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1. Introduction 

Compared with traditional rigid mechanisms, 

flexible mechanisms utilize the elastic deformation of 

materials to transmit or convert motion, force, or energy. 

They can be fabricated as a whole, with advantages such 

as compact structure, no need for lubrication, friction-

less operation, smooth motion, and higher precision [1-

2]. With the continuous increase in demand in industrial, 

medical, and other fields, there is a growing requirement 

for higher precision in mechanisms. Consequently, flex-

ible mechanisms are increasingly applied in robotics, 

bionic engineering, precision instruments, and related 

domains [3-4]. Due to their elasticity and capability to 

store and release energy through deformation, these 

mechanisms can be employed to mimic the flexibility of 

biological organisms [5], such as joints, legs, wings, and 

other structures, enabling corresponding motion and 

power transmission to achieve biomimetic effects [6-10]. 

This has now become a major research focus in robotics. 

Domestic and foreign scholars have conducted 

applied studies on flexible mechanisms. Xi et al. [11] 

designed a bionic flexible robotic hand that employs 

motor-driven push rods to deform a silicone membrane, 

enabling adaptive grasping by wrapping around targets. 

Yu et al. [12] developed a slotted thin-walled flexure 

hinge to replace traditional revolute pair in a 3-DOF 

parallel robot. Meng et al. [13] designed a serial-type 

bionic exoskeleton robotic hand using these hinges. This 

device can output grasping forces sufficient for daily 

activities, maintain normal joint mobility, and assist in 

rehabilitation training and functional recovery for pa-

tients with hand dysfunction. Ma [14] proposed a novel 

two-finger robotic hand structure driven by pneumatic 

artificial muscles, which independently actuate meta-

carpophalangeal and interphalangeal joints through ten-

don cables and pulleys to transmit motion. Wang [15] 

developed a high-rebound elastomeric joint underactu-

ated robotic hand. Driven by tendons, this gripper 

achieves adaptable grasping with strong object compati-

bility, while maintaining simplicity. Zhou [16] proposed 

a flexible robotic hand design featuring three flexible 

bending biomimetic joint structure (each composed of 
two elliptical pneumatic chambers) and a passively 

adaptive palm. It reliably grips both small objects and 

large convex-shaped targets. Liu [17] developed a 

pneumatic artificial muscle and created two types of 

flexible joints: a pneumatic multi-directional bending 

joint and a shaftless multi-hinge unidirectional bending 

joint. Wu et al. [18] designed a pneumatic soft gripper 

with an intra-joint skeletal structure, decoupling actua-

tion, and force-bearing functions. Soft actuation is 

achieved through pneumatic chambers embedded in 

fibre-constrained multilayer rubber, while grasping 

forces are transmitted via rigid internal skeletal biomi-

metic joint structure. Alici et al. [19] developed a model 

to analyse the quasi-static bending angles of flexible 

pneumatic actuators fabricated from two elastomeric 

silicones (transparent soft silicone and discrete cavity 

structures). The model accurately predicts bending be-

haviors of such actuators. Abondance [20] created a 

flexible hand with two parallel pneumatic bellow-type 

actuators, enabling dexterous fingertip motions. Sinatra 

et al. [21] proposed a nanofiber-reinforced ultra-soft 

robotic actuator, which demonstrated minimal harm to 

typical jellyfish species through laboratory-validated 

underwater grasping capabilities with sufficiently low 

contact pressure. 

Flexible hinges and flexible mechanisms have 

been widely used in fields such as bionic robots and 

rehabilitation robots. Its inherent ability to withstand 

impact loads significantly enhances the environmental 

adaptability of the equipment in various operational 

scenarios. However, stress concentration is prone to 

occur at the root of the notch in notch-type flexible 

hinges, which affects their reliability. Further in-depth 

research is still needed on how the shape and size of the 

notch influence the performance of flexible mechanisms 

composed of such hinges. Additionally, the application 

research integrating bionics still offers vast exploration 

space. Therefore, based on bionic principles, such as the 

excellent compliance of biological joints, this paper ap-

plies notch-type flexible hinges as bionic joints to the 

design of flexible mechanisms and proposes a novel 

flexible gripping mechanism inspired by bionic joints, a 

study was conducted on its performance. 

This paper is organized as follows. Section 2 

presents a novel structure of flexible gripping mecha-

nism. In Section 3, an analytical calculation of the out-

put compliance of the biomimetic joint structure with 

notch-based flexure hinges is performed, and FEA is 

conducted to evaluate the compliance characteristics of 

three distinct notch-type configurations. In Section 4, 

the analytical solutions are validated through compari-
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son with FEA results. Furthermore, the influence of 

structure parameters on the performance of bionic joint 

linkage mechanism is investigated, and the compliance 

properties of the three notch-type designs are systemati-

cally compared. Conclusions are drawn in Section 5. 

2. Structure of Flexible Gripping Mechanism 

The flexible gripping mechanism is assembled 

with three biomimetic joint structure with notch-based 

flexure hinges arranged in a 120° equidistant layout. 

This configuration notably enhances stability during the 

grasping process. The biomimetic joint structure with 

notch-based flexure hinges is driven by cylinder-

actuated bending mechanisms to achieve bending de-

formation, enabling effective object grasping through 

bio-inspired motion imitation. Fig.1, a illustrates the 

integrated structural model of flexible gripping mecha-

nism. The biomimetic joint structure is fabricated from 

polypropylene and incorporate notch-type flexure bionic 

joints, demonstrating exceptional flexibility and adapta-

bility. Given that the grasping function of the flexible 

manipulator primarily relies on the bending deformation 

of the biomimetic joint structure, the design analysis of 

the biomimetic joint structure with notch-based flexure 

hinges is critical. The specific structure form of the flex-

ible gripping mechanism is shown in Table 1, while the 

models of bionic joint linkage mechanism with triple 

notched flexure configurations are depicted in Fig. 1, b. 

Table 1 

Structure forms of the flexible gripping mechanism 

Driving mode Cylinder drive 

Layout form Equidistant layout 

Palm connection fixed joint 

Number of biomimetic joint structure three biomimetic joint structure 

 

Bionic joint form 

 

U-shaped flexure hinge  

Arc-shaped flexure hinge  

Elliptical arc-shaped flexure hinge  

Material Composition Polypropylene (Young's modulus 2, Poisson’s ratio 4.5) 

 

          

a b 

Fig. 1 Flexible gripping mechanism model: a – an inte-

grated structural model of flexible gripping mecha-

nism, b – models of bionic joint linkage mechanism 

with triple notched flexure configurations 

3. Analytical Calculation of the Compliance for Bionic 

Joint Linkage Mechanism 

The bionic joint linkage mechanism can be mod-

elled as 3-RRR flexible link, as depicted in Fig. 2. For 3-

RRR flexible link, a coordinate system origin is established 

at point O, the total flexibility of the flexible link at point 

O is the summation of the flexibilities of each individual 

flexure hinge acting in the same direction. The variables 

x, y, and  represent the displacements of the flexible 

link along x-axis and y-axis, as well as the rotation angle 

around z-axis, respectively. Cx, Cy and C represent 

the linear compliance of the flexible link along x-axis and 

y-axis, as well as the angular compliance around z-axis, 

respectively. xi,Fx
, xi,Fy

, xi,Mz
, yi,Fx

, yi,Fy
, yi,Mz

, i,Fx
, 

i,Fy
, i,Mz

 represent the linear displacements and angular 

displacements, respectively, generated at point O due to 

the hinge's compliance when external forces and moments 

are applied. The compliance of the i-th hinge is respective-

ly represented by xi / Fx, yi / Fy and i / Mz. Taking the 

U-shaped flexure hinge as an example, the compliance 

matrix of 3-RRR flexible link is systematically derived. 

The compliance matrix of 3-RRR flexible link at 

point O, caused by the first flexure hinge, can be expressed 

as 

1 1 1

1 1 1

1 1 1

x y z

x y z

x y z

,F ,F ,M

,F ,F ,M

,F ,F ,M

C x C x C x

C y C y C y

C C C

  

  

  

 
 
 =
 
 
 

C . (1) 

The angular compliance of 3-RRR flexible link 

about z-axis, induced by the deformation of the first flex-

ure hinge, can be expressed as follows: 

The angular compliance generated by the force Fx  

( )1 1 2 3 5
x z z,F MC C l l l r −= −  + + + . (2) 

The angular compliance generated by the force Fy  

1, 0
yFC  = . (3) 

The angular compliance generated by the torque 

Mz 

 1
1

1z z z,M M

z

C C
M




 −

 
 = =   

 
. (4) 
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Fig. 2 Structure parameters and load distribution of 3-RRR 

flexible link 

The linear compliance along y-axis of 3-RRR 

flexible link generated by the first flexure hinge. The linear 

compliance along y-axis is induced by the force Fx  
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( )

( ) ( )
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1
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,F ,F

M

y F

l l l r y
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F

C l l l r C y

C l l l r l l l r
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
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
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−
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= =

=  + + + + =

 = −  + + +  + + + − 

 −
 

(5) 

The linear compliance along y-axis is induced by 

the force Fy 

 1 0
y,FC y = . (6) 

The linear compliance along y-axis is induced by 

the Torque Mz 

 ( )1 1 2 3 3
z z z,M MC y C l l l r −= + + + . (7) 

The linear compliance along x-axis of 3-RRR 

flexible link generated by the first flexure hinge: 

The linear compliance along x-axis is induced by 

the force Fx 

 ( )1
1x x,F x FC x C −= . (8) 

The linear compliance along x-axis is induced by 

the force Fy  

 1 0
y,FC x = . (9) 

The linear compliance along x-axis is induced by 

the torque Mz  

 1 0
z,MC x = . (10) 

When a force or torque is applied, the displace-

ment at point O of 3-RRR flexible link, caused by the first 

flexure hinge, can be expressed as: 

  1 1 1 1

T

Ox y   = C F . (11) 

 

( )

( ) ( ) ( )
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1
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1 1

1 2 3

0 0

4 5 0 3

5 0

x

z z y z z

z z z

x F

M y F M

M z,M

C

C l l l r l l l r C C l l l r

C l l l r C
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−

− − −

−

 
 
   = −  + + +  + + + − + + +   
 −  + + +
  

C . (12) 

The compliance matrix of 3-RRR flexible link at 

point O, caused by the second flexure hinge, can be ex-

pressed as 

 

2 2 2

2 2 2

2 2 2

x y z

x y z

x y z

,F ,F ,M

,F ,F ,M

,F ,F ,M

C x C x C x

C y C y C y

C C C
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  
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 
 
 =
 
 
 

C . (13) 

The angular compliance of 3-RRR flexible link 

about z-axis, induced by the deformation of the second 

flexure hinge, can be expressed as follows. 

The angular compliance generated by the force Fx 

 ( )2 2 3 3
x z z,F MC C l l r −= −  + + . (14)

 The angular compliance generated by the force Fy 

 2 0
y,FC = . (15) 

The angular compliance generated by the torque 

Mz 

 ( )2
2z z z,M MC C −= . (16) 

The linear compliance along y-axis of 3-RRR 

flexible link generated by the second flexure hinge. 

The linear compliance along y-axis is induced by 

the force Fx 

 

( )

( )

( ) ( ) ( ) ( )

2 2 3 2

2

2 2 3 2

2 3 2 3
2 2

2

2

2 3

x x

x

x x

z z y

,F ,F

,F

x

,F ,F

M y F

l l r y
C y

F

C l l r C y

C l l r l l r C

 


 

− −

 + + +
= =

=  + + + =

= −  + +  + + − .(17) 

The linear compliance along y -axis is induced by 

the force Fy  

 2 0
y,FC = . (18) 
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The linear compliance along y-axis is induced by 

the torque Mz  

 ( ) ( )2 2 3
2

3
z z z,M MC y C l l r −= + + . (19) 

The linear compliance along x-axis of 3-RRR 

flexible link generated by the second flexure hinge: 

The linear compliance along x-axis is induced by 

the force Fx 

 ( )2
2x x,F x FC x C −= . (20) 

The linear compliance along x -axis is induced by 

the force Fy  

 2 0
y,FC x = . (21) 

The linear compliance along x-axis is induced by 

the torque Mz  

 2 0
z,MC x = . (22) 

When a force or torque is applied, the displace-

ment at point O of 3-RRR flexible link, caused by the sec-

ond flexure hinge, can be expressed as: 

  2 2 2 2

T

Ox y C F   =  , (23) 

 

( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

2

2 2 3 2 3 2 3
2 22

2 3
2

0 0

2 3 0 3

3 0

x

z z y z z

z z z z

x F

M y F M

M M

C

C l l r l l r C C l l r

C l l r C

 

 

−

− − −

− −

 
 
 

= −  + +  + + − + +
 
 

−  + +  

C . (24) 

The compliance matrix of 3-RRR flexible link at 

point O, caused by the third flexure hinge, can be ex-

pressed as 

 

3 3 3

3 3 3

3 3 3

x y z

x y z

x y z

,F ,F ,M

,F ,F ,M

,F ,F ,M

C x C x C x

C y C y C y

C C C

  

  

  

 
 
 =
 
 
 

C . (25) 

The angular compliance of 3-RRR flexible link 

about z-axis, induced by the deformation of the third flex-

ure hinge, can be expressed as follows: 

The angular compliance generated by force Fx  

 ( )3 3x z z,F MC C l r −= −  + . (26)

 The angular compliance generated by force Fy  

 
3 0

y,FC = . (27) 

The angular compliance generated by the torque 

Mz  

 ( )3
3z z z,M MC C −= . (28) 

The linear compliance along y-axis of 3-RRR 

flexible link generated by the third flexure hinge: 

The linear compliance along y-axis is induced by 

the force Fx  

( ) ( )

3 3 3

3 3 3 3

3 3
3 3

2

x x

x x x

z z y

,F ,F

,F ,F ,F

x

M y F

l y
C y C l C y

F

C l ( l r ) C

 


− −

 +
= =  + =

= −  + −



. (29) 

The linear compliance along y-axis is induced by 

the force Fy  

 
3

0
y,FC y = . (30) 

The linear compliance along y -axis is induced by 

the torque Mz  

 ( ) ( )
3 3

3z z z,M MC y C l r −= + . (31) 

The linear compliance along x-axis of 3-RRR 

flexible link generated by the third flexure hinge: 

The linear compliance along x-axis is induced by 

the force Fx  

 ( )3
3x x,F x FC x C −= . (32) 

The linear compliance along x-axis is induced by 

the force Fy  

 
3 0

y,FC x = . (33) 

The linear compliance along the x-axis is induced 

by the torque Mz  

 3 0
z,MC x = . (34) 

When a force or torque is applied, the displace-

ment at point O of 3-RRR flexible link, caused by the third 

flexure hinge, can be expressed as 

  3 3 3 3

T

Ox y   = C F . (35) 
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( ) ( ) ( ) ( ) ( )

( ) ( )

3
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3 33

3
3

0 0

2 0

0

x

z z y z z

z z z z

x F

M y F M

M M

C

C l l r C C l r

C l r C
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 

−

− − −

− −

 
 
 

= −  + − + 
 

−  +  

C . (36) 

The output compliance matrix of 3-RRR flexible 

link at point O is the sum of three individual compliance 

matrices C1, C2, and C3 

, 1 2 3RRR O = + +C C C C . (37) 

Because the structure dimensions of flexure hing-

es 1, 2, and 3 are identical, it follows that 

 
( ) ( )

( )

3 3 2 3

3 3 1 2 3
1 1 1 1

1 2 3

3 0 0

4 5 2 3 2 3 0 2 3 7

2 3 9 0 3

x

z z y z z

z z z z
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x F

M i i i i y F M
i i i i

M M

C

C

C l r l r l r l r l l r C C l l l r

C l l l r C

 

 

−

− − −
= = = =

− −

=

 
 

         
= −  +  + + +  + + + −  + + +         

         
 −  + + + 

   
.(38) 

4. Finite Element Analysis of the Compliance Charac-

teristics of Flexible Link 

4.1. Modelling and compliance analysis of 3-RRR flexible 

link 

In order to verify the compliance matrix of the de-

rived 3-RRR flexible link, the compliance of 3-RRR flexi-

ble link structure based on three different notch types of 

flexure hinge joints was analyzed by finite element method 

[22]. Each of the three flexure hinge joints in each 3-RRR 

flexible link has the same structure. The three types are U-

shaped flexure hinge, circular arc-shaped flexure hinge and 

elliptical arc-shaped flexure hinge. Nine models in three 

groups were selected for analysis, and their structure pa-

rameters are shown in Table 2. As shown in Fig. 3, the 

upper end was fixed, and a unit load was applied at the 

symmetrical center “O” point of the distal phalanx at the 

lower end: 

1 Nx yF F= = ,   1 N mzM =  . (39) 

The finite element results were obtained by ana-

lyzing three types of 3-RRR flexible links. A comparison 

between the analytical solutions and the finite element so-

lutions for these three types of 3-RRR flexible links is pre-

sented in Table 3, where “A” denotes the analytical solu-

tion and “F” denotes the finite element solution. The errors 

between the two methods for all cases are less than 8.1%. 

4.2. Influences of the parameters of notch size on the com-

pliance, stress and strain 

For the flexible coupling mechanism of the bionic 

joints with three types of hinges, without loss of generality, 

we assume that two parameters  pertaining  to  notch  sizes  

 

 

Fig. 3 Finite element mesh model of 3-RRR flexible link 

 

Fig. 4 Bending deformation analysis model of 3-RRR flex-

ible link finite element 

are variable while the remaining parameters are held con-

stant. The structural dimensions of the flexure link are 

specified as L = 116 mm and W = 15 mm. For 3-RRR flex-

ible linkage mechanism with U-shaped flexure hinges, 

when n is held constant, r and t are variables that vary 

within their ranges n  [3.75, 6], t  [1, 5.5]. Then, the 

relationships between the compliance, stress, and strain of 

the U-shaped flexure hinge and the parameters of notch 

sizes r and t are plotted using ANSYS and MATLAB, as 

shown in Fig. 5, a-e. From these plots, several characteris-

tics can be observed, as described below.  

As illustrated in Fig. 5, a-e, the compliance, stress, 

and strain of the U-shaped notch exhibit nonlinear increas-

es as the radius r of the arc section grows. Conversely, 

these parameters decrease nonlinearly with an increase in 

the minimum thickness t. The effect of the arc radius r on 

compliance, stress, and strain is more pronounced com-

pared to that of the minimum thickness t. Within the range 

of values for r and t, there exist both maximum and mini-

mum values for the various compliance. When r assumes 

its minimum value and t reaches its maximum value, both 

compliance and stress and strain attain their minimum val-

ues. 

For 3-RRR flexible linkage mechanism with U-

shaped flexure hinges. When r is held constant, n and t are 

variables that vary within their ranges n  [2.75, 5], 

t  [1, 5.5]. Then, the relationships between the compli-

ance, stress, and strain of the U-shaped flexure hinge and 

the parameters of notch sizes n and t are plotted using 

ANSYS and MATLAB, as shown in Fig. 6, a-e. From 

these plots, several characteristics can be observed, as de-

scribed below. 
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Table 2 

Structure parameters of 3-RRR flexible link with three distinct types of notches  

               Parameters 

Type of hinge 
n, mm r, mm t, mm a, mm  b, mm ll, mm l2, mm l3, mm 

Circular flexure hinge 

 7 1 / / 23 19 19 

6 3      

5 5      

U-shaped flexure 

hinge 

2 5 1 / / 27 23 21 

1 5 3      

3 2 5      

Elliptical arc flexure 

hinge 

  1 7 4 29 25 22 

2 6.5 5    

3 6 6    

Table 3 

Comparison between analytical and finite element results for the compliance factors 

Type of hinge Types of solution and error 
xx FC − , m/N  

yy FC − , m/N 
z zMC − , rad/Nm 

Circular flexure hinge 

A 3.28×10−2 28.4×10−2 1.52×10−3 

F 3.35×10−2 27.3×10−2 1.41×10−3 

Error /(%) 2.1 4.03 7.8 

A 2.46×10−3 16.13×10−3 0.037×10−3 

F 2.35×10−3 16.99×10−3 0.04×10−3 

Error /(%) 4.5 5.3 8.1 

A 0.76×10−3 5.24×10−3 0.024×10−3 

F 0.704×10−3 5.135×10−3 0.023×10−3 

Error /(%) 7.3 2 4.2 

U-shaped flexure hinge 

A 2.92×10−2 22.7×10−2 1.31×10−3 

F 2.86×10−2 23.3×10−2 1.24×10−3 

Error /(%) 2.1 2.58 5.65 

A 2.16×10−3 15.21×10−3 0.023×10−3 

F 2.19×10−3 15.63×10−3 0.022×10−3 

Error /(%) 1.4 2.8 4.3 

A 0.71×10−3 4.48×10−3 0.025×10−3 

F 0.66×10−3 4.63×10−3 0.023×10−3 

Error /(%) 7 3.4 8 

Elliptical arc flexure hinge 

A 2.68×10−2 23.5×10−2 1.31×10−3 

F 2.77×10−2 22.4×10−2 1.4×10−3 

Error /(%) 3.25 4.91 6.9 

A 5.59×10−3 38.72×10−3 0.072×10−3 

F 5.76×10−3 39.67×10−3 0.068×10−3 

Error /(%) 3.04 2.45 5.6 

A 2.56×10−3 15.98×10−3 0.039×10−3 

F 2.45×10−3 17.03×10−3 0.042×10−3 

Error /(%) 4.3 6.57 7.7 

 

As illustrated in Fig. 6, a-e, the compliance, stress, 

and strain exhibit nonlinear increases as the depth n of the 

straight-line segment of the U-shaped notch grows. Con-

versely, these parameters decrease nonlinearly with an 

increase in the minimum thickness t. The influence of n on 

compliance, stress, and strain becomes more pronounced 

when t is relatively small. Within the range of values for n 

and t, there exist both maximum and minimum values for 

flexibility. The minimum values for compliance, stress and 

strain occur when r is at its smallest and t is at its largest. 

For 3-RRR flexible linkage mechanism with U-shaped 

flexure hinges, when t is held constant, n and r are varia-

bles that vary within their ranges n  [1, 5.5], r  [1.5, 6]. 

Then, the relationships between the compliance, stress, and 

strain of the U-shaped flexure hinge and the parameters of 

notch sizes n and r are plotted using ANSYS and 

MATLAB, as shown in Fig. 7, a-e. From these plots, sev-

eral characteristics can be observed, as described below. 

As illustrated in Fig. 7, a-e, as the depth n of the 

straight-line segment of the U-shaped notch increases, both 

compliance Cx–Fx
, Cy–Fy

 exhibit linear decreases. Converse-

ly, compliance Cz–Mz
 and stress decrease nonlinearly with 

further changes in these parameters. With increasing val-

ues of n and r, the strain initially decreases gradually, 

reaches a minimum value, and subsequently rises, forming 

pronounced nonlinear surface fluctuations. When the radi-

us r of the arc segment of the U-shaped notch increases, 

compliance Cx–Fx
, Cy–Fy

 increase linearly, whereas compli-

ance Cz–Mz
  and stress exhibit nonlinear increases.  The in- 
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Fig. 5 The influence of parameters r, t on compliance, 

stress and strain: a – compliance Cx–Fx
, b – com-

pliance Cy–Fy
, c –  compliance Cz–Mz

, d – stress;  

e – strain 
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Fig. 6 The influence of parameters n, t on compliance, 

stress and strain: a – compliance Cx–Fx
, b – comp-

liance Cy–Fy
, c – compliance Cz–Mz

, d – stress;  

e – strain  
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Fig. 7 The influence of parameters n, r on compliance, 

stress and strain: a – compliance Cx–Fx
, b – com-

pliance Cy–Fy
, c – compliance Cz–Mz

, d – stress,  

e – strain 
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Fig. 8 The influence of parameters r, t on compliance, 

stress and strain: a – compliance Cx–Fx
, b – com-

pliance Cy–Fy
, c – compliance Cz–Mz

, d – stress;  

e – strain 
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Fig. 9 The influence of parameters a, t on compliance, 

stress and strain: a – compliance Cx–Fx
, b – compli-

ance Cy–Fy
, c –  compliance Cz–Mz

, d –  stress,  

e – strain 
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Fig. 10 The influence of parameters b on compliance, 

stress and strain: a – compliance Cx–Fx
, b – com-

pliance Cy–Fy
, c – compliance Cz–Mz

, d – stress,  

e – strain 
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fluence of n on compliance, stress, and strain is more pro-

nounced compared to r. Among the various compliance, 

Cy–Fy
 attains its maximum value within the range of n and r, 

while Cz–Mz
 achieves its minimum value. When r is at its 

minimum and n is at its maximum, all compliances, stress-

es, and strains reach their minimum values. 

For 3-RRR flexible linkage mechanism with cir-

cular flexure hinges, as the radius r of the circular arc var-

ies, the minimum thickness t correspondingly adjusts, r 

and t are variables that vary within their ranges 

r  [4.75, 7], t  [1, 5.5]. The relationships between the 

compliance, stress and strain of the circular flexure hinge 

and the parameters of notch sizes r and t were analyzed 

using ANSYS and MATLAB, as illustrated in Fig. 8, a-e. 

As illustrated in Fig. 8, a-e, an increase in the arc radius r 

results in a nonlinear increase in compliance, stress, and 

strain. Conversely, an increase in the minimum thickness t 

leads to a nonlinear decrease in compliance, stress and 

strain. The effect of r on these parameters is more pro-

nounced compared to that of t. Within the range of values 

for r and t, the compliance exhibits both a maximum and a 

minimum value. Specifically, when r is at its minimum and 

t is at its maximum, the compliance, stress and strain all 

attain their minimum values. 

For 3-RRR flexible linkage mechanism with ellip-

tical arc flexure hinges, When the minor semi-axis b is 

held constant, the major semi-axis a and the minimum 

thickness t serve as variables, varying within their ranges 

  [4.75, 7], t  [1, 5.5]. The relationships between the 

compliance, stress, and strain of the elliptical arc flexure 

hinge and the parameters of notch sizes a and t are ob-

tained using Ansys and MATLAB, as shown in Fig. 9, a-e. 

From Fig. 9, a-e, several characteristics can be observed, as 

described below. 

As illustrated in Fig. 9, a-e, an increase in the ma-

jor semi-axis a result in a nonlinear increase in compliance, 

stress and strain. Conversely, an increase in the minimum 

thickness t leads to a nonlinear decrease in compliance, 

stress and strain. The effect of a on these parameters is 

more pronounced compared to that of t. Within the range 

of values for a and t, the compliance exhibits both a maxi-

mum and a minimum value. Specifically, when a is at its 

minimum and t is at its maximum, the compliance, stress 

and strain all attain their respective minimum values.  

When the major semi-axis a and the minimum 

thickness t are held constant while the minor semi-axis b 

varies, varying within ranges of b  [2, 6.5]. Three distinct 

combinations of values are selected for the major semi-axis 

a and the minimum thickness t. The relationships between 

the compliance, stress and strain of the elliptical arc flex-

ure hinge and the parameters of notch sizes b are plotted 

using Ansys and MATLAB's cubic spline interpolation 

function, as shown in Fig. 10, a-e. From Fig. 10, a-e, sev-

eral characteristics can be observed, as described below. 

5. Conclusions 

In summary, this study developed a 3-RRR flexi-

ble gripping mechanism utilizing notched flexure hinges as 

bionic joints. The analytical formula for the output compli-

ance of the notched flexure hinge-based bionic joint flexi-

ble linkage mechanism was derived and validated, with an 

error controlled within approximately 8%. The primary 

contribution of this research lies in analysing the influence 

of different notch shapes and dimensions of flexure hinges 

on the performance of the flexible linkage mechanism. a 

comprehensive comparison of the compliance performance 

and stress-strain characteristics among U-shaped, circular 

arc-shaped, and elliptical arc-shaped notches revealed sig-

nificant differences. The compliance of the U-shaped notch 

flexure hinge is slightly lower than that of the circular arc-

shaped notch flexure hinge, with their values being rela-

tively close. However, the compliance of the U-shaped 

notch flexure hinge is significantly higher than that of the 

elliptical arc-shaped notch flexure hinge. In terms of stress-

strain characteristics, the U-shaped notch flexure hinge 

exhibits the smallest stress and strain, followed by the cir-

cular arc-shaped notch flexure hinge, while the elliptical 

arc-shaped notch flexure hinge demonstrates the largest 

stress and strain. Overall, the U-shaped notch flexure hinge 

demonstrates superior comprehensive performance com-

pared to the other two types. Therefore, when employed as 

a bionic joint in the 3-RRR flexible mechanism, the U-

shaped notch flexure hinge offers excellent compliance 

while maintaining lower stress and strain levels. Among 

the dimensional parameters of the U-shaped notch flexure 

hinge (n, r, and t), the straight notch depth n has the most 

substantial impact on the performance of the flexible link-

age, while the minimum thickness t has the least influence. 

For the circular arc-shaped notch flexure hinge, the arc 

radius r affects the performance of the flexible linkage 

more significantly than thickness t. Among the dimension-

al parameters of the elliptical arc-shaped notch flexure 

hinge (a, b, and t), the semi-major axis a has a more pro-

nounced impact on the performance. The findings of this 

study provide practical theoretical value for the design and 

application of bionic joints in flexible mechanisms. Alt-

hough this study has certain limitations, primarily focusing 

on static compliance performance and stress-strain analy-

sis, the use of a large number of analytical models (80 sets) 

effectively elucidates the influence of notch shape and pa-

rameters on performance. 

This study confirms that the U-shaped notch flex-

ible hinge, when employed as a bionic joint in a 3-RRR 

compliant linkage, achieves an ideal combination of high 

compliance and low stress levels. This characteristic has 

profound implications for its performance in practical ap-

plications: In terms of strength, the low peak stress ensures 

a higher safety margin for the hinge when bearing both 

operational loads and unexpected overloads. Its superior 

compliance is realized without compromising the overall 

structural robustness. Regarding durability under low-cycle 

operation, the low strain amplitude is the cornerstone of 

long service life. Combined with its smooth geometric 

transition, the hinge exhibits excellent damage tolerance 

and structural resilience, enabling reliable performance 

under large-deformation cyclic loading and effectively 

resisting permanent damage. For high-cycle operational 

durability, the low working stress implies that its alternat-

ing stress amplitude is expected to fall below the material's 

fatigue limit. This opens the possibility for achieving an 

'infinite life' design, particularly suitable for automation 

scenarios requiring long-term, high-frequency operation. 
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J. Liang, R. Li, W. Guo, L. Zhang, Q. Zhang 

MECHANICAL BEHAVIOR ANALYSIS OF BIO-

INSPIRED JOINTS WITH NOTCHED FLEXURE 

HINGES 

S u m m a r y 

This study derives the analytical calculation for-

mula for the output compliance of a notched flexure hinge-

based bio-inspired joint linkage mechanism in flexible 

gripping mechanism. Finite element analysis (FEA) was 

conducted to investigate the compliance characteristics of 

three distinct notch-type 3-RRR flexible link. The correct-

ness of the analytical solution was validated by comparing 

it with the finite element solution. Further investigation 

into the influence of structural parameters on the perfor-

mance characteristics of 3-RRR flexible link was conduct-

ed, establishing correlation curves between geometric pa-

rameters and both compliance and stress-strain characteris-

tics. Through comprehensive comparison, the notch con-

figuration demonstrating optimal overall performance in 3-

RRR flexible link was identified. 

Keywords: flexible gripping mechanism, notched flexure 

hinge, bio-inspired joint, 3-RRR flexible link. 
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