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Abstract: 

In uncertainty-based multidisciplinary design optimization (UBMDO), all reliability limitation factors are maintained due to minimize 

the cost target function. There are many reliability evaluation methods for reliability limitation factors. The second-order reliability 

method (SORM) is a powerful most possible point (MPP)-based method. It can provide an accurate estimation of the failure 

probability of a highly nonlinear limit state function despite its large curvature. But the Hessian calculation is necessary in SORM, 

which results in a heavy computational cost. Recently, an efficient approximated second-order reliability method (ASORM) is 

proposed. The ASORM uses a quasi-Newton method to close to Hessian without the direct calculation of Hessian. To further improve 

the UBMDO efficiency, we also introduce the performance measure approach (PMA) and the sequential optimization and reliability 

assessment (SORA) strategy. To solve the optimization design problem of a turbine blade, the formula of MDO with ASORM under 

the SORA framework (MDO-ASORM-SORA) is proposed. 
Keywords: uncertainty; reliability analysis; optimization design; turbine blade 

 

Introduction 

The Multidisciplinary design optimization (MDO) 

is a methodology for the design problems of complicated 

and coupled engineering systems, which has received 

extensive attention from industry and academia 
[1-11]

. The 

application of MDO research results has expanded from 

the initial hypersonic aircraft, large passenger aircraft, 

shuttle spacecraft, and other aerospace fields to vehicles 

and ships, electronics, energy, and civil and construction 

and other engineering fields have produced significant 

technical and economic benefits [12-16]. To effectively 

consider the influence of these uncertain factors in the 

process of design optimization, uncertainty-based 

multidisciplinary design optimization (UBMDO) has 

become one of the research hot spots of modern 

engineering system design 
[17-26]

. So far, the UBMDO 

method that considers random uncertainty has become 

more mature after combining reliability analysis methods 

such as classical probability theory. Due to the adoption 

of the sequence optimization and reliability evaluation 

sequential optimization and reliability assessment 

(SORA) strategy, the reliability analysis process and the 

design optimization process are decoupled 
[27-29]

. The 

entire  

UBMDO process is decomposed into a series of 

alternate deterministic MDO and reliability analysis 

processes, and the computational efficiency is further 

improved 
[30-31]

. 

However, the Hessian calculation is necessary in 

second-order reliability method (SORM), which results 

in a heavy computational cost. To further improve the 

efficiency and robustness of UBMDO, based on 

UBMDO, the approximated second-order reliability 

method (ASORM) method based on performance 

measure approach (PMA) under SORA strategy is 

proposed. 

1 Traditional reliability calculation method 

1.1 First order reliability method (FORM) 

For the limit state equation ( ) 0G x  , x is 
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represented as a vector form of a random variable in the 

original space, which is transformed into an independent 

standard normal space (U space), and the limit state 

equation will be rewritten as ( ) 0g u  . According to the 

physical meaning of the reliability index, the problem of 

calculating the reliability index is transformed into the 

problem of solving the minimum distance from the 

origin of the coordinate to the limit state surface in U 

space. The specific constrained optimization problem is 

as follows: 

When ( ) 0g u  , compute the 
* minnu u , So the 

first-order reliability index FORM  and the instability 

probability FORM

fP  are computed by Eq. (1): 

 

FORM *

FORM FORM

f

u

P







  
           

(1) 

where   is the modulus of the vector,   is the 

standard normal distribution function. 

1.2 The review of SORM 

The SORM method uses Taylor series to expand the 

function ( )g u  at point *u , and keeps the quadratic term. 

The second-order approximate expression of ( )g u  can 

be obtained as follow: 

   FORM * *1
( )

2

T
Tg u u u u H u u          (2) 

where 
 
 

*

*

g u

g u



 


 is the unit direction vector at the 

verification point in U space, 
 
 

2 *

*

g u
H

g u





 is the 

n-dimensional Hessian matrix, n is the number of 

random variables, ( )g u  is the gradient vector of the 

verification point *u , which can use the front difference 

method to calculate: 

   
( )

i i

i

g u h g u
g u

h

 
 


          (3) 

where h  is the step size, i is the i th component of 

the vector. 

On the basis of the obtained verification point 
*u  and 

the Hessian matrix H, the random variable is transferred 

from U space to V space to ensure that the n th axis of V 

space coincides with the verification point vector
*u , which 

can be solved by the Gram-Schmidt method. The matrix 

form is V=PU. Operate the rotation matrices P and H, select 

the first n-1 order to form a sub-matrix, and perform 

diagonal processing on the sub-matrix to obtain the n-1 

order diagonal matrix 
rotH  as follows: 

 *

T

rot

H
H P P

g u



           

(4) 

The diagonal element of the matrix 
rotH  is the 

principal curvature i , which is 

  ( 1,2, , 1)i rot ii
H i n   L . Geometrically, i  

represents the principal curvature at the check point. 

After obtaining the check point and principal curvature, 

different algorithms can be used to calculate the 

second-order reliability. 

2 The approximated second-order reliability 

method  

In UBMDO, the evaluation of the reliability 

constraints can be defined using a multidimensional 

integral. However, when the limit state functions are 

nonlinear, the multidimensional integral cannot be 

calculated analytically. Therefore, we approximate the 

limit state function by the Taylor series of second-order 

at the MPP in U-space. 

To eliminate the mistake caused by quadratic 

function parabolic approximation and obtain a better 

accuracy, this study uses the SORM with the generalized 

chi-square distribution. 

In practical engineering problems, the calculation of 

Hessian analysis cannot be performed. To solve previous 

problem, utilizing the quasi-Newton approach to approximate 

the Hessian. This paper also introduces the ASORM. 

When being close to the N×N Hessian matrix, 

taking a symmetric matrix, there are N(N+1)/2 degrees 

of freedom, while the secant line term exerts only N 

constraints. the unique Hessian updates required 

additional constraints. The symmetric rank-one (SR1) 

updates and creates the unique symmetric matrix with a 

rank-one amendment meeting the secant qualification. 

Finding a FORM calculation method with good 

convergence is the basis for calculating SORM indicators. 

In this paper, the HLRF-BFGS algorithm 
[32]

 is used to 

determine the check point to obtain the first-order 

reliability index; then the SR1 algorithm is used to 

approximate the Hessian matrix to obtain the 

second-order reliability index with excellent accuracy. 

Based on the FORM calculation process of the 

HLRF-BFGS algorithm, the search calculation direction 

kd  can be obtained by the Eq. (5): 

   

   

 

BFGS

1 1 1 1

BFGS

1 1 1

BFGS BFGS

1 1 1 1

T

k k k k

k T

k k k

k k k k

g u B u g u
d

g u B g u

B g u B u

   

  

   

  
 

 

 
       

(5) 



Mechanical Engineering Science  Vol. 4  No.1  2022                                                                         3 

BFGS
BFGS BFGS 1

1

BFGS BFGS

1 1

1
T T

k k k k k
k k T T

k k k k

T T

k k k k k k

T
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q B q d d
B B

d q d q

d q B B q d

d q




 

 
   

 
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(6) 

where k is the number of iterations; BFGSB is the inverse 

matrix of the Hessian matrix calculated by the BFGS 

algorithm, that is  
1

BFGS BFGS


B H , which can be obtained 

by the recursive Eq. (6). kq  is expressed as Eq. (7): 

   1k k k k kq d g u g u             
(7) 

where 
   

   

BFGS

1 1 1 1

BFGS

1 1 1

    

  




 

T

k k k k

k T

k k k

g u g u B u

g u B g u
. 

On this basis, the check point in the new iteration 

can be obtained by the Eq. (8): 

1k k ku u d 
               

(8) 

Repeat the above iteration process, the iteration 

stops when the following conditions are met: 

 

 
1  


 
 

T

k k

k k

g u u

g u u
 and   kg u . 

At the same time, the SR1 algorithm can provide a 

more accurate approximation of the Hessian matrix than 

other methods. Therefore, SR1 algorithm is used to 

approximate the Hessian matrix in each iteration in this 

study. Its expression is as follow: 

  

 

SR1 SR1

1 1SR1 SR1

1
SR1

1

T

k k k k k k

k k T

k k k k

y H d y H d
H H

y H d d

 





 
 


    

(9) 

where    1 k k ky g u g u . 

Compared with SORM, ASORM adopts the 

approximated Hessian rather than direct calculation of 

Hessian. Thereby it requires computations only used in 

FORM to realize much efficient and precise reliability 

analysis. Compared with FORM, in the most possible 

point (MPP) search, ASORM makes full use of the 

information collected, Thus the reliability assessment can 

be more accurate. 

3 Review of PMA and SORA 

3.1 The PMA 

In UBMDO, adopting PMA is more effective than 

direct evaluation of actual probability. If some non-active 

reliability restrictions are directly evaluated to get their 

real probabilities, they will govern the entire calculation 

process, leading to low computational efficiency.  

The basic formula of UBMDO is to minimize the 

objective function under the restriction of probability, 

which can be expressed as Eq. (10). 

 

 

 

 

  

, , ,

1

2

min , , , ,

. . , , , ,

, , , ,

Pr , ,

,

, 0

,

,

1, 2

d d x xs i s i

s i s i

s i s i

s i s i

i s i s i

L U

s s s

L U

i i i

L U

s s s

L U

i i i

f d d x x

s t J d d x x

J d d x x

g d d x x R

d d d

d d d

x x x

x x x

i









 

 

 

 

 

       

(10) 

where the  f  indicates the objective function of 

UBMDO problem. di represents the local design 

variables for the i th discipline. ds are shared design 

variables in all disciplines. xi express the local input 

variables for discipline i, xs denotes the vector of sharing 

variables which are input variables of every discipline. 
  Pr 0  
i

tg  are probability restrictions to discipline i. 

 Pr 0g  refers to the probability of fail with the pattern 

of 0g . J1 and J2 are the flabby limitation 

requirements of subsystem 1 and subsystem 2, severally. 

ε represents an extremely small positive number that can 

be dynamically changeable. gi and Ri signify the 

probability limitation requirements and allowed 

reliability separately.  
To every probability restriction, the PMA-based 

UBMDO can be depicted as Eq. (11). 

 
 

 

( ) ( )
,

( ) ( ) ( )

( ) ( )

min , , ,

 . . ,

1,2, ,

i i
u us i

i i i

s i s i

i i

s t

g d d u u

s t u u

i n



 L           

(11) 

where ( )i

su  and ( )i

iu  are the standard normal 

stochastic variables for U-space, they separately 

denote stochastic variables of 
sx  and 

ix  of 

discipline i in X-space. t
 is the required reliability. 

( )iu  consists of all standard normal stochastic 

variables in all disciplines. 

3.2 The SORA strategy 

In UBMDO, The SORA adopts series of cycles for 

reliability analysis and decoupled deterministic MDO. In 

every cycle, reliability analysis and MDO are mutually 

decoupled. Reliability analysis is performed after MDO, 

and the process of SORA is demonstrated. The ASORM 

is used to work out the reliability estimation problems in 

a cycle in this study. Use PMA to construct a new 

deterministic MDO problem for the next cycle within the 

framework of SORA. 

4 The turbine blade design optimization 

In this paper, the UBMDO which only considers 

interval variables is improved, and both interval 

variables and random variables are considered in the 
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optimization design process. Then, taking the optimal 

design of the planetary gearbox for a megawatt wind 

turbine as the research object, the uncertainty factors in 

the optimal design of the wind turbine planetary gearbox 

are analyzed. On this basis, the proposed method is used 

to optimize the design of the planetary gearbox. The final 

comparative analysis shows the result of planetary 

gearbox optimization, and the optimization design 

scheme of this paper is feasible. 

Turbine blades are important components which 

make up the turbine section of a gas turbine 
[33-34]

. The 

blades extract energy from the high temperature, high 

pressure gas produced by the combustor, thus the turbine 

blade design optimization is a typical MDO problem 

including heat transfer, aerodynamics and structure. In 

this study, a turbine blade design optimization problem is 

solved using the proposed UBMDO method. The 

objective is maximizing the aerodynamic efficiency η. 

There are nine design variables and three constraints, 

which are shown in Figure 1 and Tab. 1. 

Here, we assume that all design variables are 

random variables which are normally distributed. We use 

FORM, SORM and ASORM to solve this MDO problem, 

respectively. In Tab. 2, we can see that all reliability 

estimation methods can obtain reasonable solutions. The 

UBMDO methods using ASORM and using FORM 

require almost the same computation time t. However, 

the aerodynamic efficiency from UBMDO using 

ASORM are more conservative than that from UBMDO 

using FORM. Compared with the aerodynamic 

efficiency η=0.9428 from UBMDO using SORM, the 

aerodynamic efficiency from UBMDO using ASORM is 

0.9468. It means that two UBMDO methods can enjoy 

higher accurate reliability estimations. 

Table 1  Design variables and constraints of turbine 

blade design optimization 

 Description Initial value 
Lower 

bound 

Upper 

bound 

Design 

variables 

Top 

section 

1r /
2r /

3r  

Installation 

angle 

41.0/61.0/74.

0 

38.0/58.0/71.

0 

44.0/64.0

/77.0 

Middle 

section 

1φ /
2φ /

3φ  

Incidence 

angle 
10.0/2.0/-6.0 7.0/0.5/-9.0 

13.0/5.0/-

3.0 

Root 

section 

1ξ /
2ξ /

3ξ  

Deviation 

angle 
6.0/4.0/2.0 3.0/1.0/0.5 

9.0/7.0/5.

0 

Constraint

s 

Maximum temperature/K 983.22 - 1000 

Equivalent stress/MPa 603.09 - 120 

Maximum deformation/mm 0.5012 - 0.6 

Table 2  Design variables and constraints of turbine 

blade design optimization 

 1r  1φ  1ξ  2r  2φ  2ξ  3r  3φ  3ξ  η t 

ASOR

M 
38.17 11.09 6.56 57.08 4.66 6.15 71.97 

-4.9

7 
1.06 0.9468 

72hr/ 

43min 

SORM 38.42 11.23 6.37 56.35 4.71 6.44 71.35 
-4.5

8 
1.10 0.9428 

129hr/

39min 

FORM 36.34 10.34 6.53 55.30 4.89 6.92 73.01 
-4.5

5 
1.28 0.9613 

69hr/ 

39min 

 

Figure 1  The structure sketch of a turbine blade 

5 Conclusion 

In UBMDO, the computational cost of the 

objective function is minimized while preserving all 

reliability constraints. There are many methods of 

reliability assessment. SORM is an MPP-based method. 

It can accurately estimate the failure probability of 

highly nonlinear limit state functions. However, 

Hessian calculation is required in SORM, and the 

calculation cost is very high. Recently, an efficient 

ASORM has been proposed. ASORM uses the 

quasi-Newton method to approximate the Hessian 

without directly computing the Hessian. To further 

improve UBMDO efficiency, we also introduce PMA 

and SORA strategies. To solve the optimal design 

problem of turbine blades, MDO-ASORM-SORA is 

proposed. It is demonstrated that the proposed method 

has more accurate reliability estimates. 
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Abstract: 

In the engineering, to ensure the quality and safety, it is necessary to carry out reliability analysis on it. When conducting reliability 

analysis in engineering, a large number of small failure probability problems will be encountered. For such problems, the traditional 

Monte Carlo method needs a lot of samples, and the calculation efficiency is extremely low, while the subset simulation method can 

efficiently estimate the reliability index of the small failure probability problem with little samples. Therefore, this paper takes the 

application of the subset simulation method in the reliability analysis of the small failure probability structure as the object, constructs 

the reliability analysis method of the single failure mode of the system, and applies the method to a mathematical example and a 

single-story gate. Through the rigid frame example, it can be seen that this method is beneficial to improve the calculation efficiency 

and accuracy. 
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1 Introduction 

Reliability engineering 
[1]

 is a comprehensive 

engineering discipline that includes various engineering 

technologies, including statistics and analysis of product 

failures and their probability of occurrence, reliability 

design 
[2-3]

, reliability prediction 
[4-6]

, reliability test 
[7]

, 

reliability evaluation 
[8-9]

, reliability inspection 
[10-11]

, 

reliability control 
[12]

, reliability maintenance 
[13-14]

 and 

failure analysis 
[15-17]

. Its essence is to fight against failure 

or malfunction, throughout the whole life cycle of the 

product. For a product, the high reliability of the system is 

particularly important. In the engineering system, because 

all parts work with each other, if some parts fail, it will 

usually cause serious accidents 
[18-21]

. Therefore, when 

designing such a system, it needs to have a low failure 

probability to guarantee that the engineering system has 

higher safety. For example, in the field of aviation and 

aerospace, the British Aviation Commission stipulates that 

the failure rate of aircraft must be lower than 10-5 
[22-23]

. In 

the field of automobile industry, there is a key index in 

the process of automobile design, that is, the safety of 

automobile structure. According to the design standard of 

automobile fatigue reliability, the failure probability of 

key structure of car body should be less than 0.01% 
[24-25]

. 

Therefore, to achieve high-precision evaluation, it is 

necessary to study the analysis method of Small Failure 

Probability (SFP) problem 
[26-27]

. 

SFP means that the probability of part failure is very 

small. So it is almost impossible to occur in one test.  

However, it will inevitably occur in repeated tests. 

The reliability analysis method of SFP problem is mainly 

sampling method 
[28-29]

. The Monte Carlo Simulation 

(MCS) method has strong versatility, the calculation 

accuracy increases with the increase of the sampling point 

capacity. Reliability analysis results with the required 

accuracy can be obtained theoretically. However, when 

the dimension of the random variable is too large, the vast 

majority of the sample points extracted by the MCS 

method will fall into the safety domain of the design 

space, which makes little contribution to the reliability 

analysis of failure events. In addition, the computational 

cost of obtaining sample points for high-dimensional and 

highly nonlinear systems is high, which leads to the low 

efficiency of the MCS method. If the utilization rate of 

sample points can be improved, especially in the analysis 

of multi-disciplinary complex systems, the calculation 

cost will be greatly reduced. For SFP problems in large 

and complex engineering systems, the subset simulation 

method (SS) can maintain considerable accuracy and 

efficiency in calculations 
[30-32]

. SS is an efficient and 

accurate method for calculating SFP. Its core is to use 

adaptive method to decompose the whole large 

probability space into a series of nested subspaces. These 
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subspaces are regarded as intermediate failure events, 

which correspond to a series of conditional failure 

probabilities. According to Bayesian formula 
[33-35]

, these 

conditional failure probabilities are multiplied in turn, 

then the tiny failure probability of the required solution is 

obtained. This method improves the efficiency and 

accuracy of the SFP problem 
[36-38]

.  

Abdollahi and Moghaddam et al 
[39]

. introduced the 

Subset Control Variable (SCV) technology, which is a 

new method to reformulate the traditional SS and 

provides statistical features. Au and Beck 
[40]

 expressed 

the failure probability as the product of the larger 

conditional failure probability, and proposed a new 

simulation method SS to calculate the SFP encountered in 

the reliability analysis of engineering systems. Xiao and 

Zhang et al. 
[41]

 proposed an effective Kriging-based Subset 

Simulation (KSS) method for mixed reliability analysis 

under random and interval variables using SFP. Qian and 

Li et al. 
[42]

 proposed a time-varying system reliability 

analysis method, combining multi-response Gaussian 

process (MRGP) and SS to solve the SFP issues. 

The structure of this article can be summarized as 

follows: The second section reviews the Markov chain 

Monte Carlo method (MCMC). The third section 

introduces the principle and calculation process of the SS. 

In the fourth section, two examples are used to verify the 

advantages of the SS in solving the SFP. Finally, the 

content of the full text is summarized in the fifth section. 

2 Review of Markov Chain Monte Carlo 

MCS 
[43]

 is a calculation method based on random 

numbers. Assuming that the domain of the random 

variable x  is X , and its probability density function 

(PDF) is f(x). the objective of MCS is to solve the 

mathematical expectation Ef(x),g(x)- . g(x)  is the 

function defined on X. MCS independently samples n 

samples x1, x2, ⋯ ⋯ xn  according to g(x) , the 

approximate expectation is: 

Ef(x),g(x)- ≈
1

n
∑ g(xi)

n
i=0           (1) 

Assuming that the integral of solution z(x) on X is 

required: 

∫ z(x)dx
X

                   (2) 

It is necessary to decompose z(x) into the g(x) 

and f(x), and then transform the problem into solving 

the mathematical expectation Ef(x),g(x)- of the g(x) 

about f(x): 

∫ z(x)dx
X

= ∫
z(x)

f(x)
f(x)dx

X

= ∫ g(x)f(x)
X

=Ef(x),g(x)-  (3) 

Then 

∫ z(x)dx
X

= Ef(x),g(x)- ≈
1

n
∑ g(xi)

n
i=0      (4) 

In many cases, the performance function z(x) of 

the system structure is complex and can’t be directly used 

to calculate the failure probability, and the 

above-mentioned MCS can better solve this problem. 

However, sometimes the decomposed PDF g(x)  is 

equally complex, and MCS is no longer applicable. 

MCMC 
[44]

 can efficiently generate a series of 

samples that obey the complex distribution f(x). Suppose 

the state space of Markov chain (MC) (X = X0,
X1, … , Xt, … ) is S. Moreover, the transition probability 

matrix is P = (Pij), where Pij denotes the probability that 

the jth state will be transferred to the ith state. If there is a 

distribution π=(π1, π2,…)T on the state space S, such that 

π=Pπ, then the stationary distribution of MC is π.  

If an original distribution is the stationary 

distribution of the MC, after any transfer operation, its 

result is still the stationary distribution. If the MC is 

aperiodic, irreducible, and returns normally, its stationary 

distribution π=(π1, π2,…)T is unique, and its limit 

distribution is the stationary distribution. According to the 

ergodic theorem, no matter what the initial distribution π′ 

is, after n transitions, that is Pn π′, it will eventually 

converge to its stationary distribution π, that is: 

lim
t→+∞

P(Xt = i|X0 = j) = πi i ∈ N+; j ∈ N+      (5) 

For any time t  and any state i, j  ∈S, the state 

distribution satisfies the following equation: 

P(Xt=i|Xt-1=j)πj=P(Xt-1=j|Xt=i)πi,i,j∈N+     (6) 

or abbreviated as: 

pjiπj = pijπi, i, j ∈ N+              (7) 

This is the meticulous equilibrium equation. 

The core idea of MCMC method is divided into the 

following 3 steps. Firstly, define an MC π=(π1, π2,…)T in 

the state space S of the random variable X to make its 

stable distribution as the sampling target distribution f(x). 

Secondly, randomly walk on this MC to get a sample at any 

time. Thirdly, find the mathematical expectation of the 

function according to the ergodic theorem. The meaning of 

the ergodic theorem is as follows: if the time tends to 

infinity and the sample distribution closes a stationary 

distribution, then the function mean of the sample is close 

to the mathematical expectation of the function. 

In this paper, Metropolis-Hastings algorithm 
[45]

, is 

adopted to define MC and transition kernel. Suppose a 

probability distribution that needs to be sampled is f(x) 

p(x, x′) = t(x, x′)β(x, x′)            (8) 

where x′ represents the candidate state; β(x, x′) is 

called the accepted distribution; t(x, x′) represents the 

transfer core of another MC; and it is called the suggested 

distribution. 

β(x, x′) = min {1,
p(x′)t(x′,x)

t(x,x′)p(x)
}           (9) 

Since 

p(x)t(x, x′) = p(x)t(x, x′) min {1,
p(x′)t(x′,x)

t(x,x′)p(x)
} 

= min*t(x, x′)p(x), t(x′, x)p(x′)+   

= t(x′, x)p(x′)min {1,
t(x,x′)p(x)

t(x′,x)p(x′)
}

= p(x′, x)p(x′)                   

  (10) 
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satisfies the meticulous equilibrium equation. The 

transition kernel p(x′, x) satisfies the ergodic theorem 

and the final stationary distribution is p(x), that is, the 

samples generated in this way conform to the p(x) 

distribution. 

It is suggested that t(x, x′)= t(x′, x), then 

β(x, x′) = min {
p(x′)

p(x)
, 1}           (11) 

Particularly, t(x, x′) = t(|x − x′|)  is called the 

random walk Metropolis algorithm, such as the normal 

distribution transition kernel:  

t(x, x′) ∝ exp .−
(x′−x)2

2
/           (12) 

Its characteristic is that when x′ is closer to the 

mean value x, the acceptance probability is higher. 

The steps of Metropolis-Hastings algorithm are: 

Ⅰ. According to the objective distribution function 

f(x)  to be sampled, select a suggested distribution 

t(x, x′) and randomly select an initial value x = x0; 

Ⅱ . According to the recommended distribution 

t(x, x′), a candidate state x′ is randomly selected and the 

acceptance probability is calculated : 

β(x, x′) = min {1,
p(x′)t(x′,x)

t(x,x′)p(x)
}          (13) 

Ⅲ. A number m is randomly selected from interval 

(0, 1) according to uniform distribution. If m≤β(x, x′), 

then accept the candidate state x′, otherwise, refuse to 

transfer.  

In the SS of this paper, the candidate state x′ newly 

generated by MCMC must meet the conditions x′ ∈ Fi, 

to ensure that the newly generated state is within the 

failure domain Fi area. 

3 Subset simulation method 

SS is a random simulation process for estimating 

SFP. Specifically, consider an engineering system 

constrained by random input parameters. The failure area 

E is defined as the sub-area of the response function G(x) 

less than a certain threshold b in x space, that is: 

E = *x: G(x) < b+#            (14) 

where x  represents the random input vector of all 

uncertain parameters. In the SS, G(x) can be a nonlinear 

implicit function of x. In many cases, the target failure 

probability PE related to the target failure event E may be 

small, so it is necessary to carry out much simulation to 

estimate the target failure probability to obtain the 

required accuracy, but it also reduces the computational 

efficiency. The SS method transforms an SFP into a 

product of a larger conditional probability sequence. This 

transformation method is to divide the input parameter 

space into subsets of fault domains. Therefore, it is 

necessary to define a series of intermediate failure events 

in the same way as the target failure event 

Ej = {x: G(x) < bj}, j = 1, … , m         (15) 

where m represents the total number of intermediate 

events, and bj  represents a set of thresholds of the 

system response function. Suppose E1, E2, … , Em  is a 

nested event sequence, that is, E1⊃E2⊃…⊃E2 =E, but 

the value of bj  cannot be predetermined. However, 

setting the conditional probability P(Ej|Ej−1) equal to a 

specified value. To ensure the nesting of Ej , set the 

threshold value as b1  > b2  >…> bm =0. Because all 

intermediate events are nested, then 

PE = P(E1) ∏ P(Ej|Ej−1)
m

j=2
           (16) 

In the reliability analysis, the SS starts from the 

first step, and the probability P1 related to the first 

intermediate event E1 is calculated as follows: 

P1 = P(E1) ≈
1

N
∑ IE1

(G(xi))N
i=1          (17) 

where N denotes the total number of samples of the 

first intermediate event, that is, the first simulation 

layer; *xi+ represents a random input vector sequence of 

all uncertain parameters in the system generated 

according to known PDF, which is an independent and 

identically distributed sample. IE1
(⋅) is an index function: 

IE1
(⋅) = *

0 if(xi) ≥ b1

1 if(xi) < b1
            (18) 

where the first intermediate event and its threshold 

are unknown, but if the conditional probability of each 

layer is set to a fixed value p1, the values of threshold b1 

and first intermediate event E1  can be determined 

according to Eq. (17). After generating *xi+, all N system 

response functions *G(xi)+ are calculated and sorted in 

ascending order so that  G(x1) ⩽ G(x2) ⩽ ⋯ ⩽ G(xN) . 

Let b1 be the sample quantile of the system response 

function in the first layer simulation, that is b1 =
G(x,P1N-), then samples x1, x2, … , x,P1N- all belong to the 

first intermediate event E1. 

In the subsequent intermediate event Ej, the sample 

source is the previous intermediate event Ej−1 . 

Considering that there are already ,N × Pj−1-  samples 

that belong to Ej−1, you can use the sampling method 

based on MCMC to get the required conditional samples 

*xi+ . Then use  P(Ej|Ej−1)  to perform probability 

estimation on the simulation layer: 

Pj = P(Ej|Ej−1) ≈
1

N
∑ IEj

(G(xi))
N

i=1
       (19) 

where the sample xi ∈ f(x|Ej−1), i =
1, … , N is produced by MCMC. Generate N − ,N × Pj−1- 
conditional samples in the intermediate event Ej−1 and 

combine them with the previously selected  ,N × Pj−1- 
samples. All N system response functions *G(xi)+ can be 

calculated, and sorted in ascending order. Let bj be the 

sample quantile of N system response values in event Ej, 

namelybj = G(x,PjN-). In this way, x1, x2, … , x,PjN-  all 

belong to intermediate event Ej. 

Iterate the above steps repeatedly. When the sample 

quantile of N system response values in space Ej−1 below 

b, that is bj = G(x,PjN-) < b, stop the iteration. At this 

point, the SS algorithm has reached the target failure 
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domain Em , that is, j = m  and bm = b . The final 

conditional probability estimates of P(Em|Em−1) is: 

P(Em|Em−1) ≈ Pm =
1

N
∑ IEm

(G(xi))
N

i=1
#   (20) 

Combining Eq. (16), (17), (18) and (19) 

PE = ∏ Pj

m

j=1
              (21) 

In the practical application, the value of Pj , 

j = 1, … , m are usually Pj=p0∈(0.1~0.3). 

Therefore, the steps of applying SS in MATLAB can 

be briefly summarized as follows: Ⅰ. Define the 

algorithm parameters; Ⅱ. Using direct MCS to generate 

the first intermediate failure event; Ⅲ. Using MCMC 

method to generate the remaining intermediate failure 

events; Ⅳ. Calculate the failure probability of the target 

event by multiplying the conditional probabilities of all 

intermediate failure events. 

The algorithm flow is shown in Figure 1: 

 

Figure 1  The flow chart of SS algorithm 

4 Examples 

4.1 The example 1 

The functional function of the mathematical example 

has been given: 

G(x) = 0.0185361 −
73.8221x1

x2
3         (22) 

where x1 ∼ N(1100,201.5)，x2 ∼ N(253,38.1), the 

failure mode is that the value of the function is below 0. 

Use SS to calculate its reliability. In the setting of 

basic parameters, the total number N of samples is 2000, 

and the conditional probability of each simulation layer is 

set to p0=0.25. By running the MATLAB program based 

on SS, the consequences are shown in Table 1: 

Table 1  shows the whole process of calculating 

the failure probability of the system response function 

by MATLAB. The program has implemented three 

random simulation layers, including one MCS layer (j=1) 

and two MCMC simulation layers (j=2, 3). The basis for 

stopping the cycle of this program is to judge the 

quantile of the current analog layer sample g(x,PjN-) is 

less than zero. Of course, the third simulation layer 

meets this criterion and reaches the failure zone of the 

system failure mode, so the program exits the loop. Then, 

it is found that the number of all samples in the 

simulation layer whose response value is less than zero 

is 540, so the failure probability of the response function 

is 9.2×10-3, and a total of 2000+1500+1500=5000 

random samples are needed. 

Table 1  The execution process of SS 

Simulation 

layer j 

Seed 

number 

Nj 

Number of 

samples 

generated in 

layer j N-Nj 

Condition 

P(U( j+1)|U( j)) 

The failure mode 

probability 

obtained by the J 

layer 

0 0 2000   

1 500 1500 0.25  

2 500 1500 0.25  

3 540  0.27 P(E1)=9.0×10-3 

For the rigor of the experiment, this paper also uses 

MCS to verify the accuracy of the result. After many 

attempts, it is found that the failure probability of the 

response function converges only when the total number 

of selected samples is above 105. The number of samples 

below this order of magnitude will affect the accuracy of 

the results, while the number above this order of 

magnitude will greatly affect the calculation efficiency. 

Therefore, we choose to randomly generate 200,000 

samples in the whole sample space according to the 

standard normal distribution and calculate all the 

corresponding response function values, and find out the 

total number of samples whose response value is less than 

zero, and the ratio of the total number to 200,000 is the 

required failure probability value. The comparison 

consequences are shown in Table 2. 

Table 2  Comparison of two methods 

Analogy procedure Failure probability 
Total number of samples 

required 

SS 9.0×10-3 5000 

MCS 9.5×10-3 200000 

Use MATLAB to draw the cumulative 

distribution curve of the response function. It is shown 

in Figure 2 and Figure 3. 

Start

Set parameters and draw samples

Calculate the response value and 

determine the failure threshold of the 

corresponding sample

CPF

Generate new 

samples based on 

MCMC

End

Sufficient number of iterations or 

system failure？

Yes

No
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Figure 2  The CDF curve (a) 

 

Figure 3  The CDF curve (b) 

The results calculated by SS are represented by red 

real lines, and the results calculated by MCS are 

represented by blue virtual lines. It can be seen that the 

result of SS fits well with that of direct MCS, and it can 

be found from semi-logarithmic coordinate Figure 3 that 

the SS can also accurately fit the part with SFP. Only after 

the order of magnitude is 10-4 will there be a significant 

difference. Therefore, it can be concluded that while 

ensuring a certain accuracy, the SS only needs 5000 

samples to accurately calculate the failure probability of 

the failure mode corresponding to the response function, 

while the direct MCS needs dozens or even hundreds of 

samples. Therefore, the application of SS in SFP problem 

can greatly improve the computational efficiency and 

save computational resources. 

4.2 The example 2 

Calculate the reliability of the single-layer portal 

frame structure as shown in the Figure 4. The elastic 

modulus values of beams and columns are both taken as: 
6 22 10 kN/mE   . There is a correlation between the 

section moment of inertia and the section area: 2

i i iI a S . 

F is the load variable, S1 and S2 respectively represent 

the cross-sectional area of the beam and column, and the 

statistical information of each random variable is shown 

in Table 3. The response of the structure is taken as the 

displacement value of the top layer of the rigid frame, and 

the displacement limit of the structure is 0.01m, then the 

performance function of the structure based on 

displacement is: 

   0.01Z g X u X             (22) 

 

Figure 4  The schematic diagram of single-layer portal frame 

Table 3  The information of random variables 

Basic 

variables 

Distribution 

type 
Mean 

Standard 

deviation 
αi 

A1 Lognormal 0.34 0.034 0.08234 

A2 Lognormal 0.16 0.016 0.16333 

P 
Extreme value 

type Ⅰ 
20 5.0 -- 

In this section, the rod system model in the 

OpenSees software is used to simulate the plane rigid 

frame, and the beams and columns are taken as the basic 

elements. 

This section considers the correlation between A1 

and A2. The nonlinear correlation coefficient τk is set to 

0.0 and 0.3, respectively, and the SS is used for reliability 

analysis. At the same time, the failure probability and 

reliability index obtained by MCS for 100,000 simulations 

are compared with the SS, as shown in Table 4. 

From Table 4 can know that the SS greatly reduces 

the number of calculations and obtains more accurate and 

reliable indicators. As shown in Figure 5, through the 

cumulative distribution curve of the performance function, 

it can be seen that the curve fitting degree of the SS and 

the MCS method is better. In the semi-logarithmic 

coordinates, it can be seen that the cumulative distribution 

curve only has a significant difference after the order of 

magnitude is 10-4. 

In the process of applying the SS, when the number 

of selected samples N and the conditional probability P0 

are different, the calculated results are different. The 

number of samples is N=100, 200, 500, 1000; the 

conditional probability is P0=0.1, 0.2, 0.3, 0.4. Draw the 

cumulative distribution function curve, as shown in 

Figure. 6. The difference can almost be bridged with 

MCS for 100,000 times. 
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Table 4  The result analysis and comparison 

Correlation 

coefficient 
Method 

Reliable 

indicators 

Probability 

of failure 

Total sample 

points 
Time (s) 

τk=0.0 
MCS 2.7910 2.130×10-3 100000 14382 

SS 2.7994 2.060×10-3 450 74 

τk=0.3 
MCS 3.0842 9.875×10-4 100000 13985 

SS 3.0210 5.182×10-4 500 91 

 

 

Figure 5  The CDF curve of performance function of 

portal frame 

 

 

Figure 6  The CDF curve of different initial sample 

points and failure probability combination 

In Figure 6 (a), (b), (c), as the initial number of 

samples increases, the curve tail fitting becomes more 

accurate. It can be seen that the more the number of initial 

sample points, the better the simulation probability of a 

smaller range of points. When the initial sample points 

are small, the sample points with small occurrence 

probability will be ignored. For the selection of the 

conditional failure probability, when a smaller conditional 

probability is selected, the simulation curve of the SS and 

the curve of the MCS fit better, but the number of 

calculation subsets increases and the calculation 

efficiency decreases. It can be seen that the selection of 
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appropriate initial sample points and conditional failure 

probability has a certain impact on the accuracy and 

efficiency of the SS. 

5 Conclusion 

Aiming at the calculation of SFP in reliability 

analysis of engineering system, this paper discusses it 

based on SS. The SS adaptively extracts samples by 

applying MCMC method, and divides the whole 

probability space into a series of nested subspaces, which 

makes the subspaces approach to the failure area 

continuously. Therefore, the SFP of the target event can 

be accurately forecasted with a relatively small number of 

samples, and the calculation efficiency is improved. The 

reliability assessment method based on SS is constructed, 

and the analysis method is realized in two examples, 

which verifies the effectiveness of the proposed method. 

Then, this method is used in the engineering example to 

analyze the reliability problem. 
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Abstract: 

In order to solve the problems of too large mass, too complex structure and poor flexibility of the 6-DOF manipulator, the topological 

optimization theory based on variable density method is applied to the 6-DOF manipulator, the topology optimization of the main 

structural components of the manipulator is carried out with the help of the finite element software ANSYS, and the optimized 

structure is simplified according to the density distribution of the units and the requirements of manufacturability, the results are 

compared and analysed by static mechanics. It shows that the whole mass of the 6-DOF manipulator is reduced by 47.23% without 

changing the original mechanical properties after topological optimization, and the optimized model can meet the requirements of 

manufacturability, the optimization effect is significant, which can be used as a reference for the structure optimization of the 6-DOF 

manipulator. 
Keywords: Variable density method; topology optimization; 6-DOF manipulator; finite element analysis 

 

Introduction 

Six-degree-of-freedom manipulators are widely used 

in the field of industrial robots. As the executing 

mechanism of the robot, the tiny deformation of the 

components of the robot arm is related to its control 

accuracy, and the stress state of the material will affect the 

service life of the robot arm, the change of these factors 

will make the overall use of the robot effect changes. The 

structural optimization of 6-DOF arms mostly depends on 

the manufacturing experience of engineers, and the theory 

of topology optimization is seldom used. 

Topology optimization is to get the best distribution 

scheme and the best load-transfer path in a given design 

space, taking the material distribution as the optimal 

objective function. The concept of topology optimization, 

which originated from the problem of structural design, 

has now been widely applied in many fields, such as heat 
[1]

, fluid mechanics 
[2]

, acoustics 
[3]

, electromagnetism 
[4]

, 

optics 
[5]

 and the combination of multiple disciplines. At 

present, the common methods of Continuum topology 

optimization are variable density method 
[6]

, evolutionary 

structural optimization method 
[7]

, level set method 
[8]

 and 

so on. 

In order to solve the problems of the 6-DOF  

manipulator which is too heavy and the fuselage 

structure is too complex, the variable density topology 

optimization method is used to carry on the topology 

optimization analysis in ANSYS software, the structure of 

the manipulator is optimized reasonably, and then the 

optimized model is re-introduced into the ANSYS software 

according to the optimized cloud chart, and the stress, stress 

and deformation are analyzed and compared, thus realizes to 

the main body structure supplement optimization. 

1 Topology optimization theory based on 

variable density method 

The variable density method is a topological 

optimization method based on the description of the 

physical properties of isotropic materials, at the same 

time, it is assumed that the pseudo-density is also the 

relation between the material density and the material 

characteristics of each unit and the elastic coefficient. At 

present, the common interpolation models are penalty 
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interpolation model or rational approximation model of 

material properties 
[9]

. In order to make the intermediate 

density approach to interval, a penalty factor is introduced 

to punish the intermediate density, the SIMP method 

based on variable density theory is adopted. The variable 

density method has the advantages of high calculation 

efficiency and easy solution. The mathematical 

expression is as follows: 

                  (1) 

Where Xe is the relative density of the elements; ρ0 

is the inherent density of each element; and is the 

topology optimization design variable. When Xe = 1, all 

structural materials are retained; when Xe = 0, all 

structural materials are eliminated. Because of the 

discontinuity of , the design variables must be 

continuous in topology optimization, and the upper 

formula must be solved by derivation. 

              (2) 

Where Ke is the stiffness of the element, K0 is the 

inherent stiffness of the element and p is the penalty 

factor. Equation (2) can be written as 

            (3) 

Where C(x) is the structural compliance; F is the 

Load Vector; K is the Global Stiffness Matrix; U is the 

displacement vector. For constrained volume, in order to 

maximize material stiffness, the topology optimization 

based on variable density method can be written as 

         (4) 

Where n is the total number of elements; xe is the 

design variable, which represents the relative density of 

the e element; v is the volume of the structure before 

optimization; V0 is the volume of the structure design 

area; V1 is the volume with density less than 1; f =
V−V1

V0
 

is the volume constraint equation; xmin is the lower limit 

of element density and xmax is the upper limit of element 

density. In order to avoid singularity of stiffness matrix, 

xmin=0.001. F=KU is a finite element equilibrium 

equation constraint. 

In the variable density topology optimization method, 

the design variable can take any density value in. When 

the relation between elastic modulus and relative density 

is constant, different interpolation modes produce 

different models. The formula of SIMP method for 

interpolation model is 

      (5) 

Where E is the interpolated modulus of elasticity, E0 

is the initial modulus of elasticity, p is the penalty factor, 

and Emin is the modulus of elasticity of the blank cell, in 

general, Emin usually takes a minimum value to ensure 

that the stiffness moment singularity does not occur 

during the optimization process. 

In the process of topology optimization of 

continuum structures by variable density method, 

numerical instability often occurs, because the grid 

division is needed in the pre-processing, in order to avoid 

the influence of numerical instability on the final 

optimization results, the sensitivity filtering technique is 

used in the optimization process. The sensitivity filtration 

technique is to filter and correct the sensitivity of each 

unit in the material. The formulas are as follows 

        (6) 

          (7) 

Where xi is the sensitivity; rmin is the filter radius; Ni is 

the number of elements in the filter radius rmin with i as 

the center; Hij is the weight equation;  is the central 

distance between unit i and Unit j. 

The technical route of variable density topology 

optimization of the main body of the manipulator is 

shown in Figure 1. 

 

Figure 1  Technical route of topology optimization with 

variable density method 

The topology optimization process is as follows: 

(1) Define the design area, determine the material 

parameters, design the area grid division, determine the 
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different grid division parameters for the different main 

structure, determine the space to be optimized; 

(2) Establish the correct boundary conditions, 

determine the load conditions, constraints are imposed; 

(3) The parameters of topology optimization are set 

according to the actual demand; 

(4) The parameters are calculated and analyzed; 

(5) The updated design variables are compared with 

the optimization parameters to judge whether they meet 

the requirements; 

(6) Repeat steps 3-5) until the processing conditions 

are met; 

(7) Remodel the optimized structure. 

2 Topology optimization design of main parts 

The structural optimization design of the 6-DOF 

manipulator mainly lies in the three parts of the small arm, 

the big arm and the rotating base, the objective function is 

set as the compliance of the model, and the mass of the 

material is defined as a variable in the response constraint 

of Ansys, and the maximum stress, strain and volume are 

taken as the constraints. 

Ansys Workbench 19.0 software already has a 

complete topology optimization module, which integrates 

the objective function and constraints without the need to 

use the APDL language by itself. For the optimization 

principle of constant stiffness and volume reduction of the 

model before and after topology optimization, the same 

constraints are applied to the model before and after the 

optimization and the static analysis is performed 

respectively. The validity of the optimization results can be 

obtained by comparing the total deformation data before 

and after optimization. The total deformation data before 

and after optimization should not change too much. 

Table 1  Material properties. 

Material 
Density 

[Kg·mm-3] 

Elasticity 

modulus 

[Pa] 

Poisson 

ratio 

Tensile 

strength 

[Pa] 

Yield 

strength 

[Pa] 

45# 7850 2.1e+11 0.269 6e+8 3.55e+8 

2.1 Topology optimization of the small arm 

The main control arm of the manipulator vertical up 

and down two aspects of the displacement, the arm 

topology optimization design, the quality constraints of 

50% , for the optimization of the small arm structure 

before and after the design as shown in Figure 2. 

After topological optimization of the small arm, the 

density of the part originally connected with the bearing 

hole is effectively reduced.The overall volume is reduced 

from 3.499e+5 mm3 to 1.9411e+5 mm3, and the 

optimized volume is 55.477% of the original volume; The 

mass is reduced from 2.7467 Kg to 1.5238 Kg, and the 

optimized mass is 55.477% of the original mass. 

As can be seen from the density distribution diagram, 

the bearing holes of the boom are optimized and reduced, 

and the overall optimized model is rough and irregular, so 

that the model can be manufactured later, the simplified 

model is processed according to the density distribution 

of the model and the requirement of manufacturing, 

which makes the simplified model have the same 

performance as the original structure. The topology 

optimization module of Ansys, "Spelclaim", is used to 

obtain a complete 3D model of the optimized model and 

to modify the optimized model. According to the 

principle of not changing the density distribution of the 

model itself after optimization and easy manufacturing 

and processing, the rough and convex parts of the original 

optimized model surface are smoothed. The simplified 

model reconstructed is shown in Figure 3. 

 

(a) Before 

 

(b) After 

Figure 2  Comparison of fore-and-aft optimization of 

small arm model. 

 

Figure 3  Simplified model of small arm after 

optimization 
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The static analysis of the simplified model before 

and after optimization is carried out under the same 

conditions. A load of 200 N is applied in the bearing bore, 

and the type of load action is "BearingLoad", which can 

better reflect the force distribution in the bearing bore. 

"BearingLoad" usually adopts the method that the load is 

distributed on the contact surface of the shaft and the hole 

according to the sinusoidal law, assuming that the 

magnitude of the acting force is distributed according to 

the sinusoid. This method is widely used in practice 

because of the simple law and good compliance for the 

simple structure of holes and shafts ( The following 

forces are the same type of load action). The results of the 

static analysis are shown in Figure 4. 

 

(a) Before 

 

(b) After 

Figure 4  Equivalent stress Nephogram of small arm 

before and after optimization 

It can be seen from Figure.4 that the maximum stress 

before and after the optimization of the boom appears at 

the position of the connecting part of the bearing hole and 

the connecting plate, where the fillet is not added, 

resulting in the stress concentration after loading, but the 

total stress is still within the yield strength of the material, 

and the maximum stress before optimization is 0.44766 

MPa, and the maximum stress after optimization is 

0.44693 MPa, its static strength is still within the yield 

strength of the material. 

 

(a) Before 

 

(b) After 

Figure 5  Displacement Diagram of total deformation of 

small arm before and after optimization 

From Figure.5, it can be seen that the maximum 

deformation displacement is 5.3635e-5mm before 

optimization and 5.6708e-5mm after optimization, there 

is little difference in displacement and deformation before 

and after optimization. According to the simulation data, 

the arm has the same resistance to deformation before and 

after optimization, and the optimized quality is 55.477% 

of the original quality, and the optimized quality is greatly 

reduced.The specific data changes before and after 

optimization are shown in Table 2. 

Table 2  Changes of mechanical properties of small arm 

before and after optimization. 

Optimization 

process 

Mass 

(Kg) 

Maximum total 

deformation (mm) 

Maximum stress 

(MPa) 

Before 2.7467 5.3635e-5 0.44766 

After 1.5238 5.6708e-5 0.44693 

2.2 Topology optimization of big arms 

The big arm mainly controls the change of the 
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horizontal displacement of the manipulator before and 

after, when the topology of the big arm is optimized. The 

optimization model uses the most original structure 

quality is big, the optimization space is very big, therefore 

sets the quality to retain the original quality 30% , 

regarding optimizes before and after big arm’s structure 

design as shown in Figure 6. 

As can be seen from Figure.6, the optimized position 

is the connecting rod of two bearing holes and a part of 

bearing holes. The optimized density unit is reasonable. 

The overall volume is reduced from 7.6992e+5 mm3 to 

3.8166e+5 mm3. The optimized volume is 49.57% of the 

original volume, the original mass was optimized from 

6.0439 Kg to 2.996 Kg, and the optimized volume was 

49.57% of the original volume. 

 

(a) Before 

 

(b) After 

Figure 6  Model comparison before and after big arm 

optimization 

Similarly, the optimized arm model is simplified to 

meet the requirements of post-processing and the original 

density distribution. The simplified arm model is shown 

in Figure.7. 

 

Figure 7  Simplified model of big arm after 

optimization 

The static analysis of the simplified model before 

and after optimization is carried out under the same 

conditions. The applied bearing load is 200 N. The results 

of the static analysis are as follows. 

 
(a) Before 

 
(b) After 

Figure 8  Equivalent stress Nephogram of big arm 

before and after optimization 

As can be seen from Figure.8, the stress concentration 

area of the arm is between the bearing hole and the 

connecting Rod. The maximum stress before optimization 

is 0.6442 MPa, and the maximum stress after optimization 

is 0.43034 MPa. The stress of the optimized model is less 
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than that before optimization, the static strength of the 

optimized model is better than that of the pre-optimized 

model, and it is all within the yield strength of the material. 

 
(a) Before 

 
(b) After 

Figure 9  Total deformation displacement diagram 

before and after big arm optimization 

As can be seen from Figure.9, the maximum 

deformation displacement is 0.00026243 mm before 

optimization and 0.00048542 mm after optimization. The 

amount of deformation after optimization is slightly 

higher than the amount before optimization, but here 

according to our actual needs is to design this part as light 

as possible, so the quality of the parts to be greatly 

optimized, although the deformation resistance decreases 

slightly, the maximum deformation is still within the 

acceptable range, the stress decreases and the density 

distribution of the structure is reasonable, so the 

topological optimization results are also acceptable, the 

structure design achieves the expected ideal. 

Table 3  Comparison of mechanical properties of big 

arms before and after optimization. 

Optimization 

process 
Mass (Kg) 

Maximum total 

deformation (mm) 

Maximum stress 

(MPa) 

Before 6.0439 0.00026243 0.6442 

After 2.996 0.00048542 0.43034 

2.3 Topology optimization of rotating base 

The rotating base part mainly controls the movement 

of the XY axis of the manipulator, and sets the quality 

restriction to 50% of the original mass according to the 

actual demand.Before and after the model is optimized 

for the rotating base, as shown in Fig.10. 

 
(a) Before 

 
(b) After 

Figure 10  Model comparison before and after 

optimization of rotating base 

As can be seen from Figure. 10, the optimized 

density unit is mainly located at the base support plate. 

The overall volume of the structure decreased from 

1.1439e+6mm3 to 6.1887e+5mm3, the overall volume 

decreased to 54.1% of the original volume, the overall 

mass decreased from 8.9798Kg to 4.8582Kg, and the 

overall mass decreased to 54.1% of the original volume, 

the simplified model reconstructed is shown in Figure11. 

 

Figure 11  Simplified model after optimization of 

rotating base 

Static analysis was carried out on the preoptimized 

and post-optimized simplified models under the same 
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conditions. The applied bearing load was 200N. The 

results of static analysis are shown in Figure12. 

 
(a) Before 

 
(b) After 

Figure 12  Equivalent stress nephogram before and after 

optimization of rotating base 

As can be seen from Figure12, the maximum stress 

is at the bolt hole, where the stress is concentrated. The 

maximum static stress of the structure is 1.733 MPa 

before optimization and 1.9199 MPa after optimization, 

and the stress rises slightly after optimization, but the 

change range is only 10.7% , which is still within the 

compressive strength of the material. 

 
(a) Before 

 
(b) After 

Figure 13  Displacement Diagram of total deformation 

before and after optimization of rotating base 

As can be seen from Figure13, the maximum 

deformation is 0.0003225mm before the whole structure 

is optimized and 0.00038894mm after the whole structure 

is optimized, it can be regarded as the same 

anti-deformation ability before and after optimization, 

and its structure design achieves the expected ideal. 

A summary of the data before and after the rotation 

base optimization is shown in Table 4. 

Table 4  Comparison of mechanical properties of 

rotating base before and after optimization. 

Optimization 

process 
Mass (Kg) 

Maximum total 

deformation (mm) 

Maximum stress 

(MPa) 

Before 8.9798 0.0003225 1.733 

After 4.8582 0.00038894 1.9199 

3 Conclusion 

The results of static analysis before and after 

optimization show that the mass of the manipulator is 

17.7704 Kg before optimization and 9.378 Kg after 

optimization, and the total mass is reduced by 47.23%, 

the optimized model structure is more concise, the whole 

structure is more flexible when working, and the optimal 

effect is remarkable. Without changing the original 

mechanical properties, only the material distribution in 

the design area is changed, which shows that it is 

effective to apply the topology optimization method of 

variable density method to the 6-DOF manipulator, and 

the effect is remarkable. Through the application of this 

theory, the mass of the structure is reduced effectively and 

the lightweight design of the manipulator is achieved. At 

the same time, the optimized model is simplified by 

post-processing, which also makes the optimized model 

meet the requirements of manufacturability and 

machinability, and plays a reference role for the follow-up 

structure optimization of 6-DOF manipulator. 
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Abstract: 
The vibration attenuation and damping characteristics of carbon fiber reinforced composite laminates with different thicknesses were 

investigated by hammering experiments under free boundary constraints in different directions. The dynamic signal testing and 

analysis system is applied to collect and analyze the vibration signals of the composite specimens, and combine the self-spectrum 

analysis and logarithmic decay method to identify the fundamental frequencies of different specimens and calculate the damping ratios 

of different directions of the specimens. The results showed that the overall stiffness of the specimen increased with the increase of the 

specimen thickness, and when the thickness of the sample increases from 24mm to 32mm, the fundamental frequency increases by 

35.1%, the vibration showed the same vibration attenuation and energy dissipation characteristics in the 0° and 90° directions of 

the specimen, compared with the specimen in the 45° direction, which was less likely to be excited and had poorer vibration 

attenuation ability, while the upper and lower surfaces of the same specimen showed slightly different attenuation characteristics to the 

vibration, the maximum difference of damping capacity between top and bottom surfaces of CFRP plates is about 70%. 
Keywords: Carbon fiber composite laminates; Logarithmic decay method; Damping ratio; Natural frequency 

 

Introduction 

Carbon fiber reinforced polymer (CFRP) have been 

widely used in aerospace, automotive and defense 

industries 
[3-6]

 due to their high specific strength and 

specific stiffness 
[1-2]

. Due to the unique weight reduction 

advantages of carbon fiber composites, the application of 

large thickness CFRP is also becoming more and more 

common, such as a series of Airbus aircraft with large 

thickness CFRP joints and central wing boxes. In addition 

to meeting various mechanical properties, the vibration 

damping properties of CFRP are also very important, 

which affect the performance, safety and reliability of 

parts and systems 
[7]

. As the most widely used marine 

propulsion device, the noise and vibration generated by 

ship propeller cannot be ignored. At present, there have 

been a lot of research on composite propellers to 

eliminate violent vibration 
[8-9]

. 

Damping can be defined as the energy dissipation of 

a structure that generates vibrations 
[10-12]

. The damping 

mechanism attenuates the vibration by converting the 

energy generated by the vibration into other forms of 

energy. While CFRP belongs to fiber reinforced resin 

matrix composites, its damping properties are 

significantly anisotropic as well as mechanical properties.  

Gibson 
[13]

 and Zou 
[14]

 have made great 

contributions to the analysis of vibration testing methods 

by investigating modal testing techniques, including 

frequency response methods and time domain analysis as 

well as frequency domain analysis, to further analyze and 

study the response of structures subjected to excitation. In 

terms of experimental tests, Adams 
[15-16]

 and others used 

free beam bending vibration experiments to study the 

dynamic properties and damping of unidirectional 

composites at different temperatures. Pei and Li 
[17]

 used 

hammering experimental methods to study the effect of 

fiber orientation on the modal and damping ratios of 

unidirectional carbon fiber composite laminates. Riccardo 
[18]

 investigated the modal damping parameters of 

composite laminates by an experimental method of 

point-by-point excitation single-point test. Rueppel 
[19]

 

and others applied logarithmic decay method and DMA 

analysis to analyze and study the damping properties of 

CFRP laminates and obtained the relationship between 

lay-up angle and damping properties. Pereira 
[20-21]

 used a 

combination of numerical calculations and experiments to 

preliminarily verify that variable angle lay-up can one 
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adjust the laminate frequency and damping, and further 

investigated the multi-objective optimization to improve 

the fundamental modal frequency and the corresponding 

specific damping capacity of the laminate. In the study of 

the damping energy dissipation mechanism of CFRP, 

Tang 
[22]

 reviewed the damping mechanism of 

fiber-reinforced resin matrix composites. It can be seen 

that the research on CFRP materials is mainly focused on 

the overall damping characteristics in depth, while the 

research on the attenuation law and damping 

characteristics of vibration in different directions within 

CFRP laminates is very little at present. 

This paper focuses on the damping characteristics in 

different directions on a large thickness CFRP laminate. 

Hammering experiments are used to analyze the 

attenuation of vibrations within large thickness CFRP 

laminates (the thickness is greater than 3mm) of different 

thicknesses in different directions on the upper and lower 

surfaces by means of frequency and time domains. 

1 Experimental preparation 

1.1 CFRP Specimen preparation 

Two specimens were prepared by Resin transfer 

molding (RTM) process using T300 grade 0° /90° 

plain weave carbon fiber woven fabric. And E-51 resin is 

selected, which is produced by Wuxi Qianguang 

Chemical Materials Co. LTD. Different layers of the 

woven fabric were applied and the final CFRP specimens 

with thicknesses of 24 mm and 32 mm were obtained. 

1.2 Experimental methods and apparatus 

The hammer pulse method is based on frequency 

response functions and is widely used to describe the 

dynamic properties of vibrating systems 
[23]

. 

The vibration test system is shown in Figure 1. The 

specimen is suspended on the experimental stand by a 

rubber elastic rope with certain stiffness to ensure free 

boundary conditions. The acceleration sensor is fixed at 

the measurement point with 502 binder and the output 

signal is sent to the data acquisition analyzer 

(INV3062-C1), and then the response signal is analyzed 

by the Coinv DASP V11 software. 

 

Figure 1  The vibration test system for CFRP laminate 

The vibration sensor measurement point 

arrangement diagram is shown in Figure 2. The CFRP 

specimen was struck using an INV9310 impact force 

hammer to make the specimen vibrate freely and return to 

rest with damping, and six sets of experiments were 

conducted in six directions. Each experiment sensor was 

arranged at the center and end points of one of the 0°, 45° 

and 90° directions on the top surface (TS) and bottom 

surface (BS), respectively. Three taps were performed for 

each set of experiments, and the data were averaged to 

ensure the accuracy of the analysis. 

 

Figure 2  Arrangement of measurement points of 

acceleration sensors in different directions 

(a) TS-0° (b) TS-45° (c) TS-90° (d) BS-0° 

(e) BS-45° (f) BS-90° 

2 Results and discussion 

2.1 Analysis of inherent frequency  

The magnitude of the first natural frequency (i.e. 

fundamental frequency) of the laminate is a key indicator 

of the vibration characteristics of the structure. The 

acceleration output signal collected by the collector is 

processed by the software as a spectrogram, and the 

spectrogram is used to identify the first-order intrinsic 

frequency. The spectrum analysis of the collected data 

was carried out by Fast Fourier Transform (FFT). 

 

Figure 3  Spectra of the end points of the specimen with 

thickness of 24mm in each direction 
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Figure 4  Spectra of the end points of the specimen with 

thickness of 32mm in each direction 

The comparative analysis of Figure 3 and Figure 4 

shows that the two specimens exhibit the same 

vibration law in the 0° and 90° directions on the 

upper and lower surfaces, and the same intrinsic 

frequencies can be calculated in these four directions. 

While in the 45° direction of the upper and lower 

surfaces showed a slight difference. Through the 

self-spectrum analysis of the specimen in 0° and 90° 

directions, it can be seen that the first-order inherent 

frequencies of the specimens with thicknesses of 24 

mm and 32 mm are 1425.0 Hz and 1925.7 Hz, 

respectively. With the increase of the specimen 

thickness, the fundamental frequency of the specimen 

increases, which is closely related to the overall 

stiffness of the plate, and the specimens with better 

stiffness are less likely to resonate. While, the 45° 

directional curves of the two specimens with 

thicknesses of 24 mm and 32 mm calculated a slight 

increase in the intrinsic frequency with a boost of 3.16% 

and 2.59%. This shows that the transmission of 

vibration in the 45° direction is different from the 0° 

and 90° directions. Since the experimentally used 

CFRP is an anisotropic material with different strength 

and stiffness in either internal direction other than the 

fiber direction, and the stiffness in the 45° direction 

is increased relative to the fiber direction, the slightly 

higher fundamental frequency analysis results are 

identified and calculated. 

2.2 Analysis of Logarithmic decrement  

In the time domain waveform analysis, as shown in 

Figure 5 and Figure 6, the acceleration waveforms at the 

end points in each direction decay exponentially. Therefore, 

the free vibration decay method is the most intuitive and 

simple method to represent the vibration decay and 

damping performance of the end points in each direction. 

 

Figure 5  Time domain waveforms at the end points in each 

direction for a 24 mm thick specimen: (a) Full time domain 

diagram, (b) Time domain diagram of the start-up phase 

 

Figure 6  Time domain waveforms at the end points in each 

direction for a 32 mm thick specimen: (a) Full time domain 

diagram, (b) Time domain diagram of the start-up phase 

Logarithmic decrement (δ) is commonly used as a 

parameter to characterize the damping properties of a 

material and is calculated as 

δ =
1

m
ln

An

An+m
                 (1) 

where An  and An+m  are the nth and (n+m) th 

amplitudes on the decay curve, respectively. 

 

Figure 7  Logarithmic decrement and damping ratio of 

each direction of the two specimens 
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As can be seen in Figure 7, the specimen with a 

thickness of 32 mm has a higher logarithmic attenuation 

rate than the 24 mm specimen in all six directions 

measured, i.e., the 32 mm thickness specimen has a better 

attenuation effect on the vibration in these directions. In 

addition, when combined with Figure 5 and Figure 6, the 

two specimens were subjected to the same excitation 

force to generate vibration, the 32 mm CFRP plate 

recovered its initial stationary state in a shorter time. 

Moreover, combined with the time-domain waveforms, it 

can also be seen that the 45°direction has significantly 

lower vibration acceleration amplitude than the 0°and 

90°directions at the onset of vibration. The reason for 

this is that CFRP has higher stiffness in the non-fiber 

direction of 45°, and has lower sensitivity and higher 

stability to shock and vibration. 32mm specimens show 

less susceptibility to excitation and more rapid abatement. 

There are certain patterns and differences in the 

logarithmic attenuation rates in different directions of the 

same specimen. Compared with the 45°direction on both 

surfaces, the vibration attenuation ability is better in the 0°
and 90 ° directions. 24mm specimens have better 

vibration attenuation ability in the 45°direction on the 

lower surface, while 32mm shows the opposite pattern. 

2.3 Analysis of damping ratio 

The damping ratio makes a dimensionless measure 

relative to the amplitude decay rate and represents the 

form of decay of the vibration of the specimen after being 

excited. The relationship between the logarithmic decay 

rate and the damping ratio is shown in Equation 2. 

δ =
2πζ

√1−ζ2
≈ 2πζ                (2) 

Therefore, the damping ratio of each direction of the 

specimen can be calculated by Equation 3. The 

calculation results are also shown in Figure 7. 

ζ =
δ

2π
                    (3) 

The trend of the damping ratio in each direction of 

the two specimens in Figure 7 shows that the 32mm 

CFRP specimen has better damping performance than the 

24mm specimen, and this characteristic is especially 

shown in the specimen for vibration transmission in the 

in-plane. For example, the damping ratio in the 0°
direction on the upper and lower surfaces is 69.78% 

higher than that of the 24 mm specimen, while the 

damping ratio in the 0°direction on the lower surface is 

only 7.40% higher than that of the 24 mm specimen. 

For the same specimen, the vibration dissipation 

ability is very similar in the 0°and 90°directions, both 

directions are fiber directions, and the stiffness is the 

same in the in-plane. And the damping is lower than in 

the 45°direction for the upper and lower surfaces, which 

indicates that the vibration dissipation ability is relatively 

poorer in that direction. For the upper and lower surfaces, 

in the 0°and 90°directions, the energy dissipation 

ability of the lower surface is slightly higher or close to 

the same direction of the upper surface, which indicates 

that the damping performance of the thickness direction 

also plays a certain role when the vibration is transmitted 

to the lower surface under the same hammering force 

knocking situation, but its role is very limited, while in 

the 45°direction, the damping ability of the upper and 

lower surfaces is not much different. 

3 Conclusion 

Single-point impulse hammering experiments were 

conducted on two CFRP specimens with different 

thicknesses. The time domain analysis and the 

self-spectral analysis curves calculated by FFT were 

obtained by arranging acceleration sensors at the center 

and end points of 0°, 45° and 90° directions on the 

upper and lower surfaces of the specimens to study the 

attenuation and damping characteristics of the vibration in 

different directions on the two surfaces. 

(1) The increase in thickness increases the overall 

stiffness of the CFRP laminate. The specimen with a 

thickness of 32 mm has a significant increase in the first 

natural frequency compared to the specimen with a 

thickness of 24 mm, and is also less likely to be excited. 

(2) The results of the intrinsic frequencies of the 

specimens obtained by the self-spectral analysis curves 

differ in the 45° direction and other directions, and the 

calculated results in the 45° direction are slightly higher. 

Combined with the maximum amplitude of the end-point 

vibration in each direction on the time domain analysis 

curve, the 45° direction also shows a lower level. Both 

confirm that the CFRP plate has higher stiffness and 

insensitivity and stability to vibration and impact in the 

45° direction on the upper and lower surfaces of the 

CFRP laminate. 

(3) By comparing the results of logarithmic 

decrement and damping ratio at the end points of different 

directions, it can be found that the logarithmic decrement 

and damping ratio in the 45° direction are significantly 

lower than those in the other directions, which also 

indicates that this direction has higher stiffness and thus 

leads to worse damping performance in this direction, for 

the 0° and 90° directions (fiber direction) of the top 

and bottom surfaces of the specimen, the damping 

performance shows consistency. 
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Abstract: 
For the detection environment of complex walls such as high-rise buildings, a double helix wall climbing robot (DHWCR) with strong 

adsorption force and good stability is designed and developed, which uses symmetrical propellers to provide adsorption force. The 

symmetrical driving structure can provide smooth thrust for the DHWCR, so that the robot can be absorbed to the wall surface with 

different roughness. A left and right control frame with multiple degrees of freedom is designed, which can adjust the fixed position of 

the brushless propeller motor in the front and back directions, realize the continuous adjustable thrust direction of the robot, and 

improve the flexibility of the robot movement. Using the front wheel steering mechanism with universal joint, the steering control of 

the DHWCR is realized by differential control. In the vertical to ground transition, the front and rear brushless motors can provide the 

pull up and oblique thrust, so that the DHWCR can smoothly transition to the vertical wall. The motion performance and adaptability 

of the DHWCR in the horizontal ground and vertical wall environment are tested. The results show that the DHWCR can switch 

motion between the horizontal ground and vertical wall, and can stably adsorb on the vertical wall with flexible attitude control. The 

DHWCR can move at a fast speed. The speed on the horizontal ground is higher than that on the vertical wall, which verifies the 

feasibility and reliability of the DHWCR moving stably on the vertical wall.  
Keywords: Double helix; Wall climbing robot; Reverse thrust adsorption; Structural design; Motion control 

 

Introduction 

Recently, skyscrapers have become an indispensable 

part of modern cities. While high-rise buildings bring 

benefits to people, they also bring many problems, such as 

the cleaning, quality monitoring and maintenance of the 

exterior wall of high-rise buildings. Wall climbing robots 

(WCRs) can replace human beings to complete many 

extreme tasks 
[1-2]

. By integrating ground mobile robots 

with climbing adsorption technology, they can efficiently 

operate in vertical altitude 
[3-4]

. The research area of WCRs 

has steadily gained interest over the years as a promising 

approach to remote inspection and maintenance of big and 

hard to reach spaces. At present, WCRs are mainly applied 

in industries, railways, oil tanks, shipping, fire departments 

and reconnaissance activities, and can replace human 

beings to perform building deconsolization, glass exterior 

wall cleaning, aerial circuit maintenance, anti-terrorism 

reconnaissance and hull detection 
[5-8]

. 

Many different approaches have been proposed for 

the WCRs’ adhesion including magnetic, pneumatic, 

mechanical and material-based methods, and their 

locomotion including leg and wheel-based, sliding frames 

and sequential robotic structures. According to the 

adsorption method, the WCR can be divided into 

magnetic adsorption, bionic, vacuum adsorption, and 

reverse thrust 
[9-12]

. According to the movement mode, it 

can be divided into wheel, crawler, foot, and wheel-foot 

compound movement. 

The magnetic adsorption WCR can be applied only 

in the ferrous medium of the structure. This kind of robot 

can be further subdivided into two adsorption forms, 

namely permanent magnet adsorption and 

electromagnetic adsorption, both of which have their own 

advantages. At present, permanent magnet adsorption is 

more widely used 
[13-14]

. Magnetic adsorption WCR 

through magnetic material adsorption to the wall surface, 

complete the wall cleaning task. However, it is only 

applicable to the wall surface of magnetic materials with 

poor adaptability, so it is mainly used to detect the inner 
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and outer surfaces of large metal buildings. Magnetic 

adhesion methods can be applied only in the ferrous 

medium of the structure; however, pneumatic adhesion 

methods are well suited in WCRs for glass curtain wall 

and other structures. 

Bionic robots are WCRs that imitate the 

characteristics of animal feet or pastes. This kind of 

bionic robot using adhesive material has the 

characteristics of complex drive control and fuzzy hook, 

so its application scope is relatively narrow. The robot is 

highly adaptable to the wall surface, but the cost is high. 

According to different adsorption methods, it can be 

divided into dry adhesion and wet adhesion 
[15-17]

. 

However, at present, the technology of bionic WCR is 

immature, and the load capacity of robot is not strong. The 

vacuum adsorption WCR is the earliest robot, which is 

divided into active vacuum and passive vacuum. The active 

vacuum depends on the vacuum generator/pump and other 

accessories, and the passive vacuum is created by pressing 

the suction cups without using any electric power 
[18]

. 

It is seen from these developed adsorption methods 

that reverse thrust is the most used and suitable technique 

for developing WCRs. RTAWCR is a kind of robot that 

uses screw pumps or ducted fans to generate appropriate 

thrust to achieve wall adsorption 
[19]

. This force is 

relatively stable, and the robot can be reliably adsorbed 

on the wall. Since the generating device does not touch 

the wall, the robot does not have high requirements for 

the roughness of the wall. The thrust can be controlled 

simply by the switch of the wings. Desorption can be 

achieved when the power supply stops. 

By comprehensive analysis of the above types of 

WCRs, it can be seen that although existing WCRs have 

wall-climbing functions, they generally have problems such 

as unstable adsorption, low stability, poor obstacle climbing 

ability, great potential safety hazards and low walking 

efficiency. And part of the bionic foot is expensive, there are 

restrictions on all aspects of the wall requirements. 

To solve the above problems, this paper designs a 

double helix wall-climbing robot (DHWCR) with strong 

adsorption force and good stability, which can move on 

the horizontal ground and vertical wall. The propeller 

head and the front wheel steering mechanism can make 

the DHWCR flexibly switch between the horizontal 

ground and the corner surface. The DHWCR can climb 

up, down and turn on the 90° wall, while exploring the 

surrounding environment. Under the condition that the 

DHWCR can absorb effectively, the multi-directional 

turning drive control is realized. The speed test 

experiments are carried out on the horizontal ground and 

the vertical wall. The results show that the DHWCR can 

switch freely between the horizontal ground and the 

vertical wall, and can stably adsorb on the vertical wall 

with stable attitude control. The moving speed on the 

horizontal ground is higher than that on the vertical wall. 

The flexible driving control has laid a foundation for the 

obstacle crossing, detection and inspection of the 

DHWCR when moving on the wall. 

1 Overall design of DHWCR adsorption 

drive control 

In order to make the DHWCR complete its work in 

various environments, it is necessary to ensure the overall 

stability of the robot as far as possible during the climbing 

process. The DHWCR should be as lightweight as 

possible, so that the robot can be more stable adsorption 

on the wall. The overall design of the DHWCR system 

includes two parts: hardware and software design. Figure 

1 shows the overall control design scheme. 

 

Figure 1  Overall control design of DHWCR 

The overall structure of the DHWCR is shown in 

Figure 2, including the propeller head, brushless motor 

module, front wheel steering mechanism module, 

propeller steering gear control template and wireless 

handle control module. The motion control of the 

DHWCR and the brushless motor can be adjusted 

according to the steering gear. The DHWCR has low 

requirements on the wall, which can ensure the stable 

adsorption on the wall surface, and has a certain load 

capacity. At the same time, the reverse thrust can be 

adjusted by changing the motor control signal. 

 

Figure 2  Three-dimensional diagram of the overall 

structure of a DHWCR 
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2 Structure design and motion control of 

DHWCR 

2.1 Propeller head 

In order to realize the stable adsorption motion of the 

DHWCR, the design of the head should be able to adjust 

the angle between the propeller and the climbing wall. As 

shown in Figure 3, the gimbal fixing device includes 

steering gear, brushless motor, bearing, power rod and 

outer ring. In the adsorption movement, the direction of 

the tension can be adjusted by controlling the steering 

gear through the controller. The head structure has 

multiple degrees of freedom and can adapt to different 

types of concave and convex wall adsorption. Due to the 

simultaneous operation of two brushless motors, the front 

and rear directions can be adjusted arbitrarily, which 

improves the climbing efficiency and the stability of 

adsorption. 

 

Figure 3  Design of propeller head 

2.2 Front wheel steering mechanism 

The steering mechanism module of the DHWCR 

includes universal joint, steering gear, connecting rod, etc. 

Signals can be sent to the Arduino control board through 

the controller to realize the control of the steering gear. 

Steering mechanism module has a steering gear on the 

left and right sides, through the connecting rod to drive 

the hub to achieve steering. The steering mechanism 

module is connected by multiple universal joints, which is 

light in weight and has high turning efficiency. It can 

realize fast turning on the horizontal and vertical walls 

and has high stability. Figure 4 shows the 

three-dimensional diagram of the front wheel steering 

mechanism module. 

 

Figure 4  Front wheel steering mechanism module 

diagram 

2.3 The linear motion of the DHWCR 

The overall motion of the DHWCR can be divided 

into two parts: the straight motion on the wall and the 

straight motion on the ground. When moving in a straight 

line on the ground, the front and rear propellers form the 

same included angle with the ground, the brushless motor 

rotates at a high speed, and the air inside the paddle flows 

at different speeds from the air outside, generating a 

tension. Due to the different included angle with the 

ground, the tension finally pushes the DHWCR forward 

at different speeds, as shown in Figure 5. 

 

Figure 5  3D diagram of horizontal ground motion of 

DHWCR 

When the DHWCR works on a vertical wall, it needs 

to overcome its own gravity, so in order to keep the robot 

crawling on the vertical plane, it needs to generate a 

slanting downward thrust, and in the direction of the 

reaction force with the wall, it will generate a tension 

opposite to gravity. The designed propeller head has 

multiple degrees of freedom, which can realize 180° 

rotation in four directions, as shown in Figure 6. The 

design of the double helix head can ensure that when the 

wall roughness and wall angle change, it can still adjust the 

speed and angle of the double brushless motor, adjust the 

tension, to ensure the stable movement of the DHWCR. 

 

Figure 6  Schematic diagram of front, rear, left and right 

propeller head rotation 
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connecting rod and chuck. The controller sends signals 

and transmits them to the steering gear for control. The 

DHWCR is installed with two steering gear. When the 

steering gear rotates to different positions, the hub angle 

connected by connecting rod also rotates accordingly, 

which can realize smooth steering from left to right. The 

left and right sides of the steering mechanism use six 

universal joints on each side, which is light in weight and 

high in turning efficiency. When moving on the plane and 

vertical walls, there will be no side component force. 

Figure 7 shows the turning diagram of the DHWCR. 

 

Figure 7  Steering diagram of the DHWCR 

3 Structure design and motion control of 

DHWCR 

3.1 The program design of propeller steering control 

module 

 

Figure 8  The flow chart of propeller steering machine 

control module program design 

After receiving the signal through the receiver, the 

DHWCR controls the steering gear, and drives the 

bearing and brushless motor to control the rotation of the 

frame. When the brushless motor is working, it will 

produce downward tension in different directions. The 

receiver has a multi-channel control mode. The propeller 

steering machine is connected with different channels, 

which can realize the separate transmission of two signals. 

The direction of the fixed position of the front brushless 

motor and the direction of the fixed position of the rear 

brushless motor can be controlled respectively. The flow 

chart of propeller steering machine control module 

program design is shown in Figure 8. 

3.2 Program design of front wheel steering mechanism 

module 

After receiving the signal, the steering gear 

controlling the front wheel steering mechanism drives the 

connecting rod to make the hub turn around. Part of the 

control procedure is as follows. 

SoftwareSerial softSerial(4, 2); //rxt  txt 

char cmdChar = '5'; 

char cmdCharSave = cmdChar; 

void setup() { 

myservo1.attach(9); 

  myservo2.attach(6); 

  softSerial.begin(9600); 

  delay(100); 

  Serial.begin(9600); 

  delay(100); 

  myRadio.begin(); 

  myRadio.setChannel(115); 

  myRadio.setPALevel(RF24_PA_MAX); 

  myRadio.setDataRate( RF24_250KBPS ); 

myRadio.openReadingPipe(1,addresses[0]); 

  myRadio.startListening();} 

Servo myservo1; 

Servo myservo2; 

int i = 0; 

void youzhuan() 

{ 

 for (i = 0; i < 90; i++) 

{ 

myservo1.write(i); 

myservo2.write(i); 

delay(10); 

} 

} 

void zuozhuan() 

{ 

for (i = 90; i >= 0; i--) { // 从 90°到 0° 

myservo1.write(i); 

myservo2.write(i); 

  delay(10); 

} 

} 

3.3 Program design of brushless motor module 

The receiving controller can adjust the speed of the 

propeller brushless motor and transmit the control signal to 

the DHWCR. For different wall surface, the tension can be 
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adjusted, the front and rear brushless motor work at the 

same time. When moving from the horizontal ground to the 

vertical wall, the brushless motor generates upward tension. 

The brushless motor controls the frame to rotate to a certain 

angle, and pushes the DHWCR to realize the transition 

from plane to vertical. The software design flow chart of 

brushless motor module is shown in Figure 9. 

 

Figure 9  Brushless motor module software design flow 

chart 

4 Adsorption motion test of DHWCR 

4.1 Control board debugging 

After entering the compilation environment, select 

the corresponding development board and port, compile 

and fire the program. When the indicator on the control 

board is off, open the port and observe the data displayed 

on the port, as shown in Figure 10. 

 

Figure 10  Arduino compilation environment 

Before power-on, short connect the GPIO 0 and GND 

ports of the ESP32-CAM module. This will make the 

ESP32-CAM enter the download and start mode. 

Otherwise, the Arduino IDE will report an error. Fritzing 

simulation software is used to select ESP32-CAM module 

and USB-to-serial port download, and the circuit 

simulation connection as shown in Figure 11 is established. 

 

Figure 11  Program download Fritzing simulation 

wiring diagram 

After the test code is burned, disconnect the GPIO 0 

from GND, let the ESP32-CAM enter memory startup   

mode, and then power on the ESP32-CAM again. Open 

the serial port monitor of the software, select the 

transmission baud rate, and press the RST button. Open 

the software serial port. If all is well, the IP is printed on 

the serial port monitor and can be wirelessly controlled by 

connecting the Blinker, as shown in Figure 12. 

 

Figure 12  IP address of the serial port 

4.2 The complete structure of the DHWCR 

The whole machine of the DHWCR mainly includes 

propeller head, RC receiver, front wheel steering 

mechanism, propeller steering engine control module, 3D 

printed body and power supply, as shown in Figure 13. 

After the overall installation, switch on the power supply 

of the brushless motor, and test the pulling direction 

provided by the brushless motor of the front and rear 

wheels. If the brushless motor of the front and rear wheels 

provides upward pulling force when they work normally, 

the wiring is correct; On the contrary, the brushless motor 

needs to switch the two wires. 

In normal operation, the front and rear propeller 

steering gear rotates 45° respectively, and the front and 

rear brushless motor generates a tension angle of 45° with 

the direction of advance. The DHWCR obtains the 

forward power and the robot walks forward. The fixed 

propeller head will make the front and rear brushless 
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motors rotate with multiple degrees of freedom, providing 

different directions of tension angle. The tension 

generated by the front and rear brushless motors in 

different directions will generate an angle with the 

vertical wall, which can ensure that the DHWCR can 

complete the adsorption movement on the vertical wall. 

 

Figure 13  Complete structure of the DHWCR 

4.3 Adsorption test of DHWCR 

In order to verify the feasibility and stability of the 

DHWCR in the outer wall, the horizontal ground motion 

and the wall motion at different angles are tested. The 

speed of the DHWCR is measured, and the distance of 

1m, 2m and 3m is set on the horizontal ground for testing. 

Each distance is tested three times, and the forward speed 

is measured by a timer. 

 

Figure 14  The horizontal ground of the DHWCR 

moves in a straight line 

Table 1 Horizontal ground velocity measurement of the 

DHWCR 

Distance /m No. Time /s Velocity m/s Average velocity m/s 

1 

1 2.69 0.372 

0.351 2 3.01 0.332 

3 2.87 0.348 

2 

1 3.68 0.543 

0.487 

0.533 

0.521 2 4.10 

3 3.75 

3 

1 4.96 0.605 

0.683 2 4.58 0.655 

3 3.80 0.789 

The inclined wall of 30°, 45°, 60° and 75° is 

designed for test verification. When the DHWCR moved 

from the ground to the wall at a small angle, under the 

action of the brushless motor tension, the robot would 

move directly from the ground to the inclined surface. 

Figure 15 shows the motion of the DHWCR on the 

inclined wall of 30°, 45°, 60° and 75°. 

 

Figure 15  Movement of the inclined wall of 30°, 45°, 

60° and 75° 

A distance of 1 m and 2 m is set on the vertical wall, 

and the test is repeated three times for each. The 

measured velocities are shown in Table 2. 

Table 2  Vertical wall velocity measurement of the 

DHWCR 

Distance /m No. Time /s Velocity m/s Average velocity m/s 

1 

1 14.75 0.068 

0.081 

0.058 

0.069 2 12.36 

3 17.09 

2 

1 27.53 0.072 

0.057 

0.065 

0.064 2 35.30 

3 30.58 

It can be obtained that the average speed at the 

horizontal ground distance of 1m, 2m and 3m is 0.351m/s, 

0.521m/s and 0.683m/s respectively, and the average 

speed at the vertical wall crawling distance of 1m and 2m 

is 0.069m/s and 0.064m/s respectively. 

5 Conclusion 

In this paper, the hardware and software of the 

DHWCR are designed and tested for the important 

problems in the adsorption stability and attitude control. 

The main conclusions are as follows. 

(1) A DHWCR with strong adsorption force and 

good stability is designed and developed, which is mainly 

θ=30° θ=45°

θ=60° θ=75°
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composed of propeller head, brushless motor module, 

front wheel steering mechanism module, propeller 

steering gear control template, wireless handle control 

module, etc. The left and right control frame with 

multiple degrees of freedom is designed, which can move 

on the horizontal ground and vertical wall. 

(2) The propeller head and front wheel steering 

mechanism of the DHWCR can make the robot flexibly 

switch between the horizontal ground and the vertical 

wall. In order to ensure that the DHWCR can effectively 

adsorb, the multi-directional turning drive control is 

realized, and the movement flexibility is good. By 

changing the rotation position of the front and rear 

steering gear and changing the angle of the hub connected 

with the connecting rod, the DHWCR can achieve smooth 

steering from left to right and improve the turning 

efficiency. 

(3) Speed test, small slope climbing test and 90° wall 

stability adsorption test are carried out on the DHWCR on 

the horizontal ground and vertical wall. The results show 

that the DHWCR can switch freely between the 

horizontal ground and vertical wall, and can stably adsorb 

on the vertical wall with stable attitude control. The 

DHWCR moves faster on the horizontal ground than on 

the vertical wall, which also verifies the feasibility of the 

robot moving stably on the vertical wall. 

The breakthrough of the driving control technology 

of the new DHWCR has laid a foundation for the 

nondestructive testing of high-rise buildings and the 

testing of complex vertical walls. 
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Abstract: 

To address the problem of flexible drive control of gastrointestinal (GI) tract micro-capsule robot posture, a novel dual helix 

magnetorheological fluid (MRF) micro-robot (DHMRFMR) is proposed and developed in this paper. Based on the mechanical 

properties of magnetorheological fluid, the relationship model of magnetic field force is obtained, and the thrust model is established. 

Double micro DC deceleration motor is used to drive the two ends of the helical actuator to make the DHMRFMR forward and 

backward, by changing the external magnetic field rotation speed, direction and distance, adjust the attitude direction of the robot. 

Numerical simulation software ANSYS is used to analyze the motion law of external fluid of DHMRFMR, and the visualization of 

fluid velocity and pressure distribution is realized. The front-end helix actuator can change the flow path of the fluid, and the middle 

and tail of the DHMRFMR bear less pressure, which improves the stability and flexibility of the robot. The novel DHMRFMR is 

suitable for internal drive in bending environment, and has a good application prospect in biomedical engineering field in human 

intestinal unstructured environment. 
Keywords: Dual helical actuation; Micro-robot; Magnetorheological fluid; Attitude control; Simulated analysis 

 

Introduction 

GI tract diseases are not only prevalent in the 

elderly, but also in an increasing number of young people. 

High-risk groups need to be examined every 1-2 years, 

which poses severe challenges to the screening and 

treatment of GI tract diseases 
[1]

. Traditional 

interventional gastroscopy is painful and risky, requiring 

patients to endure great pain. The birth of capsule 

endoscope greatly saves the manpower and time of GI 

tract disease diagnosis 
[2]

. A capsule is swallowed with 

water and the whole digestive tract is traversed with 

gastrointestinal peristalsis without intubation. Doctors 

diagnose diseases on the external receiving display 

according to the pictures or videos taken by the capsule 

endoscope 
[3]

. Compared with traditional gastroscopy, it 

can effectively avoid cross infection during examination 

in addition to eliminating the pain caused by intubation. 

At present, the passive capsule robot that relies on 

intestinal peristalsis for GI examination has the following 

problems: (i) Passive capsule robots move slowly and 

can only move forward. (ii) The passive capsule robot is 

unable to stop at a problematic lesion, let alone return for 

a re-examination. (iii) Passive capsule robots mostly use  

batteries to power their cameras. Fixed and long 

time shooting can produce a lot of non-diagnostic photos 

and waste storage space. (iv) The passive capsule robot 

takes a long time to check, resulting in low inspection 

efficiency and the possibility of missing detection 
[4]

. 

Therefore, the active capsule robot came into being, can 

take the initiative to explore and diagnose, greatly 

improve the efficiency of diagnosis and treatment. The 

active capsule robot can reside in a suspected patient area 

for observation or sampling, and has various functions of 

active control and can interact with the doctor. In the 

past decade, several locomotion mechanisms were 

developed to provide active propulsion for capsule 

endoscopes, including the rotating spiral 
[5]

, 

inchworm-like 
[6]

, legged 
[7]

, paddle-based 
[8]

 and 

vibro-impact locomotion mechanisms 
[9]

. 

At present, the active capsule robot is mainly 

divided into two ways: electric energy drive and 

magnetic energy drive. Tabak et al. 
[10]

 proposed a bionic 
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capsule robot based on the movement principle of 

eukaryotic microorganisms, and controlled the capsule 

robot to complete multi-directional movement by a spiral 

tail. Tortora et al. 
[11-12]

 developed a capsule robot driven 

by a four-screw motor, which was applied to the 

diagnosis in a wide range, such as the stomach. The 

capsule is equipped with a visual imaging system that 

allows doctors to see inside the stomach using an 

interactive system. Norton et al. 
[13]

 proposed a wheeled 

micro-robot with expansion and contraction function for 

colon examination. Park et al. 
[14]

 developed a 

inchworm-like capsule to achieve forward movement 

through the pulling of the outrigger. 

Because magnetic energy has the advantage of 

efficient transmission, it can not only realize wireless 

control, but also solve the problem of power endurance 

of the capsule robot. Therefore, applied magnetic field as 

the driving source of capsule robot has attracted 

extensive attention. Salerno et al. 
[15]

 proposed a 

“master-slave magnetic coupling” driving method for 

capsule robot, using a permanent magnet installed at the 

end of the manipulator as the main magnetic source. 

Through the magnetic coupling effect, the capsule robot 

with embedded permanent magnet will generate 

magnetic pull to achieve movement. Gumprecht et al. 
[16-17]

 developed a magnetic field drive device that uses 

electromagnets to apply magnetic force to the capsule 

robot to move and release drugs. Zhang et al. 
[18-19]

 

studied the accuracy and feasibility of positioning and 

proposed a magnetic levitation system of magnetic 

levitation capsule robot, which controlled the steering 

and movement of the robot by the magnetic attraction or 

repulsion force generated. Qinyuan Shi et al. 
[20]

 propose 

an optical-magnetic fusion tracking framework to track 

the magnetically actuated capsule robot in real time. The 

proposed method utilizes the prior-known pose of 

external permanent magnet estimated from the optical 

tracking method to decouple internal permanent 

magnet’s magnetic field from the composite magnetic 

field to achieve higher tracking accuracy of wireless 

capsule endoscopy. Puhua Tang et al. 
[21]

 designed and 

manufactured a set of drive systems for a capsule robot 

in a pipe driven by an external permanent magnet, and a 

measurement system of the fluid flow field in the pipe 

during the robot’s precession. 

In conclusion, regarding the operating performance 

of capsule robots, the existing research mainly focuses 

on the drive control of the capsule robot driven by 

electric energy or magnetic energy alone. However, the 

combination of electric drive and magnetic energy drive 

for attitude control has not been discussed. Moreover, 

none of the above studies considered the use of 

magnetorheological fluid as the magnet medium to 

achieve intelligent control. These unsolved issues are the 

motivation of our research work presented in this paper. 

To overcome this problem and provide an effective 

attitude control method in unstructured GI tract, we have 

developed a novel DHMRFMR, and proposed a attitude 

drive control method of robot that combines electric 

drive and magnetic drive. The motion control of the 

DHMRFMR is realized by using a miniature DC 

reduction motor to control the front and rear helical 

actuator and magnetorheological fluid is used as attitude 

control medium. The thrust model and magnetic field 

force relationship model of the DHMRFMR are 

established, which can effectively control the attitude 

navigation of the robot. Finite element analysis software 

ANSYS is used to analyze the motion law of external 

fluid of DHMRFMR, and the visualization of fluid 

velocity and pressure distribution is realized. The results 

show that the front-end screw actuator can change the 

fluid flow path and make the middle and tail of the 

DHMRFMR bear less pressure. The motion stability of 

the DHMRFMR is improved, and it can move flexibly in 

the complex bending intestinal environment. This paper 

provides a basis for attitude control and navigation drive 

of micro-robot in unstructured environment. 

1 Design of DHMRFMR Drive Control System 

The core of the DHMRFMR drive control system is 

“drive” and “control” Through this system, the 

DHMRFMR can be controlled to move in the GI tract to 

achieve the purpose of stomach and intestinal 

examination. The overall design of DHMRFMR drive 

control system in this paper includes two parts: power 

system and pose control system. The whole control 

function of the DHMRFMR is shown in Figure 1. 

 

Figure 1  The whole control function of the 

DHMRFMR 
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follows: When the DHMRFMR starts to work, a signal 

transmitter sends out a signal. The internal motor 

controller receives the signal through the signal receiver, 

and controls the rotation of the miniature DC reduction 

motor to drive the external dual helix actuator, which 

then generates counterthrust to push the DHMRFMR 

forward or backward. At the moment, the attitude control 

system starts the attitude adjustment function. Under the 

action of an external magnetic field, the 

magnetorheological fluid inside the DHMRFMR changes 

under the influence of the magnetic field, and gathers 

together to produce a certain force, which changes the 

direction of the DHMRFMR’s movement. When the 

external magnetic field changes, the direction of action 

of the internal force will also change, thus changing the 

direction and attitude of the DHMRFMR movement. 

1.1 Design of DHMRFMR Power System 

Power system is mainly composed of miniature DC 

reduction motor, motor controller, signal receiver, signal 

transmitter, helix actuator and power supply, as shown in 

Figure 2. Due to the small size required by the medical 

capsule robot, there is a strict volume limitation for the 

power system, and the motor volume used is also small, 

and the performance thrust can meet the requirements. 

The precession device must also meet volume 

requirements. 

 

Figure 2  DHMRFMR integral structure 

When the DHMRFMR enters the GI tract, the 

power system starts work. The external helical actuator is 

driven by the rotation of the motor, and the rib plate of 

the spiral rib will interact with the fluid in the GI tract to 

generate a force to push the DHMRFMR forward. The 

power system is driven by the front and rear dual drives, 

and the helical actuators at the front and rear ends of the 

DHMRFMR turn forward and reverse under the control 

of the miniature DC reduction motor. The DHMRFMR 

can move forward and backward without turning, which 

greatly improves the mobility of the robot in the GI tract. 

1.2 Helical actuator Shape Design of Power System 

The semicircular shape of the helical actuator can 

reduce the scratches on the GI tract wall during the 

rotation of the spiral ribs of the DHMRFMR, and reduce 

the resistance of the robot when moving in the liquid 

environment. The helical actuator is 3D printed with 

medical materials, which has the characteristics of 

corrosion resistance, good wear resistance and stable 

performance. The helical actuator is light in weight and 

stable in structure. The DHMRFMR helical actuator is 

shown in Figure 3. 

 

Figure 3  Helical drive for DHMRFMR 

1.3 Miniature DC Reduction Motor for Dual Helix 

Power System 

The DHMRFMR drive control power system uses 

two DC reduction motors to drive the front and rear 

helical actuators. The motor is easy to control, good 

stability, strong adaptability to the environment. The 

experiment is carried out in a transparent plexiglas tube, 

so the open-loop control method can meet the demand of 

speed control. The motor has a voltage range of 0.2-6 V, 

rated voltage of 3 V, maximum speed of 1200 r/min, 

current of 25 mA, and power of 0.1 W. The total length 

of motor is 16.5 mm, the diameter of reduction box is 6 

mm, and the reduction ratio of reduction box is 1:26, as 

shown in Figure 4. 

 

Figure 4  Miniature DC reduction motor 

The power system adopts wireless remote control, 

which is composed of radio frequency transmitter and 

radio receiver. Wireless transmission adopts the point 
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the button again to reverse the motor, as shown in Figure 

5. The wireless transmitter has small volume, low power 

consumption and wide voltage range. In standby state, 

the current is only 0.05 mA, and the working voltage is 

DC 3V. It has low energy consumption and can work for 

a long time. 

The size of the wireless receiver is 

21mm×11mm×5mm, the voltage range is DC 3V-12V, 

and the maximum current is 0.4 A. The receiver itself has 

overcurrent protection function. The black line is the 

negative pole of the power supply, the red line is the 

positive pole of the power supply, and the yellow line is 

the receiver’s two outputs, controlling two DC reduction 

motors. The power supply is lithium battery with a size 

of 19mm×10mm×4mm and a voltage of 3.7 V, as shown 

in Figure 6. 

 

Figure 5  Wireless control transmitter 

 

Figure 6  Wireless receiver 

1.4 Analysis and Calculation of Helical Thrust Force 

of Power System 

Microrobots move forward in a closed environment 

by pushing the fluid at the front with the helical head. 

The fluid will be obstructed in the reverse direction, and 

the fluid will enter the rear area along the side of the 

DHMRFMR. If the swimming speed of the DHMRFMR 

is high, the fluid on the surface is laminar flow, and the 

fluid stuck to the surface of the robot rotates 

synchronously with the robot. If the fluid does not pass 

quickly through the side of the DHMRFMR to the rear 

area, turbulent conditions can occur. The condition for 

satisfying Bernoulli’s equation is that the fluid is in 

laminar flow state, which is the ideal state. 

As the DHMRFMR spins forward, the fluid in front 

of it is separated by the robot and flows sideways. The 

DHMRFMR is subjected to axial fluid resistance, called 

frictional resistance Ff. The fluid has a certain viscosity, 

the part of the fluid near the DHMRFMR surface will 

speed up, forming a boundary layer on the surface. At this 

point, the fluid pressure on the front and back ends of the 

DHMRFMR is different, forming fluid resistance, known 

as differential pressure resistance Fc. The total resistance 

of the DHMRFMR is the sum of Ff and Fc, that is: 

                 (1) 

Frictional resistance and differential pressure 

resistance can be obtained by multiplying the kinetic 

energy of the flow per unit volume by a certain area, and 

then multiplying by the drag coefficient, can be 

expressed as 

               (2) 

               (3) 

where Cf and Cp are the drag coefficients of friction 

resistance and differential pressure resistance 

respectively, Sf is the area under shear stress, Sp is the 

projected area of the object perpendicular to the direction 

of flow velocity, ρ is density, and v is the speed of the 

DHMRFMR. Therefore, the total resistance can be 

expressed as 

               (4) 

where CD is the total drag coefficient, S is the area 

projected against flow of the object in the vertical 

direction of flow velocity, so S=Sp. When the total 

driving force of the DHMRFMR is equal to the total 

fluid resistance, the total thrust of the DHMRFMR can 

be obtained. 

 

Figure 7  Diagram of helical thrust force changes with 

rotational speed 

As shown in Figure 7, the helical thrust changes 

with the speed. With the increase of the speed of the 

miniature DC reducer motor of the power system, the 

helical thrust of the power system gradually increases. 

When the speed reaches 1000 r/min, the thrust is kept at 

about 15 mN, the speed continues to increase, and the 
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thrust is kept constant, indicating that the system has 

reached a dynamic equilibrium state at this time. 

2 Pose Control System for DHMRFMR 

The pose control system is used to adjust the pose 

direction of the DHMRFMR. Because the GI tract is an 

unstructured meandering environment, DHMRFMR needs to 

be able to change direction continuously during movement. 

DHMRFMR pose control is realized by coupling control of 

external magnetic field and internal magnet. 

2.1 Fluid Mechanics Properties of MF 

MF is a kind of intelligent fluid. The rheological 

properties of MF will change when there is a certain 

intensity of magnetic field in the environment, and it will 

change from a fluid to a solid with a certain 

viscoelasticity. If the magnetic field disappears, it will 

return from a solid with a certain viscoelasticity to the 

original liquid.  

 

Figure 8  Force analysis of MF 

According to this characteristic, the yield stress of 

the fluid can be controlled by changing the magnetic 

field intensity of the surrounding environment, so as to 

realize intelligent control of the magnetorheological fluid. 

The force on MF is shown in Figure 8. When the MF is 

in a certain magnetic field, the magnetic force is 

          (5) 

where F is magnetic field force, μ0 is vacuum 

permeability, V is volume of MF, M is magnetization, 

is magnetic field gradient operator, H is magnetic field 

intensity, B is magnetic induction intensity. The magnetic 

induction intensity B and magnetization intensity M can 

be decomposed along X, Y and Z axes, which are Bx, By, 

Bz and Mx, My and Mz, respectively. 

        (6) 

2.2 Control Principle of Pose Control System 

The pose control system mainly uses magnetic field 

environment composed of MF and external magnets to 

control the pose direction of the DHMRFMR. The shell of 

the DHMRFMR is a hollow cavity inside, which is used to 

contain MFs. When the DHMRFMR is placed in the 

magnetic field generated by the external magnetic field, 

the MF in the cavity is magnetized by the external 

magnetic field, which turns the originally uniformly 

distributed liquid into a concentrated spiky-shaped solid. 

The MF, which is concentrated together, creates a 

magnetic force under the action of a magnetic field, which 

changes the direction of motion of the DHMRFMR. By 

changing the distance and position between the external 

magnetic field and the internal MF, the position and 

attitude of the DHMRFMR can be changed. 

 

Figure 9  Attitude control diagram 

Figure 9 is the attitude control diagram of the 

DHMRFMR. The dotted line represents the external 

magnetic field around the DHMRFMR. In Figure 8, the 

area with dense dotted line distribution indicates that the 

magnetic field intensity of the region is strong, while the 

area with sparse dotted line distribution indicates that the 

magnetic field intensity is weak. When the DHMRFMR 

is in the area with dense magnetic field lines, the MF 

inside the robot will be pushed and pulled more, and the 

direction of motion will change more easily. 

3 Simulation Test Analysis of DHMRFMR 

System 

To verify the correctness of the theoretical analysis 

and the feasibility of the device, the control system of 

DHMRFMR is developed. ANSYS 2021R1 software is 

used to simulate the velocity and pressure distribution of 

the DHMRFMR to realize the visualization of the flow 

field. Firstly, the model of driving motor and precession 

device is built by simulation software, and then the 

motor and precession device of the driving system are 

assembled and debugged, as shown in Figure 10. And 

finally the simulation is carried out by ANSYS software. 

 

Figure 10  Attitude control diagram 
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The thrust, attitude and guidance of the 

DHMRFMR power device are tested, the value of thrust 

and the thrust adjustment of the power system under 

different working conditions are calculated by analyzing 

the simulated data, and the stability of the DHMRFMR 

under different thrust is analyzed. The structural 

parameters of the DHMRFMR are shown in Table 1. 

Tab 1  Structural parameters of the DHMRFMR 

Parameters Notation DHMRFMR 

Length /(mm) L 75 

Diameter /(mm) D 26 

Mass /(g) G 48.1 

Helical actuator diameter 

(Maximum) /(mm) 
Ds 27 

Height of spiral ribs /(mm) ka 1.2 

Width of spiral groove 

(Maximum) /(mm) 
N1 16 

Width of spiral ribs /(mm) N2 1.5 

Helix angle /(°) β 20 

Working speed /(r/min) n 1000 

Before the simulation analysis, it is necessary to 

conduct 3D modeling of the DHMRFMR in Solidworks 

and 3D printing and manufacturing according to the 3D 

model. The 3D model and physical prototype are shown 

in Figure 11 (a) and Figure 11 (b), respectively. 

 
(a) 3D model of DHMRFMR 

 
(b) Prototype of a DHMRFMR 

Figure 11 Solidworks 3D model and prototype of 

DHMRFMR 

The continuity equation and Navier-Stokes equation 

are regarded as the governing equations. 

The continuity equation can be written as: 

        (7) 

The Navier-Stokes equation can be expressed as: 

   (8) 

where u, v and w are the components of fluid 

velocity U on each coordinate axis, ρ and μ are the 

density and dynamic viscosity of fluid respectively, p is 

pressure, Fx, Fy and Fz are the mass force of fluid 

element on each coordinate axis. 

The fluid in the pipeline is meshed and the 

DHMRFMR surface meshes are locally encrypted to 

improve the calculation accuracy. The fluid type is set as 

liquid, the dynamic viscosity is 1.0 Pa·s, and the rotation 

axis of the DHMRFMR model is set as along the Y-axis. 

Establish the cloud picture of the operation interface, 

select the unit and data displayed on the operation 

interface, and start the simulation operation after 

checking the correctness. 

When the DHMRFMR runs at a certain speed in the 

fluid, the velocity distribution cloud of the surrounding 

environment is shown in Figure 12. In the Figure, the 

external fluid moves with the DHMRFMR at the same 

time and has a follow-up effect. The farther away from 

the DHMRFMR, the lower the degree of fluid flow. At 

the far end, the fluid flow velocity is close to 0. This 

results in the fluid velocity on the surface being roughly 

the same as the DHMRFMR velocity. At the same time, 

it can be seen that the fluid velocity at the back end of 

the DHMRFMR is higher and has a greater driving force. 

 

 

Figure 12  Cloud image of motion speed of 

DHMRFMR model 
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When the DHMRFMR runs, the ambient pressure 

of the liquid will change, and the helical actuator of the 

DHMRFMR model will also be subjected to a certain 

amount of fluid push back pressure. The pressure 

distribution cloud diagram generated by the operation is 

shown in Figure 13. In the Figure, the front-end of the 

DHMRFMR is subjected to a large fluid impact pressure, 

up to 274 Pa.  

Because the pressure of the front-end helical 

actuator is larger, the fluid flow path is changed, and the 

middle and tail of the DHMRFMR bear less pressure, 

which improves the stability and flexibility of the 

DHMRFMR. 

 

 

Figure 13  Pressure cloud diagram of DHMRFMR 

model 

 

Figure 14  Floating point variation of simulation results 

The simulation results show that the floating point 

variation of the DHMRFMR model is relatively stable. 

Floating point numbers do not generate large fluctuations, 

and there is no floating point overflow during operation. 

Floating point numbers form a relatively smooth curve, 

as shown in Figure 14. The operation results verify that 

the designed system is relatively stable and meets the 

design requirements. 

4 Conclusions 

In this paper, theoretical modeling and finite 

element simulation are carried out for important 

problems in attitude control of GI tract DHMRFMR. The 

simulation results are in good agreement with theoretical 

analysis. The main conclusions are as follows: 

(1) A novel DHMRFMR is designed and developed, 

which consists of a miniature DC reduction motor, a 

motor controller, a signal receiver, a signal transmitter, a 

helical actuator, a MF cavity and a power supply. The 

DHMRFMR can move forward and backward without 

turning, with good movement flexibility. 

(2) The DHMRFMR drive control system consists 

of pose control system and power system. The magnetic 

field force relationship model of MF is obtained and the 

thrust model is established. The pose control of 

DHMRFMR is realized by coupling control of external 

magnetic field and internal magnet. By changing the 

distance and position between the external magnetic field 

and the internal MF, the position and attitude direction of 

the DHMRFMR in the process of motion can be realized. 

(3) Finite element analysis software ANSYS is 

utilized to analyze the external fluid movement law of 

DHMRFMR, and the visualization of fluid velocity and 

pressure distribution is realized. When the DHMRFMR 

moves in a fluid at a certain speed, the surrounding fluid 

moves simultaneously. Further away from the 

DHMRFMR, the flow velocity of the fluid is almost 

stationary. The front-end helical actuator can change the 

flow path of the fluid and improve the stability and 

flexibility of the DHMRFMR. 

The breakthrough in the driving and control 

technology of the novel DHMRFMR has laid a clinical 

foundation for diagnosis and treatment and targeted drug 

delivery in the unstructured environment of human GI 

tract, and has a good application prospect. 
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