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Abstract

* The motion fault modes of a mechanical interface
based on coupled cylindrical cam mechanisms
were presented.

* The performance functions of the interface are es-
tablished for analyzing the motion faults based on
Monte Carlo simulation.

* The fault probability of the interface is inversely
proportional to the rotation speed of the drive
ring. When the protrusion length of the interface
case is extended to 3-3.8mm, the fault probability
becomes zero.

This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

The mechanical interface has the characteristics of low shock and vibration, and is empha-
sized in the aerospace and ocean engineering fields. In this paper, a mechanical interface
based on coupled cylindrical cam mechanisms is designed. It can achieve the expected func-
tions, but there exist faults in some times. The fault modes and causes of the interface are
firstly analyzed. Then a design approach based on Monte Carlo simulation is presented for
analyzing and optimizing its reliability. According to the fault modes, the performance func-
tions of the interface are established for obtaining the optimal scheme. A case is given to
illustrate the proposed method. The simulation results and the prototype experiments prove
that the optimization scheme effectively improves the reliability of the interface, and has
better performance than the original one.

Keywords

mechanical interface, fault mode analysis, Monte Carlo simulation, reliability design,
cylindrical cam mechanism.

Acronyms and Abbreviations

To Outer radius of the drive ring.
MAX The maximum value. Lo Length of drive ring in the rotation stage.
MIN The minimum value. L The distance from the farthest point of the pin shaft to the
AVG The average value. straight section of the drive ring rotation stage.
RMS Root-mean-square. h, Protrusion height.
P-p Peak-to-peak. . . q The protrusion length to be extended.
MCS Monte Carlo simulation.
. 1. Introduction
Notations
Modular design plays vital roles in the design of large-scale complex
Li Horizontal length of the central block curve groove. equipment with multi-task objectives. By using the modular design,
6, The x axis coordinate of the pin shaft. a complex equipment is divided into several units or modules, which
is given different tasks. Mechanical or electrical interfaces are used to
hy The y axis coordinate of the pin shaft. connect these units and achieve complex tasks. Modular design not
S Vibration displacement of the pin shaft in horizontal only simplifies the design process, but also reduces the complexity
direction. of maintenance. Interface design is the technical premise to realize
W Vibration displacement of the pin shaft in vertical modular design. In recent years, the on-orbit assembly technology in
direction. the field of space and aviation started to use mechanical interfaces
w Rotational speed of the drive ring connecting different sub-satellites. The design idea presented in the
o ) ' project of Intelligent Building Blocks for On-Orbit Satellite Servicing
! Operating time of the interface. and Assembly (iBOSS) in Germany is simple and easy to be used [1].
7

i Outer radius of the center block.

(*) Corresponding author.
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drive the locking hook to realize mechanical, electrical and data con-
nections. The interface design based on cylindrical cam mechanisms
is the core of iBOSS.

The cylindrical cam mechanism is widely used in the engineering
field [2, 8, 9, 17, 25]. In this paper, based on the iBOSS design idea, a
mechanical interface based on coupled cylindrical cam mechanisms
is proposed, and the prototype is manufactured. The experiments
show there exists functional faults due to some influence factors, for
example vibrations and manufacturing errors. The reliability can be
greatly reduced if possible fault cannot be accommodated, even lead
to system shut-down [17]. Thus the fault causes need to be studied.

Many researchers proposed different methods for the reliability
anlaysis, for example Bayesian network, evidential network and Mon-
te Carlo Simulation (MCS) [10, 13,14]. Rhee et al. [15] discused a new
methodology of Life Cost-based FMEA. Wang et al. [21] proposed
a new adaptive sampling approach for system reliability assessment
with multiple dependent failure events. Xu et al. [22] put forward a
new class of computational methods, referred to as decomposition
methods, which has been developed for predicting failure probability
of structural and mechanical systems subject to random loads, mate-
rial properties, and geometry. Haldar et al. [5] raised a novel reliabil-
ity evaluation method for large nonlinear engineering systems excited
by dynamic loading applied in time domain. Hu et al. [7] pointed
out that the first order reliability method (FORM) is difficult to solve
the highly nonlinear problem, so a mixed efficient global optimiza-
tion (m-EGO) method is proposed. Padmanabhan et al. [3] studied a
Reliability-Based Optimization (RBO) methodology that uses MCS

a) central block

¢) drive ring

techniques, which provides more accurate results for highly nonlinear
problems. Wang et al. [20] presented a new enhanced MCS (EMCS)
approach for reliability analysis and design considering disjointed
failure regions. Mayda et al. [12] proposed a systematic design frame-
work supported by reliability analysis that it can provide an effective
connection among the early design steps especially both at system lev-
el and component level by utilizing MCS. Singh et al. [16] pointed out
that the traditional MCS is accurate, but computationally expensive.
Therefore, they proposed a computationally efficient importance sam-
pling technique to improve the calculation efficiency. To address the
fuzzy random uncertainty in structural reliability analysis, You et al.
[23] proposed a novel method for obtaining the membership function
of fuzzy reliability on the two orders four central moments (TOFM)
method based on envelope distribution. Holle M et al. [6] proposed a
statistical method for the evaluation of the uncertainties for pneumatic
multihole probe measurements. Zhang et al. [24] proposed a finite
element-based Brownian dynamics simulation (BDS) method to solve
for the motion of nanofibers suspended within a viscous fluid. MCS is
used to evaluate a large quantity of motions of a single fiber associated
with different random Brownian forces and torques. Goka E et al. [4]
analyzed the overall statistical tolerance of the over-constrained me-
chanical assembly by determining the assembly and the functionality
probabilities based on optimization techniques combined with MCS.
Liu et al. [11] proposed a reliability assessement approach based on
MCS and modular sequence-enforcing fault tree model for repairable
phased-mission systems. Sun et al. [18] presented a reliability model
of sequence motions. The performance function of the former motion

b) lock hook assembly

d) 3D model

Fig.1. The interface model
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is regarded as just one of the influence factors of the next motion and
the solving idea based on MCS is proprosed.

In summary, MCS is widely used for the reliability analysis of
complex systems. In this paper, on the basis of analyzing the fault
modes of the cylindrical cam mechanism motion, a reliability
optimization approach based on MCS is proposed for improving the
motion reliability of the interface, which is verified by simulation and
prototype experiment.

2. Interface Designh and Fault Mode Analysis

2.1. Interface Design and Working Principle

Based on the basic principle of cylindrical cam mechanisms and
the iBOSS design idea, a mechanical interface can be designed. The
core parts of this interface include central block, lock hook assembly
and drive ring as shown in Fig. 1. There are curve grooves in the
central block and drive ring as in Fig. 2, which can be considered as
cylindrical cams.

Fig.2. The curve grooves in the central block and drive ring

The central block is fixed on the bottom plate. The lock hook as-
sembly is a driven unit, which rotates at a constant speed under a
motor driving. The inner side of the pin shaft on the lock hook as-
sembly moves on the curve groove of the central block, and the outer
side moves on the curve groove of the drive ring at the same time. So
the curved groove of the central block directly reflects the movement
track of the lock hook assembly, and the curve grooves of the drive
ring and the central block control the movement speed of the lock
hook assembly. In the application, the lock hook assembly connects
with another one on the other side according to a predetermined
track. Each module is mounted by a interface. Thus by the drive ring
motion, the interface can achieve the connection and seperation of
two modules.

Under the gravity environment, the interface is placed horizontally.
In order to study the movement process of the lock hook conveniently,
the curve grooves of the central block and the driving ring are unfold-
ed on the same plane, the curve grooves of the central block remains
stationary, and the curve groove of the drive ring moves to the right

Center block curve groove
(keep stationary)

Drive ring curve groove
(rotate at a constant speed)

Bottom line of center block

Fig. 3. Lock hook rising stage

as shown in Fig. 3. The crossing part of the two is the position of the
pin shaft in the lock hook assembly. The pin shaft on one side of the
drive ring is indicated by solid lines, and the pin shaft on the side of
the central block is indicated by dashed lines.

Assuming that there are no other external influencing factors, the
normal connecting process of the interface is as follows.

1) Lock hook rising stage

As shown in Fig. 3, under the driving force of the drive ring, the
pin shaft on the lock hook assembly rises at a constant speed along
the rising section of the curve grooves of the central block and the
drive ring.

2) Lock hook rotating stage

After the lock hook rising stage is completed, the inner side of
the pin shaft reaches to the straight section of the central block curve
groove first. Due to the height difference between the straight sections
of the two curve grooves, the outer side of the pin shaft will be stuck
by the corner of the drive ring curve groove and remain relatively
stationary with the drive ring, as shown in Fig. 4a).

The drive ring continues to rotate, and pushs the lock hook to rotate
at a constant speed until the inner side of the pin shaft is blocked by
the protrusion on the curve groove of the central block, as shown in
Fig. 4b). When the drive ring continues to rotate, the lock hook will
have an upward trend until the outside of the pin shaft rises to the
straight section of the curve groove of the drive ring, as shown in Fig.
4c). Then the pin shaft will be stuck by the central block protrusion
to stop moving relative to the drive ring, the pin shaft moves left-
ward along the drive ring curve groove until the outer side of the pin
shaft contacts the upper wall corner of the drive ring curve groove, as
shown in Fig. 4d). Then under the driving force of the drive ring, the
inner side of the pin shaft passes over the protrusion, as shown in Fig.
4e). Finally, under the push of the drive ring, the lock hook and the
drive ring move at the same speed together.

3) Lock hook lowering stage

The drive ring continues to push the lock hook to move at a con-
stant speed. When the inner side of the pin shaft reaches the curve
groove lowering section of the central block and the outer side of the
pin shaft reaches the curve groove lowering section of the drive ring,
the lock hook starts to move along the curve groove of the central
block, as shown in Fig. 5. Finally, the inner side and the outer side of
the pin shaft respectively reach the end points of the two sections of
curve grooves, and two modules are connected and locked.

The seperating movement process is reverse. In this paper, the
connectiong process is analyzed, and the analysis is similar for the
seperating process.

2.2. Fault Mode Analysis of the Interface

In the actual working process, due to the existence of some
influence factors, for example vibration or tolerance, the lock hook
will deviate from the expected motion trajectory. As shown in
Fig. 6, the intersection of the pin shaft movable range in the central
block and drive ring curve grooves is considered as the movement
area of the lock hook assembly. The movement areas of the pin shaft
in the rising, rotating, lowering stages are obtained respectively, as
shown in Figs.6-8. It can be seen that the movable areas of the pin
shaft are very small in the rising and lowering stages. Even if there
is large vibration, the movement process is certain, but the tolerance
design should be emphasized. In the rotating phase, the possible mov-
able area of the pin shaft is large, which may lead to uncertain move-
ment and even motion fault of the pin shaft.

Through the force analysis and movement area of the pin shaft, it
can be found that in the process of rotating stage as shown in Fig. 4c-
4d, the locking hook is only limited by friction force and protrusion
supporting force in the horizontal direction, and vibration is easy to
make it displace. The interface falult mode can be divided into the
following two situations:

1) Fault mode 1
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Fig. 5. Lock hook lowering stage Fig. 6. Movable area of pin shaft in the rising stage

The influence factors cause the lock hook
assembly to rotate clockwise, i.e. the pin shaft
moving to the left. As shown in Fig. 9, the inner
side of the pin shaft will reach the rising stage
of the central block curve groove, and the outer
side of the pin shaft will reach the lowering
stage of the drive ring curve groove. This will
lead that the pin shaft descends along the curve
grooves, the interface locks and cannot operate.

2) Fault mode 2

The influence factors cause the lock hook as-
sembly rotates counterclockwise, i.e. pin shaft
moving to the right. As shown in Fig. 10, the
inner side of the pin shaft passes over the protru-
sion, the outer side of the pin shaft will reach the
rising stage of the drive ring curve groove, and
the inner side of the pin shaft will reach the low-
ering stage of the central block curve groove.
This will lead that the pin shaft descends along
the curve groove, the interface locks and cannot
operate.

In summary, influence factors might lead to
the uncertain motions of the pin shaft in the
rotating stage and in turn motion faults of the
interface. In this paper, the design and analysis
is carried to optimize the interface reliability
under uncertain influence factors.

Fig. 8. Movable area of pin shaft in the lowering stage
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Fig. 9. Fault mode 1

3. Interface Optimization Design Based on MCS

3.1. Optimization Design Approach Based on MCS

Different from physical experiments, MCS performs random sam-
pling and carries out a large number of experiments on computers,
then observes the statistical characteristics of the experiment outputs
and draw a conclusion about the model output on the basis of the
statistical experiment. In each experiment, the possible values of the
input random variables X= (X,X,,---,X,) are generated according to
their distribution. Then, the value of the output variable Y is calculated
by the function Y=g(X) at the input random
variable sample. Through many experi-
ments in this way, a set of samples of the S
output variable Y can be used for statistical
analysis to estimate the characteristics of
the output variable Y.

According to the basic principle of MCS, _ / =L

the optimization process based on MCS
for the interface design includes structure
design, fault mode analysis, performance
function establishemnt for the fault modes,
input random variable distribution, MCS,
output results and analysis. If the improved
scheme meets the requirements, the optimal
scheme is given. Otherwise, the MCS is
repeated.

3.2. Performance Functions Establishment

Since the central block remains stationary and the locking hook
assembly moves along the curve groove of the central block, a coor-
dinate system is established with the central block as a reference, as
shown in Fig. 11.

Fig. 11. The coordinate system based on the central block curve groove

Fig. 10. Failure mode 2

Take the position of the pin shaft in Fig. 4c as the starting point,
settin /=0, and the position of the pin shaft in Fig. 4d as the end point,
setting #=t,. The drive ring rotates with angular velocity w, thus the
position of the pin shaft can be determined at any time.

Assuming that the vertical vibration displacement of the pin
shaft is // and the horizontal vibration displacement is S, the relative
drive ring movement displacement S’=Sr;/r, , where r; and r, are the
maximum radii of the central block and the drive ring, respectively.
When the lock hook is stuck at the protrusion part of the central block,
the coordinates of the lowest point of the pin shaft are (6, /,), and 0, is
negative. The parameters are shown in Fig. 12.

r .- -.

Fig. 12. Correspondence diagram of design parameters

According to the above analysis, the fault mode 1 takes place when

the following conditions are met:

1) The influence factors cause the inner side of the pin shaft to
rotate clockwise and reach the corner of the central block curve
groove in the rising stage;

2) The outer of the pin shaft reaches the corner of the drive ring
curve groove in lowering stage;

3) The outer side cannot exceed the range of the left side of the
curve groove.

Thus the performance function of fault mode 1 is established, i.e.
the interface fails when Eq. (1) is satisfied.

-§>0.5L; +6,
wt—Sr; /1y > Ly (M
Lo+ Lg>wt=S81; /1

The fault mode 2 takes place when the following conditions are met:

1) The inner side of the pin shaft moves rightward, and passes
over the protrusion;

2) The vertical amplitude is greater than the blocking height;

3) The outer side of the pin shaft reaches the corner of the drive
ring curve groove in rising stage;

4) The outer side of the pin shaft cannot exceed the range of the
curve groove in right side.
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The interface fails when Eq. (2) is satisfied.

S > -6,
W>h,—h
St/ r,—wt>0
Ly>Sr/r,—wt

2

The driving ring rotates at a constant speed. In order to study the
failure of the pin shaft in the whole movement process in the straight
section, set the value of time ¢ as Uniform distribution in the whole
time period. The external factor affecting the movement of the
interface is the motor vibration. It is assumed here that the horizontal
displacement generated by the motor is normally distributed and the
vertical amplitude is uniformly distributed. So the random variable
distribution of the device is +~U(0,t)), W~U (0,H-r-h,), S~N(E(A),c
(A)) where ¢, is the total movement time in rotating stage, H is the
width of the central block curve groove in rotation stage, £(A) is the
mathematical expectation of the horizontal amplitude, and the hori-
zontal amplitude variance is o (A).

4. Case Analysis

The design parameters of the interface are as shown in Table 1.

Inputting the number of MCS, the failure probability distribu-
tion with the simulation times is obtained as shown in Table 2 and
Fig. 13.
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Fig. 13. Failure probability distribution with sample size

Table 1. The design parameter values of the case

Table 2. Failure Probability Distribution with Simulation Times

Simulation Times 100 1000 10000
Number of failures(mode 1) 0 0 0
Number of failures(mode 2) 2 8 73

Failure probability 0.0200 0.0080 0.0073

From Table 2, when the horizontal amplitude is 3 mm, the estimated
value of the failure probability of the interface is 0.0073, and only the
fault mode 2 occurs. In order to further improve the reliability of the
interface, the influence of external factors (horizontal amplitude, rota-
tion speed of the drive ring) and self-factors (protrusion length) on the
failure probability are respectively studied, as shown in Figs.14-16.
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Horizontal Amplitude

Fig. 14. Failure probability with horizontal amplitudes

From Fig. 14, the fault probability increases linearly with the hori-
zontal amplitude. The larger the horizontal amplitude is, the higher
the failure probability is. As seen from Fig. 15, the failure probability
is inversely proportional to the rotation speed of the drive ring. The
faster the rotation speed of the drive ring is, the lower the failure prob-
ability is. According to Fig. 16, when protrusion length is extended to
3-3.8mm, the failure probability is 0.

Therefore, the reliability of the interface can be improved by reduc-
ing the external vibration or increasing the rotating speed of the drive
ring under the condition of ensuring the functional requirements. It
can also be improved by increasing the protrusion length.

Design parameters values
the rotation stage movement time t; /s 1
central block radius r; /mm 25
drive ring radius r, /mm 41
length of central block curve groove in the rotation stage L; /mm 13.4
length of drive ring curve groove in rotation stage L, /mm 9
drive ring rotation speed w /mm/s 10.6
distance from the farthest point of the pin shaft to the straight section of the drive 295
ring at this stage L, /mm
the groove width of the central block rotation stage H /mm 3.5
the total length of the protrusion L. /mm 3
the height of the protrusion h. /mm 0.4
the coordinates of the lowest point of the pin shaft /mm (-0.96,0.2)
the range of horizontal amplitude S /mm (-3,3)
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Fig. 17. Curve groove of new central block

According to the above analysis, on the premise of not changing
other parameters, the protrusion of the central block curve groove is
extended to 3 mm, which is shown in Fig. 17.

The corresponding performance functions of the new curve groove
are obtained.

The fault mode 1:

-8>0.5L;+6, +0.5¢g
wt—=S8r;/r,>L, 3)
L,+L,>wt-S8r; /7,

The fault mode 2:

S>-0,+q

W >h.—h,
St /1, —wt>0 )
Ly > Sr; /v, —wt

When ¢=3, the functions cannot be satisfied regardless of any val-
ues of amplitude S (-3,3), which indicates that faults will not occur.
The results are verified by MCS.

An experiment was carried to verify the simulink results. The
running process of connecting and seperating is considered as a test.
If there is any motion fault, record a failure, and repeats the tests for
1000 times to obtain the comparison of failure times between the op-
timized scheme and the original scheme. The test results are listed in
Table 3.

Table 3. Failure Test Results

Test Times 10 100 | 500 | 1000
0 2 6 11
Original scheme failure /times
1 3 6 9
0 0 0 0
Optimization scheme failure /times
0 0 0 0

5. Prototype Test

The acceleration sensors are used to test the vibration of the in-
terface prototype in the vertical direction during operation. The test
is divided into two groups, i.e., group A is for the original scheme
under normal gravity, and group B is for the optimization scheme.
Each group tests 18 times. The test results in the connecting process
are shown in Fig. 18-20.

The following conclusions can be drawn from Figs.18-20.

1) The maximum value of group B is smaller than that of group

A, while the minimum value is larger than that of group A.
This conclusion can also be drawn from the peak-to-peak com-
parison.

2) The average value of group B is smaller than that of group
A on the whole, indicating that the vibration generated in the
whole process of group B is smaller.

3) The root mean square of group B is smaller than that of group
A, which indicates that the dispersion degree of group B is
smaller than that of group A, i.e. the vibration generated at the
protrusion is less obvious than that of the whole process.

Similar conclusions can be obtained for the seperating process.

6. Conclusions

In this paper, a motion fault analysis method based on MCS is
proposed for the interface based on cylindrical cam mechanisms. By
analyzing the working principle of the interface, the fault modes and
performance functions are established. The functions are calculated
by MCS to determine the failure rule and obtain the optimization
scheme.

The analysis results of the case show the failure probability in-
creases linearly with the horizontal amplitude. The failure probability
is inversely proportional to the rotation speed of the drive ring. When
the protrusion length is extended to 3-3.8mm, the failure probability
of the interface is zero.

According to the analysis results, an optimization scheme is given.
MCS and experimental test results show that the optimization scheme
is feasible. The comparisons of two group test results confirm that
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