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Abstract 

To solve the problem of insufficient constant-force stroke of the compliant constant 

force mechanism (CFM), a FEA-based optimization method based on structural 

parameters is proposed in this paper. Firstly, a flexure-based constant force module 

(FBCFM) combined with a Z-shaped beam and a bi-stable beam is designed. By 

analyzing the force-displacement relationship of the two kind beams, the architectural 

parameters related to the constant force characteristic of the FBCFM are derived. Then, 

the initial constant-force stroke with 2.2 mm and output constant force with 13.8 N of 

the FBCFM are obtained by experimental studies. Furthermore, to explore the 

parametric effects for the designed FBCFM, parametric evaluation is conducted via 

MATLAB. Finally, the optimal solution set of architecture parameters is obtained with 

FEA-based optimization method. Through experimental verification, the 

constant-force stroke of the optimized FBCFM is 4.5 mm with constant force 8.5 N. 

The optimization results show the effectiveness and feasibility of the proposed 

FEA-based optimization method. 
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1. Introduction

A CFM provides a nearly constant output force in a range of input displacements [1-4]. 

Owing to this adjustable force property, CFM has drawn widely attention from several 

applications, such as micro-gripper design, ultra-precision polishing and 

bio-micromanipulation tools [5-8]. For example, the use of CFM to design 

micro-grippers can be adopted to grasp soft/fragile objects that are sensitive to contact 

force [9,10]. Traditional electromechanical systems used to manipulate force-sensitive 

objects are usually equipped with a series of sensors. By using a feedback control 

algorithm, the contact force can be maintained at a specific value [11,12]. However, the 

precise sensory apparatus may be failure in harsh industrial environments or not 

inappropriate equipped in small scale grippers. Furthermore, the feedback controller is 

more complicated for flexure-based mechanism in order to maintain a constant force 

[13]. To reduce the dependency on complex control algorithms and complicated 
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parameter tuning processes, an alternative method based on CFM has been recently 

proposed from the viewpoint of mechanism design [14-16]. 

The compliant mechanism utilizes elastic deformation of the flexible element to realize 

force transmission and movement, which exhibits the advantages of no assembly, no 

backlash and high movement accuracy [17-20]. For example, to reduce the damage to 

the fruit during the grasping process, Miao et al. designed a CFM end-effector which is 

used for picking robots with 8.03N average constant griping force and 95.3% 

successful rate [21]. To achieve smooth contact with unknown objects, Meaders et al. 

optimized a near-constant force springs subject to mating uncertainty [22]. Ma et al. 

presented a large-stroke compliant CFM. Based on the non-dimensionalized metrics, 

its maximum operational displacement can be obtained at β = 64.5deg. The 

effectiveness of the non-dimensionalized metrics was demonstrated in comparison of 

several prototypes [23]. Liu et al. designed a compliant constant force system, which 

has high stability and can reduce certain external load interference [24]. Wang et al. 

designed a constant-force bi-stable micro-mechanism, which can exhibit a constant 

output force of nearly 500N in a displacement range of 50 mm [25]. Tolman et al. 

designed a compliant CFM, which can achieve large constant-force stroke by 

optimization of parameters [26]. Chen et al. presented an adjustable constant force 

mechanism, which can exhibit a constant-force region that is more than 70% of the 

entire input displacement [27]. 

The above research shows that CFMs are widely adopted in various applications for 

their inherent advantages. However, the limited constant-force range has become a 

bottleneck for their further application. To solve this problem, it is urgent to optimize 

the constant force property of the CFM. During the literature review, most of 

optimization methods are complicated. For example, the coding process of particle 

swarm optimization (PSO) is complicated, and it exhibits disadvantages such as being 

easy to fall into local optimal and unable to effectively solve combinatorial 

optimization [28]. The FEA-based optimization has fewer applications, but its 

implementation process is easy to access and exhibits the advantages of strong 

versatility, response surface analysis, finding the sensitivity of parameters, and 

recommending the best combination of parameters, etc [29]. 

Overall, the main contribution of this work is optimization of constant force property 

of a proposed FBCFM based on FEA-based optimization. Firstly, design and 

modeling of the FBCFM based on the parallel structure of the Z-shaped beam and the 

bi-stable beam is presented in Section 2. Secondly, parametric evaluation of the 

FBCFM is conducted with MATLAB in Section 3. In addition, constant force 

property of the FBCFM is optimized with FEA-based optimization in Section 4. 

Furthermore, experimental studies are performed in Section 5. Finally, a conclusion is 

summarized in Section 6. 

2. Module design and modeling 

Different from the traditional mechanism, the CFM does not obey Hooke’s law and can 

be obtained by the combination of positive-stiffness and negative-stiffness mechanisms. 

At present, flexible straight beams are often utilized as positive-stiffness beams. 
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However, there is a stress hardening phenomenon in that mechanism, that is, as the 

input displacement increases, its stiffness will increase. In turn, the increase in tensile 

stress leads to an increase in bending stiffness. In addition, the force-displacement of 

the flexible straight beam is non-linear, which means it cannot make full use of the 

negative-stiffness region of bi-stable beam. To compensate the shortcomings of these 

drawbacks, a Z-shaped beam is designed as a positive-stiffness mechanism, and the 

force-displacement properties are shown in Fig. 1. It can be seen that as the input 

displacement increases, the Z-shaped beam exhibits better linear force-displacement 

properties than flexible straight beams, and can provide a larger stroke to neutralize the 

negative stiffness to perform constant force property. 

 

Fig. 1 Comparison of force-displacement property of two flexible beams 

2.1. Module design 

To make the modeling and optimization method more typical and universal, a 

representative FBCFM module combining with Z-shaped beam and bi-stable beam is 

designed. The CAD model of the FBCFM is shown in Fig. 2, which adopts the 

principle of positive and negative stiffness matching to obtain constant force output 

property [30]. The overall structure is composed of two Z-shaped beams and four 

bi-stable beams. To improve the overall rigidity and compactness of the mechanism, 

each side is composed of two bi-stable beams in parallel. Owing to the buckling 

property of the bi-stable beam [31], the FBCFM can exhibit zero stiffness in a certain 

displacement range. 
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Fig. 2 CAD model for the FBCFM. (a) Assembly : 1-anti-vibration stage, 2-support base, 3- 

FBCFM, 4-connector 1, 5-force sensor, 6-connector 2, 7-voice coil motor. (b) FBCFM 

schematic 

2.2. Analysis of positive stiffness 

By analyzing the force-displacement relationship of the negative/positive stiffness 

beams, the relevant architecture parameters that affect its mechanical properties can be 

obtained. The Z-shaped beam of the FBCFM is composed of three flexible leaf beams 

and two connecting beams, as shown in Fig. 3. In this figure, where F1 is applied force, 

l1, l2, and l3 are the length of each leaf beam, θ1, θ2, and θ3 are the deformation angle of 

each leaf beam, t is the thickness of the Z-shaped beam, b is the width of the Z-shaped 

beam, and M1 is the moment of the fixed end of the Z-shaped beam. 

 
Fig. 3 Deformation diagram of Z-shaped beam for force 
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For a cantilevered leaf beam, when the cantilever end is subjected to a force F, the 

following equations can be derived as: 
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where δx is the output displacement of the free end, M is the moment of the fixed end of 

the leaf beam, l is the length of the leaf beam, E is the Young’s modulus, and I denote 

the inertia moment. According to the Eq. (1) and (2), the following equation can be 

obtained: 
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Because the Z-shaped beam is composed of three blade beams, the output force is: 
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where Fθi is the output force of a single leaf beam in the Z-shaped beam. According to 

Eq. (1), (2) and (3), the following equation can be expressed: 
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According to the geometric relationship of the Z-shaped beam, the following equation 

is derived as: 
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Through the above analysis, it can be obtained that the length and width of the 

connecting beam have no obvious influence on the positive-stiffness characteristics of 

the Z-shaped beam. To reduce the workload of calculation, the above parameters were 

not selected to participate in process of FEA-based optimization.  

2.3. Analysis of negative stiffness 

The negative-stiffness structure adopts a bi-stable beam with buckling properties, and 

its modeling is shown in Fig. 4. The buckling deformation will be induced when the 

bi-stable beam is subjected to the force F2. Referring to this figure, L and t are the 

length and width of the bi-stable beam, θ is the inclination angle of the beam relative to 

the plane which is relatively vertical to fixed plane, and ε is the output displacement of 

the bi-stable beam for F2. 
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Fig. 4 Modeling of bi-stable beam 

To improve the reliability of calculation, the bi-stable beam can be divided into 

countless extremely small elements (critical point). According to the reference [32], 

the buckling force at the j-th critical point of the bi-stable beam can be derived as: 
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where E is the Young’s modulus, Id = bt3/12 is the inertia moment of the bi-stable beam, 

and Lj is the length of the short section at the j-th critical point of the beam, λj = π, 4.493, 

2π . . . , j = 1, 2, 3 . . .. The negative-stiffness expression of a bi-stable beam can be 

derived as: 

 
3

33 d
n

EI
k

L
  (8) 

According to Eq. (7) and (8), the force-displacement expression can be derived as: 
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where S = bt is the cross-sectional area of the beam. When θ is zero, the 

force-displacement relationship of conventional straight beam can be derived using Eq. 

(9). According to Eq. (4) and (9), the force-displacement expression of the FBCFM can 

be obtained. 
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2.4. Constant force property verification 

To verify the correctness of the theoretical analysis, experimental studies are conducted 

in this subsection. The adopted material for the FBCFM is PLA-ST which has high 

flexibility with density 1250 kg/m3, Young’s modulus E = 1.477 GPa, Poisson’s ratio µ 

= 0.3. The main architectural parameters of the FBCFM are listed in Table Ⅰ. Among 

them, tz and tb are the width of the Z-shaped beam and the bi-stable beam, respectively. 
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Table Ⅰ Main architectural parameters of FBCFM 

Main architectural parameters of FBCFM 

parameters l1 l2 l3 tz L θ tb b 

values 25.5mm 13.5mm 25.5mm 1.0mm 37.87mm 8° 1.0mm 15.0mm 

Through collecting the displacement-force data of the FBCFM by experimental setup, 

the comparison of theoretical and experimental force-displacement results are shown 

in Fig. 5. Referring to this Figure, the theoretical and experimental results are 

relatively consistent, with 2.2 mm constant travel range. The experimental curve starts 

to become flat at the input displacement of about 2.45 mm, the constant force is 

approximately 13.8 N, and the constant-force variation range is approximately [13.7, 

13.9] N. The input displacement interval corresponding to the constant force is about 

[2.45, 4.65] mm, which means that the positive and negative stiffness of the FBCFM 

begin to cancel each other out in this displacement interval, and the FBCFM tends to 

zero stiffness. The main reason for the error is summarized as the difference in the 

filling density and printing method of 3D printer, the reduced capability of elastic 

recovery of the mechanism in the repeated test and difference of the bolts 

pre-tightening force in the setup of the experimental system. 

 
Fig. 5 Comparison of constant-force results 

3. Parametric evaluation 

Referring to equation (10) and Table Ⅰ, it can be seen that the constant force property of 

the FBCFM are mainly affected by the structural parameters of the Z-shaped beam and 

the bi-stable beam. Therefore, it is necessary to explore the influence of some 

architecture parameters on the force-displacement property of the FBCFM. 

When analyzing the influence of a certain parameter on the constant force property, 

other parameters should remain constant. When the selected parameters of the 

Z-shaped beam l2 and tz change, the force-displacement property of the FBCFM is 
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shown in Fig. 6. When the selected parameters of bi-stable beam θ and tb change, the 

force-displacement property of the FBCFM is shown in Fig. 7. 

 

  (a)                                            (b) 

Fig. 6 The influence of l2, tz on the constant force properties of the FBCFM (a) l2, (b) tz 

 

   (a)                                            (b) 

Fig. 7 The influence of θ, tb on the constant force properties of the FBCFM (a) θ, (b) tb 

Referring to the Fig. 6 and Fig. 7, some conclusions are summarized as follows: Firstly, 

in Fig. 6(a), l2 of the Z-shaped beam varies from 10 to 16 mm gradually with a 2 mm 

interval. It is seen that the force decreases but constant-force stroke increases as the l2 

increases. In addition, the smaller l2 is, the greater the influence of l2 on the output 

constant force is. Also, with the increasing of l2, it is better for the FBCFM to exhibit 

constant force property. 

Secondly, in Fig. 6(b), tz of the Z-shaped beam increases from 0.6 to 1.2 mm with an 

interval of 0.2 mm. It is seen that the force increases as tz increases. The relationship 

between the force and tz is approximately direct proportional. On the other hand, the 

change of tz has nearly no influence on the constant-force stroke. 

Thirdly, in Fig. 7(a), the θ of the bi-stable beam varies from 6◦ to 9◦ gradually with an 

interval of 1◦. It is observed that the force increases as θ increases. An increase of 1◦ for 

θ leads to a force increase of approximately 2 N. The relationship between the force 

and θ is not directly proportional. Also, as θ increases, the constant-force stroke 

increases. 



    

9 

Finally, tb of the bi-stable beam changes from 0.6 to 1.2 mm gradually with a 0.2 mm 

interval. It is observed that as compared with the other three parameters, tb has the 

largest influence on the force. Specifically, the force increases as tb increases. The 

larger tb is, the larger the influence on the force is. 

As discussed previously, tb of the bi-stable beam has the greatest influence on the 

constant force performance. In addition, from the perspective of machining process, θ 

of the bi-stable beams is difficult to be guaranteed. Therefore, it is necessary to select 

the above two parameters to participate in the optimization to exhibit the optimal 

performance of the FBCFM. 

4. Optimization study 

It can be seen from section 3 that by changing the value of the architectural parameters, 

the FBCFM can obtain different force-displacement property. Therefore, within a 

certain parameter change range, by optimizing and selecting the best value of the 

parameters, the optimal design of the mechanism can be obtained. The FEA-based 

optimization of the FBCFM can be implemented by the finite element software 

Workbench. This method adopts the principle of multi-objective genetic algorithm 

(MOGA), which can solve the design point composed of different structural parameters 

and objective parameters, recommend the optimal combination of structural parameters, 

and obtain the influence relationship of the optimization parameters on the output 

results. Flowchart of optimization procedure is shown in Fig. 8. In this paper, four 

independent architectural parameters with their upper and lower limits are selected as 

optimized parameters as shown in Table Ⅱ. 

Table Ⅱ Change range of optimized structural parameter 

Parameters Lower limited value Upper limited value 

l2 12 mm 16 mm 

tz 0.8 mm 1.2 mm 

θ 7° 9° 

tb 0.8 mm 1.2 mm 

The optimization goal of the FBCFM is to obtain the maximum constant-force stroke 

by changing the range of selected parameters. To convenience the optimization analysis 

of the FBCFM, this paper defines a physical quantity as the object parameter: 

constant-force ratio factor (CSRF). CSRF is defined as the product of input 

displacement and the size of constant-force travel (original value is 2.2). Therefore, 

under the condition of constant input displacement, when the CSRF increases, the 

constant-force stroke will increase accordingly. Considering the actual working 

environments of the FBCFM, the total deformation maximum (TDM) and equivalent 

stress maximum (ESM) of the mechanism are selected as objective parameters. The 

optimization result should maximize the CSRF, TDM and minimize the ESM. 
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Fig. 8 Flowchart of FEA-based optimization procedure 

To achieve the optimization goal, the system will calculate enough design points as a 

sample reference. The more sample design points collected, the smaller the overall 

error value of the calculation, which can improve the accuracy of the final 

optimization. A total of 1004 design points were collected for this optimization, and 

the sample is shown in Fig. 9. The upper and lower horizontal boundary lines in the 

figure represent the maximum and minimum values of structural parameters and 

objective parameters; each curve corresponds to a design point, representing the 

values of 4 optimized parameters and the corresponding output results. Fig. 10 shows 

the fitting relationship between the response surface predicted value of the objective 

parameters and the calculated observed value. It can be seen from Fig. 10 that TDM, 

ESM and CSRF all exhibit good linear fitting and high accuracy. 
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Fig. 9 Design point sampling diagram 

 

Fig. 10 The fitting curves of predicted and observed values 

According to the fitting curve in Fig. 10, the accuracy of the 3D response surface of 

the objective parameter to the optimized parameter is guaranteed. Through response 

surface analysis, the relationship between architectural parameters and objective 

parameters can be obtained. The relationship of different structural parameters to 

CSRF is mainly analyzed, as shown in Fig. 11. The relationship between the structural 

parameters and ESM is shown in Fig. 12. 
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(a)                                            (b) 

Fig. 11 The 3D response surface of CSRF to structural parameters (a) l2 and tb, (b) tz and θ 

 

(a)                                            (b) 

Fig. 12 The 3D response surface of ESM to structural parameters (a) l2 and tb, (b) tz and θ 

According to Fig. 11 and 12, some conclusions are summarized as follows: 

1) In Fig. 11, increasing tb and θ causes CSRF to increase. The two parameters are 

proportional to CSRF. On the other hand, increasing l2 and tz has nearly no influence 

on the CSRF. 

2) In Fig. 12, increasing tb, l2 and θ causes ESM to increase. The three parameters are 

proportional to ESM. On the other hand, increasing tz has nearly no influence on the 

ESM. 

As discussed previously, tb and θ of the bi-stable beam has the greatest influence on the 

CSRF. This is more consistent with the influence of tb and θ on constant force property 

in section 3. On the other hand, tb, l2, θ and tz have a good linear fitting relationship to 

the ESM. The four parameters of the FBCFM are easy to be guaranteed to obtain small 

ESM. 

From 3D response surface analysis, it can be seen that each optimized parameter has a 

different effect on the objective parameter. In addition, each optimized parameter has a 

different influence degree on the objective parameter, that is, the influence of individual 

optimized parameters on the objective parameters is greater than other optimized 

parameters. The sensitivity of optimized structural parameters to objective parameters 

is shown in Fig. 13. Individual structural parameter has same effect of influence on 

CSRF and TDM, and tb has the greatest effect on the two objective parameters, 

followed by θ and l2, and finally tz; among the effect of each optimized structural 

parameter on ESM, θ have greatest effect on it, followed by l2 and tb, and finally tz. 

Therefore, to exhibit the best constant force characteristic of the FBCFM, more 

attention should be paid on changing of the structural parameters of the bi-stable beam. 
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Fig. 13 Sensitivity of structural parameters to objective parameters 

Under the 3D response surface and sensitivity of each optimized structural parameter to 

the object parameter are known, the structural parameters need to be optimized 

according to the optimization goal. In the optimization module of Workbench, the 

MOGA can find the optimal solution set on the 3D response surface generated by the 

structural parameters and object parameters, as shown in the Fig. 14. According to the 

optimization goal, find the best design candidate points in the optimal solution set, as 

shown in the Fig. 15. 

 

Fig. 14 Optimal solution set of objective parameters 
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Fig. 15 Optimization candidate points 

Through the optimal selection of three candidate points and the best recommendation 

of the system, Candidate point 2 is utilized as the final value of optimized structural 

parameters and object parameters. The optimal values of four structural parameters 

selected in this paper are shown in Table Ⅲ. 

Table Ⅲ Optimal values of parameters 

Optimal values of parameters 

parameters l2 tz θ tb 

values 15.40mm 0.82mm 8.80° 1.20mm 

The original values are replaced with the optimal values of the four optimized structural 

parameters, and using SolidWorks software to model. Optimized test prototype is 

fabricated, and an experiment is set up to verify the feasibility of FEA-based 

optimization method. 

5. Experimental verification 

5.1 Experimental setup 

An optimized FBCFM prototype are fabricated by a 3D printer (model: 3DP-25-4F) to 

verify the reliability and feasibility of the FEA-based optimization. The comparison of 

the original and optimized prototype is shown in the Fig. 16. The adopted material of 

PLA-ST exhibits good stiffness characteristic, as revealed in previous section 2.4. 
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Fig. 16 Comparison of the original and optimized prototype (a) original prototype, (b) 

optimized prototype 

The experimental setup is shown in Fig. 17, including the prototype, voice coil motor, 

grating ruler, force sensor, motor driver, and industrial control computer. The voice 

coil motor (model: TMEC100-015-000) is driven by a commercial linear servo 

amplifier (model: ACJ-055-18) to deliver a nominal travel stroke of 5 mm. One force 

sensor (model: DS2-XD) with a range of 50 N and a resolution of 0.01 N is mounted 

at the input end to measure the force of FBCFM, respectively. A grating ruler (model: 

LaRW1-3D, Fagor Automation) is used to measure the input displacement. 

 

Fig. 17 Experimental setup 
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5.2 Experimental results 

In the experimental test, the displacement-time of the voice coil motor measured by 

the grating ruler is shown in the Fig. 18. The movement speed of the voice coil motor 

is 0.5 mm/s. The comparison of multiple experimental results is shown in the Fig. 19. 

Referring to this Figure, as the number of experimental tests increases, the value of 

the output force will gradually decrease, and the error will increase. The reason for the 

error is that due to the limitation of the printing material, with repeated experimental 

operations, the capability of elastic recovery of the mechanism will be reduced, and it 

is difficult to form a stable constant force property. In order to make the experimental 

results more reliable and reduce contingency, the previous three valid test data are 

collected as a basis. 

 

Fig. 18 Displacement-time curve of voice coil motor 

 
Fig. 19 Comparison of multiple experimental results 

The force-displacement properties of the optimized FBCFM are compared with the 

original FBCFM, and the result is shown in Fig. 20. The optimized FBCFM still has 
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property of constant force output. The force-displacement curve starts to become flat 

when the input displacement is approximately 1.5 mm with constant output force 

approximately 8.5 N, and constant force change range is approximately [8.24, 8.88] N. 

The constant-force displacement interval is approximately [1.7, 6.2] mm. Compared 

with the original FBCFM, the constant-force stroke is increased by 2.3 mm. Therefore, 

the validity and reliability of the FEA-based optimization method are verified. Due to 

the versatility of the FEA-based optimization, the method is not only applicable to 

various CFMs derived from the FBCFM, but also other compliant transmission 

mechanisms by parameter optimization. 

 

Fig. 20 Comparison of constant force properties based on the original FBCFM and optimized 

FBCFM 

6. Conclusions 

This paper proposes a FEA-based optimization method for a typical FBCFM, which 

can obtain the optimal constant force property of the FBCFM under the optimization 

goal of a larger constant-force stroke. Firstly, through the design and modeling of the 

FBCFM combined with Z-shaped beam and the bi-stable beam, the main structural 

parameters of the FBCFM are obtained. In addition, the influence of each structural 

parameter on the FBCFM’s constant force property is evaluated with MATLAB. 

Furthermore, the four structural parameters of the FBCFM are selected as optimized 

parameters, CSRF, TDM and ESM are selected as objective parameters, and the 

FEA-based optimization method is utilized for optimization of constant force property. 

Based on the 3D response surface and parametric sensitivity in the optimization 

process, it is concluded that the sensitive key parameter of the constant force property 

is tb. The constant-force stroke of the optimized FBCFM is [1.7, 6.2] mm, the constant 

output force is 8.5 N, and the constant-force variation is [8.24, 8.88] N. Finally, the 

validity and reliability of the FEA-based optimization method are verified by 
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experimental setup. The research results can play a positive role in promoting the 

research on parametric optimization and application of CFM. 
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