 15,
52. https:/ /doi.org/10.3390/
mi15010052

Academic Editors: Chao Zeng,
Yiming Jiang, Jing Luo and Wen Qi

Received: 24 November 2023
Revised: 15 December 2023

Accepted: 18 December 2023
Published: 26 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Guangwei Wang *

School of Mechanical Engineering, Guizhou University, Guiyang 550025, China
* Correspondence: gwwang@gzu.edu.cn

Abstract: Precise control of the manipulating force within an appropriate range is crucial to prevent
potential damage to the operating object. However, achieving accurate force control through force
feedback is challenging in micro-scale applications. This study presents the design of a quasi-zero
stiffness-compliant constant-force microgripper with adjustable force output. The parameters of
the constant-force mechanism are designed using a model-based optimization method. By utilizing
this mechanism, a compliant microgripper capable of providing adjustable constant-force output
is developed to overcome the limitation of traditional grippers that offer only a single constant
force. Finite element analysis is performed to simulate the behavior and verify the stability of
the constant-force output. Furthermore, an experimental platform is constructed to validate the
mechanical properties of the developed microgripper. The experimental results demonstrate that
the automatically optimized structural parameters enable the microgripper to achieve the desired
constant-force value of 2 N with an adjustable range of 0.15 N. These findings provide a further basis
for the application and promotion of compliant constant-force structures.

Keywords: compliant mechanism; constant-force mechanism; microgripper; adjustable constant force

1. Introduction

With the continuous advancements in automation technology, micro-electrical me-
chanical systems, and intelligent manufacturing, industrial production automation and
intelligence have become the prevailing trends. In order to cater to diverse requirements,
automation equipment must be equipped with suitable end-effectors tailored to specific
usage scenarios. Grippers, as typical end-effectors of mechanical arms, have found wide
applications in the industrial sector. Grippers used in large-scale automated production
lines are typically designed with high stiffness and a wide clamping range to accommodate
various handling, assembly, and positioning tasks. However, in fields such as precision op-
eration technology [1], micro-assembly [2], bioengineering technology [3], micro-electrical
mechanical operation [4], and polishing grinding technology [5], precision components,
biological cells, and other delicate objects exhibit notable fragility and deformability. These
objects are prone to damage during the gripping process. To mitigate such risks, micro-
grippers must achieve precise operating force control by controlling the position within an
appropriate range [6].

The quasi-zero stiffness-compliant constant-force mechanism (CFM) offers an alterna-
tive to complex force control systems, overcoming the challenges related to poor sensor
anti-interference ability and complex system integration [7,8]. Compared to a traditional
rigid gripper, the compliant constant-force gripper eliminates the influence of friction
wear and clearance, thus improving accuracy. Additionally, it simplifies the complex
force/position cooperative control problem into a simpler single-position control problem,
reducing the controller design [9]. It utilizes the deformation of its compliant components to
realize force transmission and can provide nearly constant force within a specific range [10].
In most cases, constant-force mechanisms achieve quasi-zero stiffness through coupled
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buckling deformation, resulting in a consistent output force [11]. This characteristic renders
it particularly suitable for high-precision applications, which hold significant value for
advancing precision operation and micro-manufacturing industries.

The current types of CFM are primarily classified based on principles such as Stiff-
ness Combination Constant-force Mechanism (SCCFM), Curved Beam Constant-Force
Mechanism (CBCFM), Shape Optimization Constant-Force Mechanism (SOCFM), Cross
Spring Constant-Force Mechanism (CSCFM), and Constant-Force Compression Mechanism
(CFCM) [12]. The main theoretical modeling methods used in CEM research include the
elliptic integral method, finite element method, pseudo-rigid body model method, and
chain algorithm [13-15]. Moreover, to accommodate different operating force requirements
of target objects, numerous studies have been conducted on the adjustable constant-force
mechanism and multi-stage constant-force mechanism. Chen et al. proposed the concept of
an adjustable constant-force mechanism (ACFM) and designed a single ACFM [16]. The
principle is adjusting the constant-force output by applying a preloading displacement
to the constant-force mechanism. Kuo et al. designed a Two-Dimensional ACFM using
the same theory [17]. Another approach to achieving multi-stage constant-force output
is through the assembly or disassembly of different-sized constant-force mechanisms, as
seen in the research content in [18-20]. While previous studies have attempted to address
the limitations of constant-force mechanisms by introducing multi-stage constant-force
mechanisms and adjustable constant-force mechanisms, these solutions often suffer from
the inability to customize the output force and the lack of compactness in their structure.
These factors make them unsuitable for precision operation scenarios.

During the design process of CFMs, solving the inversion equations of bistable beams
proves to be complex. As a result, the current design process of constant-force mechanisms
heavily relies on trial and error until the appropriate structural parameters are determined.
However, manually finding the optimal solution is challenging and time-consuming due
to the multi-objective nature of the optimization problem. To overcome this challenge, the
multi-objective genetic algorithm (MOGA) has been developed as an effective approach to
address global optimal problems in engineering fields [21]. Moreover, in order to achieve
multi-stage or stepless adjustable constant-force mechanisms, a potential solution lies
in utilizing PZT-driven compliant mechanisms. PZT has been widely used in precise
manipulation scenarios due to its characteristics of large force, high resolution, and fast
response [22,23]. Since the displacement output of PZT is small, it often needs to be
used with an amplification mechanism [24]. Among these mechanisms, the bridge-type
amplifier has been widely employed due to its advantages of large magnification and
compact size [25].

The main contribution of this paper is the design of a compliant constant-force micro-
gripper with adjustable output, incorporating automatic optimization of constant force and
adjustable force output functionality. Specifically, based on the proposed design framework,
the only requirement is to design a preliminary mechanism that approximates the output
with the desired constant-force value. Through automatic optimization, these parame-
ters can be adjusted to achieve the desired constant-force value while also extending the
range of constant-force output. This approach greatly reduces the design difficulty and
time consumption in the conventional design process. In addition, by utilizing the de-
signed piezo-driven adjustable module, the microgripper enables stepless adjustment of the
constant-force output, which allows for a broader range of applications to be accommodated.

The rest of this paper is organized as follows: Section 2 introduces the theoretical
model of the bistable beam and the positive stiffness beam. Section 3 outlines the process
of the automatic optimization framework for the complaint constant-force mechanism
and the design of the microgripper with a stepless adjustable constant-force function.
The performance simulation and testing of the developed microgripper are presented in
Section 4. Finally, the conclusion and the summary are drawn in Section 5.
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2. Theoretical Model

The stiffness combination constant-force mechanism is utilized in this work due to its
inherent advantages of simple structure, easy design, and high compactness [12]. In scenar-
ios involving substantial deformations and intricate load conditions, the elliptic integral
method proves more adept than other methods. A theoretical model of a bistable beam
with negative stiffness is established by using the elliptic integral method. Concurrently,
the pseudo-rigid body model is utilized to establish the theoretical model for the U-beam
with positive stiffness. By integrating these two theoretical models, the theoretical model
for the quasi-zero stiffness-compliant mechanism is derived. Figure 1 shows the structure
of the compliant constant-force mechanism to illustrate the principle of stiffness combina-
tion. This mechanism consists of two pairs of symmetrically distributed bistable beams
positioned above and below a pair of U-shaped beams. The U-shaped beams contribute
positive stiffness to the overall mechanism, while the bistable beams offer negative stiffness
within a specific range through compliant coupling. When the output end makes contact
with an external object, the bistable beams deform to provide negative stiffness. This
negative stiffness is then combined with the positive stiffness provided by the U-shaped
beams, resulting in zero stiffness at the appropriate moment. Consequently, the mechanism
achieves the desired characteristic of a compliant constant force. The specific theoretical
model is introduced in the following section.

Fixed hole Output end

Figure 1. Structure of compliant constant-force mechanism.

2.1. Theoretical Model of Negative Stiffness Mechanism

In the process of bending deformation, the manifestation of a buckling effect imparts
bistable characteristics, resulting in the generation of a negative stiffness range [20,26].
According to the analysis of Figure 2, the moment of a specific point on the beam can be
mathematically expressed using the Euler—Bernoulli equation as follows:

d(p—=6
EI% = M + Rasinf + Rbcosf 1)
where E represents the Young’s modulus of the beam; I = w’{;”3 represents the moment

of inertia of the beam, which is defined based on the assumption that the beam has a
rectangular section; t,, wy, and 8 represents the thickness, width, and inclination angle of
the bistable beam; 8 represents the force angle with respect to the X-axis; ds represents the
differential length of the bistable beam /;; and a and b represent the horizontal coordinate
and ordinate of any point on the beam. M and R represent the torque and force applied to
the beam, respectively.
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Figure 2. Structural parameters of bistable beam.

According to [27-29], this paper omits the theoretical derivations involving integrals,
differentials, and trigonometric conversions, opting instead to directly utilize the outcomes
derived from the bistable beam mechanical model. The total driving force of the negative
stiffness mechanism is expressed as

f = R (cospBsinf + sinBcost) 2)

2.2. Theoretical Model of Positive Stiffness Mechanism

The U-shaped beam composed of compliant structures serves as the positive stiffness
mechanism in this work. Due to the symmetrical distribution and identical dimensions of
the U-shaped mechanisms, the fixed guide beams experience uniform deformation [30].
The equivalent stiffness of the positive stiffness mechanism, as deduced in [31] and shown
in Figure 3, can be expressed as follows:

F, F Et fw f3
K = —= — = —
= Ax 26, e @)
where E is the Young’s modulus of the material, and ¢ £, Wy, l r represent the thickness,
width, and length of the beam, respectively.

Az, Fx

Figure 3. Structural parameters of U-shaped beam.

2.3. Theoretical Model of Compliant-Force Mechanism

Upon obtaining the mechanical models for the positive and negative stiffness mecha-
nisms, the relationship between structural parameters and their influence on the output
force is delineated in this subsection. Based on the principle of positive and negative
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stiffness combination, the theoretical output force of the quasi-zero, stiffness-compliant,
constant-force mechanism is as follows:

F. =2f+F @)

where F; represents the total driving force of the quasi-zero stiffness-compliant mechanism, f
represents the driving force of the individual negative stiffness mechanism, and F represents
the driving force of the positive stiffness mechanism. Substituting (2) and (3) into (4) yields

Etfa;f3
I 3

F, = 2R(cospsinf + sinfcosh) + x (5)

3. Design of Microgripper

Due to the complexity of equation inversion to solve bistable beams, the current
design process of constant-force mechanisms heavily relies on trial and error to determine
the appropriate structural parameters based on the previous mathematical model. This
poses a significant challenge as it involves a multi-objective optimization problem, and
manually finding the optimal solution can be impossible and time-consuming. This study
introduces an automatic optimization framework based on FEA results and the MOGA
method. The framework can be delineated into three steps: (1) establishing the preliminary
model with coarse parameters, (2) conducting automatic optimization of model parameters,
and (3) undertaking the structure design of the adjustable constant-force microgripper.

3.1. The Establishment of the Preliminary Model
3.1.1. Parameter Selection of the Preliminary Model

Building upon the theoretical modeling of the compliant constant-force mechanism, a
parameter set for the preliminary model can be quickly determined. This preliminary model
can be roughly determined through a trial-and-error process, with the aim of achieving a
constant-force output in the vicinity of the predefined value. A simple example of such a
parameter set is shown in Table 1.

Table 1. Parameters of the preliminary constant-force mechanism.

Parameter Value Unit
Iy 25 mm
t
Bistable beam b 3 mm
wyp 1.1 mm
0 5 °
I 3 20 mm
U-shape beam tr 3 mm
wy 1.1 mm

3.1.2. Simulation and Test of the Preliminary Model

To verify the accuracy of the mathematical model and assess its suitability for model
optimization, this section includes numerical analysis, FEA simulation, and experimental
validation using the preliminary model parameters outlined in Table 1 and the structure
depicted in Figure 1. The ABS plastic material is adopted for the FEA and FDM 3D printing
prototype; its mechanical properties are provided in Table 2, the FEA results are obtained
using ANSYS Workbench (2021 R1) static structure analysis, the experimental setup aligns
with the depictions in Figures 10 and 14, and the detailed description can be found in
Section 4. The comparative analysis results are shown in Figure 4.
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Table 2. Mechanical properties of ABS plastic materials.

Property Value Unit
Density 1040 kg/m?3

Young’s Modulus 2.39 GPa

Poisson’s Ratio 0.399 —

Bulk Modulus 3.944 GPa

Shear Modulus 0.854 GPa

Tensile Yield Strength 414 MPa

Tensile Ultimate Strength 443 MPa

10 T T T T T T T
=== Experimental result

— FEA result

= Mathematical result

-+++ Mathematical negative stiffness

6 . e b
+ Mathematical positive stiffness

Force (N)

0 0.5 1 1.5 2 25 3 35
Displacement (mm)
Figure 4. Comparison of mathematical results, FEA results, and experimental results of the prelimi-
nary constant-force mechanism.

It is evident that a significant performance discrepancy exists between the mathemati-
cal model and the experimental results. However, the constant force obtained from FEA is
found to be more consistent with the experimental results, exhibiting a 17.8% reduction
compared to the mathematical model. This finding indicates that direct optimization based
on the mathematical model did not yield effective structural parameters and that FEA pro-
vides a more accurate representation of real-world conditions. Hence, this paper proposes
a two-step approach for optimizing constant-force mechanisms: firstly, the mathematical
model is used to quickly obtain a set of structural parameters that are moderately close to
the desired performance, and second, automatic optimization is performed based on the
FEA results to obtain mechanism parameters that are more aligned with the actual system.

3.2. Automatic Optimization of Constant-Force Mechanism
3.2.1. Optimization Objective

The multi-objective genetic algorithm possesses the advantage of effectively iden-
tifying the global optimal solution. In this study, the design objective of the quasi-zero
stiffness-compliant mechanism is to achieve a constant-force output while maximizing
the constant-force stroke. Consequently, the optimization problem can be formulated as
described in [25].

E. (w, 6, lf) —F

fo: max S¢ (w, t0, lf>

(6)
where F¢ is the output of CEM; S¢ represents the constant-force range; F; is the desired

constant-force output; w, t,6, and ! fare the structural parameters to be optimized; and ¢
and w indicate the thickness and width of the compliant beams, respectively.

3.2.2. Constant-Force Performance Evaluation

To establish the optimization evaluation index, a sampling point (Py, F) is selected
from the force-displacement curve, as illustrated in Figure 5. Py represents the displacement
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input, and F, is the output force at the current displacement point. 7 denotes the number
of random points selected in the optimization process (n = 3). In addition, the slope k,
between two selected points is introduced as a criterion for identifying the quasi-zero
stiffness stroke. If the slope between the selected points consistently approaches zero, it
ensures that all selected random points are within a constant-force range.

6 T T T T T T T

5L A

4 L i
;Z-: Constant force range
g3 -
£ 7, (Px, Fy)
£ ) | %10

Fq (PaFa) Py, Fo)
1L i
P
0 1 B 1 1 1 1 Py 1 1

0 0.5 1 1.5 2 2.5 3 3.5 4
Position (mm)

Figure 5. Schematic diagram of the sampling point.

Moreover, combined with the actual working situation, the average value of total
deformation (TDA) and the maximum value of equivalent stress (ESM) are employed as
auxiliary judgment criteria. A large TDA and a small ESM indicate high deformation
resistance and a more compact structure. To bring the convergence results closer to reality,
the largest TDA and the smallest ESM are typically chosen.

Based on the defined content, the cost function that incorporates multiple evaluation
metrics for the constant-force mechanism can be formulated as follows:

3
min y = p(|F;—Fy|) —q(P, — Pa) + 0 ) _ ky —cTDA + 9ESM )

n=1

where y is the cost function, which is used to explain Equation (6). To meet the requirements
of Equation (6), it is necessary to find the minimum value of the cost function. p, g, 6, o,
and ¢ are weight coefficients whose sum is 1; F, represents force; Py represents displace-
ment; k; is slope; TDA is the overall deformation average; and ESM is the maximum
equivalent stress.

3.2.3. Automatic Parameter Optimization

The objective function optimization criteria in (7) are employed on the MOGA algo-
rithm in ANSYS software, with the following specifications: the desired constant-force
output is F; = 2 N, the number of sampling points is = 3, and the optimization precision
for constant force is £10%. The final values of the optimized structure parameters are
shown in Table 3. The simulation results of the force-displacement curves corresponding
to the optimized model parameters are shown in Figure 6.

Table 3. Optimal structural parameter values.

Parameter Value Unit
t 1.8 mm

0 5.1 °
w 1.0 mm

lf 16.9 mm
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7 --- optimization FEA model |
€ 6 1
@
g st ]
=

4 F ]

3+ ) -
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Position (mm)
Figure 6. Comparison diagram between the preliminary FEA model and the optimized FEA model.

It can be observed that the preliminary model, with a coarse parameter setting,
resulted in a constant-force output of 3.50 N and a corresponding constant-force stroke
of 1.87 mm, ranging from 0.88 to 2.75 mm. In contrast, the optimized model exhibited a
constant-force output of 1.90 N, with a constant-force stroke of 2.26 mm, ranging from
0.82 to 3.08 mm. The performance error of the optimized FEA model, relative to the
design target constant-force output of 2 N, is 5%. Additionally, the constant-force stroke
increased by 20.9% after model optimization.

The advantages and novelty of the optimized model lie in its ability to automatically
optimize the preliminary model to achieve the desired performance while achieving a large
constant-force stroke. This approach effectively overcomes the time-consuming nature
of conventional compliant constant-force mechanism design processes and addresses the
challenges associated with multi-objective optimization.

3.3. Design of Adjustable Compliant Constant-Force Microgripper

The compliant constant-force microgripper with adjustable output is developed with
four main modules: the driving module, clamping module, constant-force module, and
adjusting module; its CAD model can be found in Figure 7.

constant force

module clamping

module

~

adjusting H driving module
module

Figure 7. The overall design diagram of the quasi-zero stiffness-compliant microgripper.
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The working principle is as follows: the optimized constant-force mechanism operates
as the constant-force module, delivering a consistent clamping force output within the
constant-force stroke. One end of this module is connected to the adjusting module, while the
other end, together with the end of the clamping module, forms the jaws of the microgripper.
The clamping module, functioning as a dynamic gripper mechanism, is interconnected with
the driving module. The driving module can be actuated either manually or by a voice-coil
motor. As the driving module moves, it induces the contraction of the clamping module,
leading the gripper to close and thereby clamping the target along with the constant-force
module. The adjusting module, situated between the driving module and the constant-force
module, provides the necessary adjustment output. The adjusting module is designed based
on a bridge-type amplifier driven by a piezoelectric actuator.

4. Simulation and Experimental Verification

This section includes both FEA simulation and experimental verification to evaluate the
performance of the developed adjustable constant-force microgripper. Because the clamping
module and the driving module have little effect on the performance of the microgripper,
in order to simplify the difficulty of simulation and experiment, only the constant-force
module and the adjusting module are selected for simulation and experiment.

4.1. FEA Simulation

To validate the mechanical properties of the microgripper, the software ANSYS Work-
bench is utilized for the static structural analysis. ABS plastic is used as the microgripper
material, and the mechanical parameters of the material can be found in Table 1. The
analysis considers the large deformation of the mechanism while neglecting the shear
deformation effect. In the simulation, the mesh size of 0.5 mm is used with tetrahedral cells
and linear interpolation. It is important to note that the convergence results are not signifi-
cantly affected by the mesh size. The FEA simulation is conducted on a host computer with
an Intel(R) Xeon(R) CPU E5-2673 v4 @ 2.30 GHz and 64 GB RAM. To apply constraints,
four fixed holes on the constant-force module are used. Displacement inputs are applied
from top to bottom on the output end of the constant-force module. The overall deforma-
tion diagram is presented in Figure 8. The simulation results of the force-displacement
characteristic curve of the microgripper can be observed in Figure 15.

W T T TTTTIT

Figure 8. Overall deformation diagram of the microgripper model.

Simultaneously, FEA was conducted on the force-displacement curve of the microgrip-
per under different preload conditions of the adjusting modules. The meshing method and
material settings remained the same as described earlier. However, additional constraint
conditions were applied to simulate the driving forces from 0 N to 1 N acting on the side
wall of the PZT mounting hole in the regulation module. This analysis aimed to examine
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the effect of these forces on the output force. The results of this analysis can be observed in
Figure 9.

6

Force (N)

Positiogl (mm)

Figure 9. Simulation results of output force of microgripper under different preloading forces.

4.2. Experimental Verification
4.2.1. Experimental Setup

The NI-Compact RIO (NI-9257, from National Instruments Corp., Austin, TX, USA)
along with other digital IO expansion modules, are utilized to establish a connection
between the host computer and the developed hardware platform. A force transducer
(model: LSB201, from FUTEK Advanced Sensor Technology, Inc., Irvine, CA, USA) is
employed to measure contact force in real-time. The position sensor (model: HGC-1030,
from Panasonic Industry Co., Ltd., Osaka, Japan) with a range of 5 mm and an accuracy
of 10 pm is used to measure the displacement. The adjusting module is driven by the PZT
(model: P-885.91, from Physik Instrumente, Co., Lederhose, Germany), capable of providing
driving force, while the driving module is actuated by a voice coil motor. Additionally, a
voltage amplifier (model: PI E-505.00S, from Physik Instrumente, Co., Lederhose, Germany)
with a conversion constant of 10 is used to drive the PZT by amplifying the control voltage.
The experimental setup framework is shown in Figure 10.

Software part Hardware devices

1
Voltage
N — 1
1 supply
Operator b || 1
ll !

|

Force —— |

1
1
: i !
H s 4 sensor :
Program Dat: Pl:zoetelectrlc
Editin; ata actuator
Controgl visualization : Data Voltage

feedback supply

D Control signal

. i Data feedback
Personal NI CompactRIO
computer i

Pulse control

Encoder value

Voice Coil Motor

Figure 10. Frame of experimental platform.

4.2.2. Mechanical Properties of Adjusting Module

To achieve precise adjustment of the output force of the developed microgripper, it is
required to obtain the relationship between the driving voltage of the PZT and the output
of the adjusting module. For this purpose, a testing platform was specifically constructed
to facilitate calibration and performance testing of the adjusting module, as illustrated in
Figure 11.
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Voice Coil
Motor
(VCAR-0044-
Position 0249-00A)
Sensor |
(HGC-1030)

LA ... - T R N (FUTEK

H LSB201)
Piezoelectri > i =
¢ actuator€ > S 3> Adjusting
(PI P-885.91) H

Figure 11. Testing platform for adjusting module.

The experimental process involves utilizing a voice coil motor equipped with a
force sensor to drive the microgripper. The force sensor is in direct contact with the
adjusting module, simulating the preload output to the constant-force module under
the working conditions of the microgripper. Since the designed constant-force output
is set at 2 N, the position of the voice coil motor is adjusted before the experiment to
ensure the desired preload force on the adjusting module. Under these initial conditions,
the driving voltage of PZT is adjusted, and the output force and displacement of the
adjusting module are measured.

The experimental results are presented in Figures 12 and 13. As the driving voltage of
PZT gradually increases from 0 to 130 V, the output position of the adjusting module also
gradually increases from 0 to 0.21 mm. Simultaneously, the output force increases from 0 to
0.45 N. The relationship between the output force and position is linearized and depicted
in Figure 13. The test results of the adjusting module effectively calibrate and establish a
unified relationship between the driving voltage of the PZT, output position, and output
force. This relationship serves as the foundation for accurately adjusting the constant-force
output of the microgripper. By knowing one of the driving voltages, regulating positions,
or regulating forces, the magnitude of the other two values can be determined.

0.25
B Output Force
2.5 Linear fitting of force
@ Output Position 10.20
—. 2.4 4— — Linear fitting of position =
e g
‘;’ 10.15 :
2 2.3 =
S y=0.0016x+0.0108 =
= 1010 2
S 22 A
= =
= 10.05 =,
O 2.1 =
o
~0.00
2.0 5
T —0.05

0 10 20 30 40 50 60 70 80 90 100110120130
Voltage (V)

Figure 12. Output position and output force of the adjusting module.
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2.5
®  QOutput Force

2.4 Linear fitting
p—
3
W 2.3
=]
T
S
=
= 23 y=2.014x+2.01
=3
s
O 2.1

2.0

0.00 0.05 0.10 0.15 0.20

Output Position(mm)
Figure 13. The relationship between the output force and the output position.

4.2.3. Mechanical Properties of Microgripper

The experimental platform shown in Figure 14 is utilized to test the constant-force
characteristics and adjustable performance of the microgripper. This platform consists of a
force sensor mounted on the voice coil motor, allowing for synchronous movement. The
microgripper is positioned on the baseplate at the same height as the force sensor to ensure
proper alignment with the output end of the microgripper. The contact between the force
sensor and the microgripper’s output end simulates the clamping effect.

Force

sensor
(FUTEK
LSB201)

Position
sensor<
(HGC-1030)

actuator ~ "
(PI P-885.91)

Voice Coil

Micro grippe i I\\"/lc(:\tgrniJMA
model (ABSf 2)149-00,\)

Figure 14. Testing platform for constant-force microgripper.

The PZT is appropriately placed on the designated installation port of the mi-
crogripper. The force and displacement data from the microgripper are accurately
collected using force and position sensors. The feedback data are acquired through the
NI-Compact RIO module. The collected data are then transmitted to the host computer
for effective visualization and post-processing. Voltage control signals are also sent
to the voltage amplifier to precisely regulate the output force and displacement of the
adjusting module.

The constant-force output characteristics of the microgripper are evaluated using
the experimental platform, and a comparison is made with the results obtained from
FEA, as shown in Figure 15. The experimental results of the microgripper model indicate
a constant force of approximately 2.1 N; the constant-force range is measured to be
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between 1.125 mm and 2.722 mm, resulting in a total constant-force range of 1.59 mm.
The FEA results of the microgripper exhibit a constant-force output of around 2.1 N, with
a constant-force range spanning from 0.855 mm to 2.565 mm, resulting in a constant-force
range of 1.71 mm.

6 T T T T T T T
— Micro-gripper test /
sSr model /T
. . /
--= Micro-gripper FEA J
4 | model /
/
.
: T ‘
=& i Constant force range : i ~
5 3 F - of FEA results P Ve 7
= P
=
= 2 .
o Constant force range
- i .
1+ P of test results |
y i
" L ' 1 'l 'l | 1 L

0 0.5 1 1.5 2 25 3 35 4
Position (mm)

Figure 15. Comparison of simulation results and experimental results.

Although the experimental and simulation results show similar constant-force outputs,
there are some discrepancies in the constant-force intervals. There might be several potential
factors contributing to this discrepancy. One possible reason is the inherent error between
FEA and experimental results of the constant-force mechanism, as shown in Figure 4. As
the structure of the microgripper becomes more complex, the inherent error gradually
accumulates. Another potential reason for the discrepancy is the manufacturing error.
To facilitate quick testing, the prototype of the developed microgripper is manufactured
using 3D printing. The accuracy of the compliant hinge fabrication significantly affects the
performance of the constant-force mechanism. However, limitations in the accuracy of 3D
printing and errors in the assembly process can also lead to differences between the final
test results and simulation results. Additionally, deviations in the experimental results can
also arise from sensor errors. However, it is worth noting that the experimental results are
generally consistent with the simulation results. The error in the constant-force interval is
calculated to be approximately 7%, indicating a reasonable level of agreement between the
experimental and simulated results.

The test results regarding the influence of the adjusting module on the constant-
force output of the microgripper are presented in Figure 16. It illustrates that the output
force varies under different preload input displacements. To provide a detailed view, the
force-displacement curve is locally enlarged using a displacement of 2 mm as an example.
As the output displacement of the adjusting module gradually increases from 0 mm to
0.2 mm, the constant output force of the microgripper model also gradually increases
from 2.05 N to 2.2 N. The adjustable constant-force output range is approximately 0.15 N.
By comparing Figures 9 and 16, it is evident that both the experimental and simulation
results successfully demonstrate the capability of adjusting the microgripper’s constant-
force output.
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Figure 16. Influence of adjusting module on output of microgripper.

The results of this experiment provide confirmation that the microgripper possesses
the capability to replace complex force-position controllers with a single-position controller.
As demonstrated in Figure 16, it is evident that by controlling the output position of the
microgripper within the constant-force stroke range of 0.855 mm to 2.565 mm, a consistent
output force of approximately 2 N can be achieved. Additionally, the experiment exhibits
the stepless adjustable constant-force performance of the developed microgripper. By
referring to the results in Figure 16, the required preload displacement can be calculated
based on the desired constant force. Subsequently, the driving voltage of the PZT can be
determined using the relationship depicted in Figure 13, which outlines the correlation
between the driving voltage of the PZT and the preload displacement of the adjusting
module. Consequently, it becomes feasible to achieve a constant-force output of any desired
values within the adjustable constant-force range.

5. Conclusions

In this work, an adjustable compliant constant-force microgripper has been proposed
for achieving precise force control without the need for force feedback. The constant-force
mechanism is automatically optimized based on finite element analysis and the MOGA
method. This approach eliminates the time-consuming parameter tuning and complex
model design typically required in the conventional design of CFMs while also achieving
a larger constant-force stroke. To enable stepless adjustment, a PZT-driven bridge-type
amplifier is employed to provide accurate preload displacement to the constant-force
module. Finite element analysis and experimental verification are conducted for the
adjusting module and the microgripper. The simulation and experimental results confirm
that the designed microgripper successfully achieves the desired constant-force output and
stepless adjustable performance. The proposed microgripper design framework offers the
advantages of compact size and the ability to adjust constant-force output within a certain
range. This work provides a further basis for the application and promotion of compliant
constant-force structures. Future research can focus on improving the compactness of the
structure, optimizing the configuration of the microgripper, expanding the adjustable range
of the constant-force microgripper, and enhancing the output accuracy of constant force for
better application in related fields.

Author Contributions: Conceptualization, ].H. and G.W.; methodology, ] H., Z.T. and G.W.; software,
J.H., Y.L, CY. and Z.T,; validation, ].H., Y.L. and C.Y,; formal analysis, ].H. and C.Y.; investigation,
J.H. and G.W,; resources, G.W.; data curation, Y.L. and C.Y.; writing—original draft preparation,
J.H.; writing—review and editing, ].H. and G.W. All authors have read and agreed to the published
version of the manuscript.



Micromachines 2024, 15, 52 15 of 16

Funding: This research was funded by the National Natural Science Foundation of China (52265070),
the Innovation team of Guizhou Province (CXTD2022-009), and the Guizhou University Incubation
Project ([2020]51).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Huang, Y.; Vasan, A.S.S.; Doraiswami, R.; Osterman, M.; Pecht, M. MEMS Reliability Review. IEEE Trans. Device Mater. Reliab.
2012, 12, 482-493. Available online: https:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6171839 (accessed on 12
February 2021). [CrossRef]

Liu, S.; Li, Y.E; Xing, D. Sensing and control for simultaneous precision peg-in-hole assembly of multiple objects. IEEE Trans.
Autom. Sci. Eng. 2019, 7, 310-324. Available online: https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=_&arnumber=8794556
(accessed on 16 March 2022). [CrossRef]

Wang, G.; Xu, Q. Design and precision position/force control of a piezo-driven microinjection system. IEEE/ASME Trans. Mecha-
tron. 2017, 22, 1744-1754. Available online: https:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7912296 (accessed on
19 April 2022). [CrossRef]

Leveziel, M.; Haouas, W.; Laurent, G.J.; Gauthier, M.; Dahmouche, R. Migribot: A miniature parallel robot with integrated
gripping for high-throughput micromanipulation. Sci. Robot. 2022, 7, 4292. Available online: https://www.science.org/doi/full/
10.1126/scirobotics.abn4292 (accessed on 30 April 2023). [CrossRef] [PubMed]

Liang, H.; Qiao, J. Analysis of Current Situation, Demand and Development Trend of Casting Grinding Technology. Micromachines
2022, 13, 1577. [CrossRef] [PubMed]

Xie, H.; Meng, X.H.; Zhang, H.; Sun, L. Development of a Magnetically Driven Microgripper for PicoNewton Force-Controlled
Microscale Manipulation and Characterization. IEEE Trans. Ind. Electron. 2020, 67, 2065-2075. Available online: https:/ /ieeexplore.ieee.
org/stamp/stamp.jsp?tp=&arnumber=8672921 (accessed on 3 January 2022). [CrossRef]

Xu, Q. Adaptive Discrete-Time Sliding Mode Impedance Control of a Piezoelectric Microgripper. IEEE Trans. Robot. 2013, 29,
663-673. Available online: https:/ /ieeexplore.ieee.org/stamp /stamp.jsp?tp=&arnumber=6423296 (accessed on 14 June 2022).
[CrossRef]

Wang, J.Y.; Lan, C.C. A Constant-Force Compliant Gripper for Handling Objects of Various Sizes. |. Mech. Des. 2014, 136, 071008.
[CrossRef]

Lobontiu, N. Compliance-based modeling and design of straight-axis/circular-axis flexible hinges with small out-of-plane
deformations. Mech. Mach. Theory 2014, 80, 166-183. [CrossRef]

Qin, X,; Lu, S,; Liu, P; Yan, P. Design and Testing of a Novel Nested, Compliant, Constant-Force Mechanism with Millimeter-Scale
Strokes. Micromachines 2023, 14, 480. [CrossRef]

Liu, T.; Hao, G. Design of a Cylindrical Compliant Linear Guide with Decoupling Parallelogram Mechanisms. Micromachines
2022, 13, 1275. [CrossRef] [PubMed]

Wang, P.; Xu, Q. Design and modeling of constant-force mechanisms: A survey. Mech. Mach. Theory 2018, 119, 1-21. [CrossRef]
Wang, WJ].; Yu, Y.Q. New Approach to the Dynamic Modeling of Compliant Mechanisms. Mech. Robot. 2010, 2, 021003. [CrossRef]
Ma, EL.; Chen, G.M. Modeling Large Planar Deflections of Flexible Beams in Compliant Mechanisms Using Chained Beam-
Constraint-Model. Mech. Robot. 2016, 8, 021018. [CrossRef]

Midha, A.; Bapat, S.G.; Mavanthoor, A. Analysis of a Fixed-Guided Compliant Beam with an Inflection Point Using the
Pseudo-Rigid-Body Model Concept. Mech. Robot. 2015, 7, 031007. [CrossRef]

Chen, YH,; Lan, C.C. An Adjustable Constant-Force Mechanism for Adaptive End-Effector Operations. J. Mech. Des. 2012, 134, 031005.
[CrossRef]

Kuo, Y.L;; Lan, C.C. A Two-Dimensional Adjustable Constant-Force Mechanism. J. Mech. Des. 2020, 142, 063304. [CrossRef]
Chen, C.C,; Lan, C.C. An Accurate Force Regulation Mechanism for High-Speed Handling of Fragile Objects Using Pneumatic
Grippers. IEEE Trans. Autom. Sci. Eng. 2017, 15, 1600-1608. Available online: https:/ /ieeexplore.ieee.org/stamp /stamp.jsp?tp=
&arnumber=8077767 (accessed on 26 July 2022). [CrossRef]

Zhang, X.; Wang, G.; Xu, Q. Design, Analysis and Testing of a New Compliant Compound Constant-Force Mechanism. Actuators
2018, 7, 65. [CrossRef]

Ye, T; Ling, J.; Kang, X.; Feng, Z.; Xiao, X. A Novel Two-Stage Constant Force Compliant Microgripper. J. Mech. Des. 2021, 143, 053302.
[CrossRef]

Zuoshan, L.; Li, Y. Application of Multi-Objective Optimization Problem Based on Genetic Algorithm. J. Phys. Conf. Ser. 2021,
2037, 012021. Available online: https://iopscience.iop.org/article/10.1088/1742-6596 /2037 /1/012021/pdf (accessed on 17
August 2023). [CrossRef]

Choi, K.B.; Lee, ].].; Hata, S. A piezo-driven compliant stage with double mechanical amplification mechanisms arranged in
parallel. Sens. Actuators A Phys. 2010, 161, 173-181. [CrossRef]

Tian, Y.; Shirinzadeh, B.; Zhang, D. A flexure-based mechanism and control methodology for ultra-precision turning operation.
Precis. Eng. 2009, 33, 160-166. [CrossRef]


https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6171839
https://doi.org/10.1109/TDMR.2012.2191291
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8794556
https://doi.org/10.1109/TASE.2019.2921224
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7912296
https://doi.org/10.1109/TMECH.2017.2698139
https://www.science.org/doi/full/10.1126/scirobotics.abn4292
https://www.science.org/doi/full/10.1126/scirobotics.abn4292
https://doi.org/10.1126/scirobotics.abn4292
https://www.ncbi.nlm.nih.gov/pubmed/36001685
https://doi.org/10.3390/mi13101577
https://www.ncbi.nlm.nih.gov/pubmed/36295930
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8672921
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8672921
https://doi.org/10.1109/TIE.2019.2905805
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6423296
https://doi.org/10.1109/TRO.2013.2239554
https://doi.org/10.1115/1.4027285
https://doi.org/10.1016/j.mechmachtheory.2014.06.002
https://doi.org/10.3390/mi14020480
https://doi.org/10.3390/mi13081275
https://www.ncbi.nlm.nih.gov/pubmed/36014197
https://doi.org/10.1016/j.mechmachtheory.2017.08.017
https://doi.org/10.1115/1.4001091
https://doi.org/10.1115/1.4031028
https://doi.org/10.1115/1.4028131
https://doi.org/10.1115/1.4005865
https://doi.org/10.1115/1.4044917
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8077767
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8077767
https://doi.org/10.1109/TASE.2017.2757527
https://doi.org/10.3390/act7040065
https://doi.org/10.1115/1.4048217
https://iopscience.iop.org/article/10.1088/1742-6596/2037/1/012021/pdf
https://doi.org/10.1088/1742-6596/2037/1/012021
https://doi.org/10.1016/j.sna.2010.05.027
https://doi.org/10.1016/j.precisioneng.2008.05.001

Micromachines 2024, 15, 52 16 of 16

24.

25.

26.

27.

28.

29.

30.

31.

Wang, EJ.; Huo, Z.C.; Liang, C.M. A Novel Actuator-Internal Micro/Nano Positioning Stage With an Arch-Shape Bridge-Type
Amplifier. IEEE Trans. Ind. Electron. 2019, 66, 9161-9172. Available online: https:/ /ieeexplore.ieee.org/stamp /stamp.jsp?tp=
&arnumber=8575132 (accessed on 23 September 2021). [CrossRef]

Xu, Q.; Li, Y. Analytical modeling, optimization and testing of a compound bridge-type compliant displacement amplifier. Mech.
Mach. Theory 2011, 46, 183-200. [CrossRef]

Ma, E; Chen, G. Bi-BCM: A Closed-Form Solution for Fixed-Guided Beams in Compliant Mechanisms. Mech. Robot. 2017, 9, 014501.
[CrossRef]

Wang, P; Xu, Q. Design of a flexure-based constant-force XY precision positioning stage. Mech. Mach. Theory 2017, 108, 1-13.
[CrossRef]

Xu, Q. Design of a Large-Stroke Bistable Mechanism for the Application in Constant-Force Micropositioning Stage. J. Mech. Robot.
Trans. ASME 2017, 9, 011006. [CrossRef]

Tong, Z.; Wang, G. Automatic Optimization for Compliant Constant Force Mechanisms. Actuators 2023, 12, 61. [CrossRef]

Xu, Q. Design and testing of a novel XY micropositioning stage with dual ranges and resolutions. In Proceedings of the 2014
IEEE International Conference on Robotics and Automation (ICRA), Hong Kong, China, 31 May-7 June 2014. Available online:
https:/ /ieeexplore.ieee.org/stamp /stamp.jsp?tp=&arnumber=6907185 (accessed on 19 August 2023).

Xu, Q. New Flexure Parallel-Kinematic Micropositioning System with Large Workspace. IEEE Trans. Robot. 2012, 28, 478-491.
Available online: https:/ /ieeexplore.ieee.org/stamp /stamp.jsp?tp=&arnumber=6087290 (accessed on 20 October 2021). [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8575132
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8575132
https://doi.org/10.1109/TIE.2018.2885716
https://doi.org/10.1016/j.mechmachtheory.2010.09.007
https://doi.org/10.1115/1.4035084
https://doi.org/10.1016/j.mechmachtheory.2016.10.007
https://doi.org/10.1115/1.4035220
https://doi.org/10.3390/act12020061
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6907185
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6087290
https://doi.org/10.1109/TRO.2011.2173853

	Introduction 
	Theoretical Model 
	Theoretical Model of Negative Stiffness Mechanism 
	Theoretical Model of Positive Stiffness Mechanism 
	Theoretical Model of Compliant-Force Mechanism 

	Design of Microgripper 
	The Establishment of the Preliminary Model 
	Parameter Selection of the Preliminary Model 
	Simulation and Test of the Preliminary Model 

	Automatic Optimization of Constant-Force Mechanism 
	Optimization Objective 
	Constant-Force Performance Evaluation 
	Automatic Parameter Optimization 

	Design of Adjustable Compliant Constant-Force Microgripper 

	Simulation and Experimental Verification 
	FEA Simulation 
	Experimental Verification 
	Experimental Setup 
	Mechanical Properties of Adjusting Module 
	Mechanical Properties of Microgripper 


	Conclusions 
	References

