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Abstract: The folding wing deployment mechanisms of aircraft are constrained by weight and
space limitations, necessitating fewer actuators, multiple outputs, compact designs, and high effi-
ciency. However, existing folding wing mechanisms often overlook the impact of performance in
configuration design. Additionally, they struggle to achieve the synchronous unfolding of multiple
wings using a single drive. This paper presents a design methodology for multi-wing deployment
mechanisms based on configuration topology and multiple performance indicators. Specifically,
seventeen configurations of multi-wing deployment mechanisms are developed based on functional
requirements, along with expression methods for performance indicators, including compactness,
mechanism stiffness, dynamic sensitivity, motion transmission, and joint transmission efficiency.
The optimal configuration for the multi-wing deployment mechanism is identified utilizing the
fuzzy comprehensive evaluation. Moreover, the transmission efficiency of multiple configurations
is calculated across different scale parameters. Simulation analyses and prototype experiments
are conducted to validate the design. The results indicate that the transmission efficiency of the
optimized configuration consistently exceeds that of the other configurations. Maximum efficiencies
surpass those of the other configurations by 2.4% and 5.7%. Importantly, this study introduces a
quantitative expression method for multiple performance indicators at the configuration design stage.
This approach enables the integration of various performance metrics with configuration designs.
Overall, this research provides a novel approach for the innovative design of multi-wing deploy-
ment mechanisms in aircraft. Additionally, considering performance in the selection of mechanism

configurations during engineering design offers valuable insights and potential applications.

Keywords: folding wing; configuration synthesis; comprehensive evaluation; mechanism design

1. Introduction

The development trend of various aircraft emphasizes longer range, smaller size,
and reduced weight. The constraints of space and weight necessitate a compact design
for functional mechanisms. For instance, applying folding wing technology significantly
reduces the radial dimensions of aircraft before flight [1,2]. Folding wings typically un-
fold from a stowed position through the action of deployment mechanisms, providing
aerodynamic lift [3-5]. Scholars have made substantial progress in the design of folding
wing deployment mechanisms, most of which are planar linkages, such as the link-slider
and rocker-slider mechanisms [6,7]. For folding wings used in aircraft, the deployment
mechanism must meet technical requirements to automatically unfold to the designated
position, fulfilling the specified design criteria of the mechanism. However, as aircraft
design diversifies, the demand for folding wing deployment mechanisms is increasing. To
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minimize the weight of the folding wing deployment mechanism and the number of actua-
tors, it is particularly important to achieve the synchronized deployment of multiple wings
using a single actuator within a confined and enclosed space [8]. There is a particular need
to achieve synchronous deployment of multiple wings using a single drive within confined
spaces. This necessitates the development of new linkage configurations. Moreover, the
design process of existing deployment mechanisms fails to account for their impact on
performance, leading to systems that, while functional, exhibit suboptimal efficiency. Such
challenges hinder the application and advancement of folding wings in aircraft design.

Configuration synthesis is a critical method for studying folding and deployment
mechanisms and serves as a key approach to achieving innovative designs for folding wing
deployment mechanisms. To achieve innovative designs for folding wing deployment
mechanisms, it is essential to select an appropriate link mechanism suitable for such appli-
cations. The synthesis and optimization of linkages aim to design a mechanism that meets
the intended functional requirements while exhibiting favorable motion and dynamic
characteristics [9-11]. Scholars have researched the configuration synthesis of deploy-
able mechanisms [12-16]. For instance, Dobrjanskyj and Freudenstein [17] successfully
combined Polya’s theory with graphical tools for adding two-joint linkages, synthesizing
16 types of eight-bar, one-degree-of-freedom (1-DOF) motion chains. Additionally, Ding
et al. [18] proposed an automated process for synthesizing planar 1-DOF motion chains
with varying link types. This research established a database of 1-DOF motion chains with
six, eight, ten, twelve, and fourteen links, demonstrating the effectiveness of the method.
The above studies on planar mechanism synthesis primarily concentrate on the methods of
motion chain synthesis. Nonetheless, they often overlook the subsequent optimization and
selection processes.

As research progresses, scholars have made significant theoretical advancements
in configuration optimization [19-23]. Yoon et al. [24] proposed a configuration design
method that takes constraint forces into account. In this approach, unit masses are assigned
to simulate rotational joints drawing on a specified number of degrees of freedom. This
approach analyzes the dynamic characteristics resulting from the combination of unit
mass and constraint forces. While this method allows for topological optimization of
planar rigid-body mechanisms, it focuses solely on the impact of constraint forces, lacking
other performance impacts. Liu et al. [25] established a constraint model for motion
generation and a dynamic model for four-bar mechanisms, thereby linking the synthesis of
linkages with their dynamic performance. This approach allows for the identification of
optimal configurations for four-bar mechanisms. It ensures precise motion at the specified
task positions and minimizes wear at joint interfaces to enhance durability and efficiency.
However, the complexity of the dynamic model, which accounts for joint clearances, limits
the applicability of this method to the optimization of mechanisms with a greater number
of components. Han et al. [26] introduced an innovative topology optimization method that
simultaneously accounts for both kinematic and flexibility characteristics. This approach
is tested and validated using a simplified two-dimensional vehicle suspension design. In
contrast, most existing linkage mechanisms demonstrate minimal flexibility effects. As a
result, treating flexibility as a singular influencing factor restricts its applicability to only
specific mechanisms. This limits the broader universality of design approaches. Wang
et al. [27] introduced a novel configuration synthesis and selection method for multi-loop
serial mechanisms. This approach synthesizes basic closed-loop units utilizing conditions
such as the types of fundamental units, contact points, and input-output relationships. By
further weighting the adjacency matrix to assess the connectivity of the mechanisms, an
entropy weighting method is employed to establish composite evaluation coefficients for
assessing the quality of the configurations. While this research emphasizes the innovation
of the comprehensive evaluation method, it has yet to establish an intrinsic link between
mechanism performance and configuration.

In existing configuration optimization processes, researchers have proposed various
methods that enrich the theoretical framework of configuration synthesis for planar link-
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ages. However, relying on a single performance metric as the optimization target lacks a
holistic approach. In the design of multi-wing deployable mechanisms, it is essential to
consider additional performance indicators specific to unique operating conditions, such
as mechanism compactness, configuration stiffness, dynamic sensitivity, motion transfer-
ability, and the transmission efficiency of joints. Existing studies rarely incorporate these
performance metrics into configuration optimization, leaving a critical gap in the field. This
limitation makes it difficult to establish a quantitative relationship between configuration
and multiple performance indicators. This limitation hinders a reasonable integration of
diverse performance impacts. The demanding operational environment of folding wing
deployment mechanisms necessitates stringent design criteria. In this context, the opti-
mization of configurations during the design phase directly influences the characteristics
of the mechanisms. Establishing a systematic configuration optimization method can
significantly enhance the operational performance of multi-wing deployment mechanisms.
This paper proposes a design methodology for multi-wing deployment mechanisms. The
approach leverages configuration topology and a comprehensive evaluation of multiple
performance indicators. It aims to facilitate the integration of performance with mechanism
configurations.

This research offers a novel approach to configuration optimization that considers per-
formance while also achieving innovative designs for multi-wing deployment mechanisms
in aircraft. The main contributions and innovations of this study are as follows:

(1) We develop a quantitative expression method for various performance indica-
tors for the design configuration of mechanisms, facilitating the integration of multiple
performance metrics with the mechanism configuration.

(2) Through comprehensive evaluation, we identify the optimal configuration for the
multi-wing deployment mechanism and conduct simulations and experiments to verify its
effectiveness.

The structure of this paper is organized as follows: Section 2 specifies the topological
configurations based on the requirements of the multi-wing deployment mechanism, resulting
in various configurations of multi-wing deployment mechanisms. Section 3 introduces the
performance indicators of the mechanism and presents calculations to obtain the optimal
configuration through a comprehensive evaluation. Section 4 calculates the transmission
efficiencies of multiple configurations across different scales and conducts simulations and
experiments to validate the rationale of the multi-wing deployment mechanism. Finally,
Section 5 presents the main conclusions.

2. Configuration Topography

To achieve the functional requirement of synchronous deployment of three folding
wings in an aircraft with a single drive, this section conducts similarity identification of
the topology graph for eight-bar mechanisms and selects functional points, resulting in
seventeen configurations of multi-wing deployment mechanisms.

2.1. Configuration Specific Topology

Due to constraints in spacecraft payload space and weight, the development of multi-
wing deployment mechanisms has been significantly advanced. As shown in Figure 1,
the folding wings are initially positioned close to the spacecraft. Three sets of folding
wings are circumferentially distributed at the top, left, and right positions of the spacecraft.
After launch, these three sets of folding wings deploy into place under the actuation of
the mechanism. This study focuses on the configuration topology and optimization of a
multi-wing deployment mechanism designed to achieve the synchronized deployment of
the three sets of folding wings, as illustrated in Figure 1, using a single-drive system.
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Figure 1. Synchronized deployment requirement of three folding wings: (a) initial folded state,
(b) fully deployed state.

In the configuration synthesis and innovative design of planar mechanisms, the first
step is to determine the degrees of freedom, the number of components (the links pri-
marily constitute the main components of planar mechanisms), and the number of joints
(joints serve as the movable connections between the components). This determination is
contingent upon the input and output requirements of the mechanism. To achieve the syn-
chronous deployment of the three tails, the mechanism must include three rotational joints.
Additionally, folding wings require sub-second actuation, which necessitates overcoming
aerodynamic loads during the deployment process. The pyrotechnic drive is a commonly
used driving method that provides high driving force within a short transient time, and the
pyrotechnic drive has a small volume and light weight, meeting the drive source require-
ments for folding wings. Since the driving source is typically pyrotechnics that generate
linear motion, the mechanism should incorporate a translational joint. The transient output
force of the pyrotechnic is substantial, necessitating a direct connection to the frame (the
frame is the stationary component in a planar linkage mechanism, serving as the main
support structure. It is used to support, fix, or connect other parts of the mechanism). Since
the three wings rotate around a fixed point on the frame during deployment, the frame
should incorporate more than four motion joint connections. The mechanism operates
with a single degree of freedom and requires at least four motion joints. To avoid excessive
complexity, the fewer the components, the simpler the mechanism while achieving the
desired motion. Therefore, the number of active components is set to 7, corresponding to
an 8-link and 10-joint single-degree-of-freedom mechanism, for the configuration synthesis
of the multi-wing deployment mechanism.

As illustrated in Figure 2, the topology of the seven specific eight-bar, ten-joint config-
urations that meet these requirements is presented.

®

Figure 2. Topography of the particularized eight-bar mechanism: (a) Topography a; (b) Topography
b; (c) Topography c; (d) Topography d; (e) Topography e; (f) Topography f; (g) Topography g.

2.2. Similarity Point Discrimination

The point degree indicates the number of edges or neighboring vertices connected
to it in the topology. As presented in Figure 3, point 1 is a four-degree point, point 2 is a
two-degree point, and point 3 is a three-degree point. A path or chain in a topology is an
alternating, non-repeating sequence of vertices, and the adjacency matrix expresses the
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point-to-point connection relationship. The elements of this matrix can be calculated using
Equation (1).

|1 iisadjacenttoj
%ij = {O others @)

010001111
3 4 10100000
01010010
5 00101000

A=
2 00010100
6 10001000
10100000
! 1 001000 0

Figure 3. Topography of an eight-bar mechanism with adjacency matrix.

In Figure 3, the Arabic numerals (1, 2, 3, etc.) represent the point numbers in the
configuration topology diagram.

Although the shapes and labeling of topologies differ, their point-edge connection
relationships remain identical, often resulting in duplicate functional topologies during
function point selection. To address the issue of isomorphism in the synthesis process,
similarity point identification is performed using the topological quadruple power matrix
and distance matrix eigenmodes. This enables accurate selection of function points by
analyzing similarity through multiple matrices.

(1) Weighting matrix. In topology, numerical values can be assigned to lines corre-
sponding to joints to represent their characteristics, known as assignments [28]. These
values are applied to the edges of the lines, resulting in a weighting matrix. The elements
of this matrix must satisfy the conditions outlined in Equation (2).
q { 1/d (i is adjacent to j) @)
i 0 (iand jare not neighbours)

where d is the largest point degree of the point i, j.

(2) Quadruple power matrix and minimum distance matrix. The weighting matrix is
calculated using quadruple power to obtain the weighted quadruple power matrix. Before
calculating the minimum distance matrix, the weighting matrix must first be transformed.
The Warshall-Floyd algorithm [29] can then be applied to compute the minimum distance
matrix from the processed weighting matrix. The details of the algorithm are not introduced
in this paper.

The resulting quadruple power matrix and minimum distance matrix are sorted in
descending order to produce two types of eigenmodes for each vertex. These eigenmodes
represent the fixed position of the vertex within the topology and its connection relation-
ships. If two vertices in the same topology represent the same quadruple power and
minimum distance eigenmodes, they are considered similar; otherwise, they are distinct.

Table 1 presents the corresponding quadruple power eigencodes and minimum dis-
tance eigencodes for each point in the topology depicted in Figure 3.
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Table 1. Eigencodes for each vertex.

Point Aj M
1 [0.113 0.111 0.095 0.049 0.032 0.014 0.009 0.009] [0.032 0.027 0.016 0.016 0.014 0.009 0.009 0]
2,7 [0.086 0.080 0.080 0.064 0.036 0.009 0.007 0.007] [0.036 0.017 0.014 0.014 0.009 0.004 0.007 0]
3 [0.164 0.111 0.110 0.069 0.014 0.007 0.007 0.007] [0.038 0.016 0.014 0.014 0.007 0.007 0.007 0]
4 [0.171 0.122 0.086 0.086 0.049 0.024 0.014 0.010] [0.027 0.024 0.017 0.017 0.017 0.014 0.010 0]
5 [0.171 0.110 0.090 0.072 0.010 0.007 0.007 0.007] [0.035 0.016 0.014 0.010 0.007 0.007 0.007 0]
6 [0.137 0.120 0.064 0.064 0.038 0.014 0.007 0.007] [0.038 0.017 0.014 0.014 0.014 0.007 0.007 0]
8 [0.072 0.069 0.067 0.038 0.036 0.036 0.032 0.024] [0.038 0.038 0.036 0.036 0.035 0.032 0.024 0]

By comparing the feature codes of each vertex, the similar point groups in the configura-
tion topology in Figure 3 are identified as {[1]; [2, 7]; [3]; [4]; [5]; [6]; [8]}. Identifying these sim-
ilar points is crucial for selecting functional points in the topology. Similarly, Table 2 presents
the results of similarity point identification for the seven eight-bar topologies.

Table 2. Judgment of similarity points of the topographies.

No. Topography Similarity Point No. Topography Similarity Point
1];
3 e ob . {2] 8];
@ s 120781 ®) 5,71
21\\\\\/‘7//, 6 [3/ 5]/ [4 6]
i 4 5l
4 5 4 5 .
3 6 [1]; [2]; [3]; [4]; [5]; [6]; (1]; [2]; [3]; [4]; [5]; [6];
© @ 71 18] @ W m
1 1
3x—nad (1] Se——e6
© SN 2,7} ® AR 02
% [3]; [41; 5L [6]; [8] . 123,567, 8]
g o5

ﬂ [1,3];
(8) 3 ﬂ [2,6];
N& [4,5,6,7,8]

Note: The topography numbers in Table 2 correspond to the topography numbers in Figure 2.

2.3. Configuration Topography Evolution

The synthesized topology is labeled with function points to generate the mechanism’s
multicolor topology. The mechanism multicolor topography can indicate the relative
positions of the function points, including the rack position points, input position points,
and output position points, which are marked with red circles, green triangles, and blue
squares, respectively.

Considering that the driver output generates a significant transient output force, it is
essential to ensure that one end is directly connected to the frame. The three folding wings
unfold to rotate around the frame, which connects to one input point and three output
points. Using configuration (a) as an example, the required similarity points of the topology
yield two groups of multicolor topographies for the eight-bar mechanism, as illustrated in
Figure 4. Similarly, function point synthesis is conducted for several other topologies, with
the results summarized in Table 3.
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Figure 4. Multicolor topographies of corresponding function point groups: (a) Selection of the first
set of functional points; (b) Selection of the second set of functional points.

Table 3. Multicolor topographies of the mechanism.

No. Function Point Synthesis Results No. Function Point Synthesis Results

(©

(®)

Note: The topography numbers in Table 3 correspond to the topography numbers in Figure 2.

The configuration sketch of the planar mechanism provides an intuitive representation
of its appearance and characteristics. Thus, as demonstrated in Figure 5, the configuration
sketches of seventeen mechanisms corresponding to the multicolor topology diagrams of
multi-wing deployment mechanisms are presented separately.

In Figure 5, configuration (a) corresponds to the topography in Figure 2a; configura-
tions (b) and (c) correspond to Figure 2b; configurations (d), (e), (f), and (g) correspond
to Figure 2c; configurations (h), (i), and (j) correspond to Figure 2d; configurations (k), (1),
and (m) correspond to Figure 2e; configurations (n) and (o) correspond to Figure 2f; and
configurations (p) and (q) correspond to Figure 2g.

In Figure 5, the Arabic numerals (1, 2, 3, etc.) denote the component identifiers of the
mechanism.
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Figure 5. Sketch of seventeen types of multi-wing deployment mechanism configurations:
(a) configuration a; (b) configuration b; (c) configuration c; (d) configuration d; (e) configuration e;
(f) configuration f; (g) configuration g; (h) configuration h; (i) configuration i; (j) configuration j;
(k) configuration k; (1) configuration 1; (m) configuration m; (n) configuration n; (0) configuration o;
(p) configuration p; (q) configuration q.

3. Comprehensive Evaluation of Configuration

In the second section, seventeen multi-wing deployment mechanism configurations
that meet the design requirements are identified. Taking into account the practical ap-
plication context and performance criteria of the folding wing mechanism, this section
introduces several performance indicators, including structural compactness, stiffness,
dynamic sensitivity, motion transmission, and joint transmission efficiency. These perfor-
mance indicators for the seventeen configurations from Section 2 are quantified, followed
by a comprehensive evaluation to select the optimal configuration.

3.1. Mechanism Performance Indicators

The components and joints are numbered for easy analysis, as shown in Figure 6 for
mechanism configuration (a).

Figure 6. Numbering of components and joints of configuration (a).
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In Figure 6, the Roman numerals (I, II, III, etc.) represent the joint identifiers of the
mechanism, while the Arabic numerals (1, 2, 3, etc.) denote the component identifiers of
the mechanism.

(1) Compactness. In the design of mechanism configurations, the lengths and dimensions
of the links (links are primary components of a planar mechanism, serving as a key part of
its structure) are not considered. When evaluating the compactness of a link mechanism, a
smaller number of links and joints indicates better compactness. If two configurations have the
same number of links and joints, compactness is further assessed by determining the minimum
number of joints separating two connected links. From the definition of compactness, the
space matrix L of mechanism configuration (a) of Figure 6 is obtained.

Link1 70 1 2 3 2 1 1 17
Link2 (1 0 1 2 3 2 2 2
Link3(2 1 0 1 2 3 1 3
[— Link4 (3 2 1 0 1 2 2 2
Link5(2 3 2 1 0 1 3 1
Link6 (1 2 3 2 1 0 2 2
Link7 (1 2 1 2 3 2 0 2
Link8 [1 2 3 2 1 2 2 0

The elements of the spatial matrix L represent the minimum number of joints between
a selected link and any other link, with diagonal elements being zero. A lower sum of
the matrix components indicates a more compact mechanism. Using this method, the
compactness values of all the mechanism configurations in Figure 5 are calculated by
analogy, with the results presented in Figure 7a.

(2) Stiffness. The actual stiffness of each link in the mechanisms primarily depends
on the size, elasticity, and support of the links. For the configurations in Figure 5, the
dimensions of the links are not considered. The links are treated as elastic bodies, with the
number of joints for each link equal to the number of support points. The stiffness of the
mechanism is then represented using the stiffness matrix (Equation (3)).

K=l k -k (3)

where i denotes the number of independent loops (loops refer to closed kinematic chains
in a planar linkage mechanism, consisting of the frame-driving components—driven
components—output components and returning to the frame) of the mechanism, and the
elements in the matrix can be calculated according to the Equation (4).

1
ki = 4
! 1/C,']+1/C,‘2+...+1/C,‘j ( )

where c;, cj, and cs are the number of joints from the input to the output component 1, 2,
..., J in the independent loop.

As shown in Figure 6, k; represents the stiffness value of the loop 2-3-7. Component 2
has two kinematic pairs, component 3 has three kinematic pairs, and component 7 has two
kinematic pairs, resulting in k; = m =3/4.

The rigidity matrix of the mechanism configuration of Figure 6 can be obtained as
K = [3 /4 6/13 6/ 13] . In the stiffness matrix K, each element is summed to yield the
overall stiffness value of the mechanism configuration, with the configuration in Figure 6
having a stiffness value of 1.637. Figure 7b shows the calculated stiffness values for all the

mechanism configurations depicted in Figure 5.
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Figure 7. Values of various indicators for different configurations: (a) compactness values; (b) stiffness
values; (c) sensitivity values; (d) KIC values; (e) transmission efficiency of the joint.

(3) Dynamic sensitivity. The dynamic performance of the mechanism can be evaluated
through dynamic sensitivity. The dynamic sensitivity of each configuration, without
considering the size and mass of the links, is determined by the minimum number of joints
separating the mechanism from the frame. A lower sensitivity indicates better dynamic
performance, while a higher sensitivity suggests poorer performance.

The dynamic sensitivity of the whole mechanism configuration is represented by
matrix D. Any element d; in matrix D is the minimum number of joints between each
joint i and the frame. The sensitivity matrix for the configuration of Figure 6 is D =
012102101 0]

The dynamic sensitivity can be expressed in terms of the maximum value of the ele-
ment dy,q of matrix D. The calculated dynamic sensitivity index d,x for the configuration
of Figure 6 is 2. Similarly, the dynamic sensitivity indices for all of the configurations in
Figure 4 are presented in Figure 7c.
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(4) Motion transferability. In mechanism design, it is essential to coordinate com-
ponent parameters and perform kinematic analysis. For single-loop mechanisms, fewer
components lead to simpler kinematic analysis. However, in multi-loop mechanisms, the
number of co-loop components can vary due to different combinations of components
and joint connections. A greater number of co-loop components increases the correlation
between loops, generally making the kinematic analysis more complex.

Since the specific dimensions of the components are not considered at the configuration
selection stage, it is not possible to quantitatively analyze the positions, velocities, and
accelerations of the mechanism’s components. To derive the structural characteristics of
the mechanism, the topological characteristic matrix is first established. This matrix should
capture information about the loops that constitute the mechanism, the types of components
and joints within the loops, their connections, and their combination relationships. It is
defined mathematically as shown in Equation (5).

Ly1/F Lip/F ... Liu/F
L= |la/F Ln/F o Lan/F .
Li/E Lp/F ... Ly,/F

where L;; is the type of no. j component of the no. i loop, L; = +2 for the two-joint
component, and Li]- = +3 for the three-parameter member. When Li]- is counted for the first
time in the loop, the “+” sign is taken; otherwise, the “—" sign is taken. F is the number
of degrees of freedom of the mechanism; the number of rows of the LLJM matrix, /, is the
number of independent loops of the mechanism; and the number of columns of the LLJM
matrix, m, is the maximum value of the number of components in each independent loop.
Each loop is filled with the corresponding element of the LLJM matrix in the order of frame,
input point, and output point.

In Figure 6, the mechanism has an / of 3 and an m of 6, the frame is a four-joint
component, the input slider is a two-joint component, and all three output components are
two-joint components, so the LLJM is as follows:

4 2 3 2 0 0
LLJM=|-4 -2 -3 -2 -3 2
-4 -2 -3 -2 3 2

According to the characteristics of LLJM, KIC is used to express the structural charac-
teristics of the mechanism, which can be represented by Equation (6).

. § ki]'Zl WhenLi]-#O . R
KIC—Zk,] {kij:0WhenLij:0 (i=12---,j=12,---,m) (6)

Informed by the analysis above, a higher number of co-loop components correlates
with a greater KIC, indicating increased complexity in motion analysis. Conversely, efficient
motion and power transmission along the mechanism’s loop are preferred, with shorter
transmission paths being advantageous. For the mechanism configuration depicted in
Figure 6, the KIC is 16. Figure 7d illustrates the KIC for each configuration in Figure 5.

(5) Transmission efficiency of joint. During the transfer of motion and power, joints
inevitably incur power loss. Consequently, the type and number of joints significantly
influence the transmission performance of the kinematic chain. Once the original moving
parts and the frame are established, the efficiency of each drive loop can be calculated
separately to facilitate the preliminary selection of the mechanism configuration. The joint
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transmission efficiencies can be represented in the following matrix (Equation (7)) for the
mechanism configuration.

M1 M2 - Min
=T )
M M2 - Y

Each row in the matrix represents the transmission efficiency of each joint within
its respective independent loop, progressing from the original moving part to the output
member. In this context, n denotes the maximum number of joints for each independent
loop; for loops containing fewer than 7 joints, the remaining components are filled with a
value of 1.

The transmission efficiency of each independent loop can be calculated using Equation (8).

11 = M11211m (8)

For the multi-loop mechanism with ! outputs, the overall transmission efficiency of the
mechanism can be calculated by averaging the transmission efficiencies of the independent
branches. It can be computed as per Equation (9).

+1 4+
77:’71 772[ i )

Let the transmission efficiency of the translational joint be 0.97 and that of the revolute
joint be 0.98. As illustrated in Figure 7e, the overall joint transmission efficiencies for each
configuration in Figure 5 can be calculated accordingly.

The obtained performance indicators for each configuration are indicated in Table 4.
In summary, Figure 7a illustrates that conformations (p) and (q) are more compact, while
conformations (k), (1), and (m) are less so. Figure 7b indicates that configuration (o) has
higher constitutive stiffness, in contrast to configuration (m), which demonstrates lower
stiffness. Figure 7c shows that configurations (c), (n), and (o) possess lower sensitivity
values, correlating with superior dynamic performance, whereas the other configura-
tions exhibit higher sensitivity values and, consequently, poorer dynamic performance.
Figure 7d reveals that configuration (o) has a lower KIC value, facilitating its kinematic
analysis, while configuration (h) has a higher KIC value, leading to a more complex analysis.
Finally, Figure 7e indicates that configuration (o) offers greater joint transmission efficiency,
while configuration (g) presents lower efficiency.

Table 4. Performance metrics for multi-wing deployment mechanism configurations.

Configuration L K D KIC i
(a) 102 1.673 2 16 0.889
(b) 100 1.587 2 17 0.883
(o) 100 1.845 1 14 0.901
(d) 104 2.045 2 17 0.883
(e) 104 1.962 2 13 0.907
® 104 1.864 2 15 0.895
(g) 104 1.812 2 17 0.882
(h) 106 1.5 2 18 0.877
(i) 106 1.758 2 14 0.901
G) 106 1.725 2 16 0.889
k) 108 1.812 2 15 0.895
@ 108 1.745 2 15 0.895
(m) 108 1.323 2 17 0.883
(n) 102 1.689 1 16 0.895
(0) 102 2.4 1 12 0.913
) 96 1.943 2 14 0.901
(@ 96 1.589 2 16 0.889
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3.2. Membership Function

In the comprehensive multi-indicator evaluation, the performance indicators can be
categorized into three types: positive, negative, and moderate indicators. A higher value
for a positive indicator signifies better performance, while a lower value for a negative
indicator indicates superior performance. For moderate indicators, optimal performance is
achieved when the value is closest to a predetermined target.

Among the multiple performance indicators discussed in this paper, the stiffness value
and joint transmission efficiency are classified as positive indicators, while the compactness
value, sensitivity value, and KIC are considered negative indicators. In the comprehensive
evaluation, the indicators must be trended together at first, as outlined below:

The positivisation of the negative indicator is referenced in Equation (10).

The positivisation of the moderate indicator is derived from Equation (11).
xi; =1/ (x;—1) (11)

where t is the optimal value of the indicator.

Following the normalization of various evaluation indicators, it is necessary to address
disparities caused by differences in scale and order of magnitude among the indicators.
To achieve this, the evaluation indicators should undergo dimensionless processing. This
paper employs a method that maximizes the indicators, with the membership function
determined according to Equation (12).

where ¥; is the average of all programs for the no. j indicator.
The membership values for each indicator related to the multi-wing deployment
mechanism configurations are represented in Figure 8.

25 T T T T T T T T T T T T

T
«@- Compactness
—*— Stiffness
=-#== Dynamic sensitivity
= ¥- Motion transferability .
2 F —+— Transmission efficiency of joint -

f \ Significant and excellent
dynamic sensitivity { i 1

Transmission efficiency of the joint

Significantly poor stiffness

@ ® © @ @@ O @ ® O ¢ K O m 0 © @ @

Configuration

Figure 8. Membership of each indicator of multi-winged deployment mechanism configurations.

3.3. Analysis of Performance Indicators

The analytic hierarchy process (AHP) [30] is employed during the definition of in-
dicator weights to assess the correlations between configuration performance indicators.
Let a;; denote the relative importance of indicator i over indicator j and aj; represent the
relative importance of indicator j over indicator i. If indicators i and j are equally important,
both a;; and aj; are assigned a value of 1. If indicator i is slightly more important than
indicator j, the relative importance a;; is 3, while a;; is 1/3. If indicator i is significantly more
important than indicator j, a;; is 5, and aj; is 1/5. If indicator i is strongly more important
than indicator j, ajj is 7, and aji is 1/7. The resulting table of relative importance is shown in
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Table 5. Given the varying importance of each indicator to the mechanism’s performance,
hierarchical analysis is used to establish the weight coefficients for each indicator, resulting
in the correlations presented in Table 5.

Table 5. Configuration performance indicator correlations.

L K D KIC 1
L 1 1/3 1/3 1/3 1/3
K 3 1 1/3 1/3 1/3
D 3 3 1 1/3 1/3

KIC 3 3 3 1 1/3
" 3 3 3 3 1

Then, the judgment matrix A is as follows:

1 1/3 1/3 1/3 1/3
3 1/3 1/3 1/3 1/3
A=13 3 1 1/3 1/3
3 3 3 1 1/3
3 3 3 3 1

Due to the inherent subjectivity of the judgment matrix, the root method is employed
to determine the eigenvector of the matrix.
The initial weighting coefficients are calculated according to Equation (13).

W/ = Yfaan @ (13)

where i is the no. i indicator; m is the total number of indicators; and a is the value of the
indicator correlation.
The normalized weighting coefficients W; are calculated as indicated in Equation (14).

m
Wi =W/} Wi (14)
i=1

The weights of each indicator are calculated utilizing Equations (13) and (14), as
illustrated in Figure 9.

0.07

0.4 [ Compactness
[ Stiffness
[ Dynamic sensitivity
[ Motion transferability
[ Transmission efficiency

0.257
Figure 9. Normalization indicator weights for each configuration.

3.4. Fuzzy Comprehensive Evaluation

The weighted average operator is employed to conduct a comprehensive evaluation
of all relevant factors. This approach establishes a fuzzy comprehensive evaluation model
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Comprehensive evaluation results

1.3

1.25F
1.2r

1.1r
1.051

0951

specifically for the configuration of the multi-wing deployment mechanism. The model is
represented in Equation (15).

b«:

j (15)

(airij) (i=1,2,---,n)

o

l
—

where i is the no. i indicator, j is the no. j scheme, m is the total number of indicators, n is the
total number of schemes, a is the weight of the indicator, and r is the degree of membership.
From Figure 8, the weight matrix is as follows:

A=[007 0107 0166 0257 04]

From Figure 8, the evaluation matrix is as follows:

1.013 1.033 1.033 1.013 1.013 1.076 1.076
094 0.891 1.036 0949 1.348 1.091 0.892
Rs5x17 = (0912 0.912 1.824 1.824 1.824 0912 0912
0963 0.907 1.101 0963 1.284 1.101 0.963
0.996 0.989 1.009 1.002 1.023 1.009 0.996

In the comprehensive evaluation and optimization process, the comprehensive eval-
uation result matrix B is obtained by multiplying the weight matrix with the evaluation
matrix R of each indicator.

B=AR= [0.969 0948 1.173 1.124 1.257 1.030 0.968}

The results are ranked by drawing on the comprehensive evaluation outcomes, as
detailed in Figure 10.

*

Best comprehensive
performance

(a)

®) © @ (@ ) (&) M) (@) () & O M)@) (@) (p) (@)
Configuration

(a) (b)

Figure 10. Comprehensive evaluation results of each multi-wing deployment mechanism configura-
tion: (a) comprehensive evaluation value of each configuration; (b) optimal configuration.

According to the principle of maximizing membership degree, configuration (o)
demonstrates superior overall performance, followed by configuration (c), while con-
figuration (h) exhibits relatively poor performance.

4. Design and Functional Verification

The configurations obtained from the comprehensive evaluation demonstrate superior
performance. This section performs performance calculations on multiple mechanisms
derived from the configuration evolution, thereby validating the rationality of the selected
configurations. Furthermore, simulations and experiments are conducted to verify the
functional feasibility of synchronous deployment of multiple wings under a single drive.
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4.1. Performance Comparison Analysis

To ensure the synchronized deployment of the three sets of folding wings, the mech-
anism must enable the rotation of three cranks—each connected to a folding wing—by
a specific angle using a single driving source. This requires calculating the mechanism’s
dimensions to meet motion requirements and analyzing its transmission efficiency. The
initial folded and deployed states, along with the vector models of the selected three
configurations, are detailed in Table 6.

Table 6. Folding and unfolding states and vector models of the three configurations.

Configuration Folding State Deployable State Vector Model

A,

Upper crank K

(0) Left crank Right crank
G, ) E, Bw
I » v
FS D,
® N\ ©
hit

i

/ \

2

o’

(©)
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Table 6. Cont.

Configuration Folding State Deployable State Vector Model

2

(e)

Informed by the relationships between the components in the vector model coordinate
system, the vector constraint relationships for each configuration are established. The
closed-loop vector equations for configuration (o) are detailed in Equation (16).

— — — — —
AoBo + BoCo + CoHp + HoAg = 0

— — — —
AoDo + DoEo + EOIO + Ivo -

— — — —
AoFo + FOGO + Go]o + ]vo =

(16)

ololll

The closed-loop vector equations for configuration (c) are presented in Equation (17).

Ad Be +BCC +CC]C +]CAC ~0
BCC + Ce HC—G-HCBC = O
— —
C HC—|—HCDC+DCEC—|—ECIC—|-I Cc=0
H
ACFC + FCGC + GCKC + KCCAC =0

(17)

The closed-loop vector equations corresponding to configuration (e) are provided in
Equation (18).

AQBG + BGCG + Ce]e + ]eAe - 0
AeBe + BeHe + HeAe = 0
— — —
CeBe + BeHe + HeDe + DeEe 4+ Ele +1Ce = 0
— — — — —
AcFe + FoGe + GeKe + KeAe = 0

(18)

From the vector equations of each configuration, it can be observed that the motion of
configuration (o) is relatively simple, making its dimensional calculations easier. In contrast,
the motions of configurations (c) and (e) are more complex, resulting in more challenging
dimensional calculations. Leveraging the motion requirements of the mechanism and
certain spatial constraints, 10 different sets of dimensional parameters are calculated for
configuration O, labeled O1 to O10. Similarly, 10 sets of parameters are calculated for
configurations (c) and (e), labeled C1 to C10 and E1 to E10, respectively. The transmission
efficiency for each set is computed, and the results are shown in Figure 11.
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Figure 11. Scale information of each configuration: (a) dimensional parameters of configuration (o);

(b) dimensional parameters of configuration (c); (¢) dimensional parameters of configuration (e).

The transmission efficiency for each configuration under various dimensional param-
eters is presented in Figure 12. The results indicate that the transmission efficiency of

configuration (o) consistently exceeds that of configurations (c) and (e).

Configuration number
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Figure 12. Comparison of transmission efficiency across different configurations and dimensions.

Configuration (o) corresponds to mechanism O1, which exhibits the maximum trans-
mission efficiency, while O10 demonstrates the minimum efficiency. For configuration (c),
mechanism C1 achieves the highest transmission efficiency, whereas C7 shows the lowest.
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In configuration (e), mechanism E1 has the maximum transmission efficiency, and E10 has
the minimum. Detailed parameters are provided in Table 7.

Table 7. Dimensional parameters and transmission efficiency of configuration (c).

No. 01 (max) 010 (min) C1 (max) C7 (min) E1 (max) E10 (min)
7 0.866 0.858 0.846 0.788 0.819 0.784

Configuration (o) achieves a maximum transmission efficiency of 0.866 across ten
different scale parameters, with a minimum of 0.858. In comparison, configuration (c)
reaches a maximum efficiency of 0.846, while configuration (e) achieves a maximum of
0.819. Notably, the highest transmission efficiency for configuration (o) is 2.4% greater
than that of configuration (c) and 5.7% higher than that of configuration (e). These results
demonstrate that the optimized configuration meets practical requirements. Moreover,
the performance indicators proposed in this study can be generalized and applied to the
optimization of other mechanism designs.

4.2. Functional Verification

According to the comprehensive evaluation results of the multi-wing deployment
mechanism configuration, configuration (o) is further developed, resulting in the multi-
wing deployment mechanism presented in Figure 13. The drive source propels the slider
upward along the upper rail, causing the upper, left, and right connecting links to move
accordingly. This movement, in turn, drives the upper, left, and right cranks to rotate
around the frame, enabling the corresponding folding wings attached to each crank to
rotate and unfold.

Upper folding
wing

Upper crank

Left
folding
wing

Right
folding
wing

SN

(a) Development state (b) Folded state
Figure 13. Sketch of the multi-wing deployment mechanism.

To verify the functional feasibility of the designed mechanism, a kinematic simulation
analysis is conducted on the multi-wing unfolding mechanism using ADAMS, as depicted
in Figure 14. The simulation model depicts how the slider applies an upward driving force
to facilitate the unfolding of three sets of folding wings. The motion process of the single-
drive, three-folding-wings deployable mechanism is shown in Figure 15. The resulting
angular displacements for each wing during the unfolding process are shown in Figure 16.
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Figure 16. Kinematic simulation results.

The kinematic simulation indicates that the three sets of folding wings can be unfolded
simultaneously at different angles using the same slider drive. Therefore, the designed
multi-wing unfolding mechanism is deemed feasible.

As detailed in Figure 17, a prototype of the multi-wing deployment mechanism was
fabricated and assembled, informed by the designed parameters, followed by experimental
testing. The multi-wing deployment mechanism is made of an aluminum alloy, and the
folding wing control surface is made of 3D-printed resin. The multi-wing deployment
mechanism is fixed onto the experimental platform. An electric push cylinder serves as
the drive source to move the slider upward, thereby facilitating the unfolding of the wings.
Targets are attached to the crank connected to the folded wing, and a high-speed camera
captures the motion information of the targets, transmitting the data to the data acquisition
system. To ensure optimal performance of the high-speed camera, a lighting fixture is
arranged to enhance the illumination. The measured changes in the angular displacement
of each unfolding wing are presented in Figure 18.
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Figure 17. Experimental test of multi-wing deployment mechanism.
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Figure 18. Experimental results.

The experimental data in Figure 18 demonstrate that the multi-wing deployment
mechanism can unfold rapidly in under one second. Additionally, the folding wings
operate without interference during the unfolding process, enabling different wings to
rotate at varying angles under the same driving force. Although there is a slight discrepancy
in the displacement of the left and right folding wings compared to the ideal state, this can
be attributed to gaps present during the prototype assembly. Consequently, the multi-wing
deployment mechanism designed in this study is deemed feasible.

5. Conclusions

This paper proposes a design method for a multi-wing deployment mechanism based
on multiple performance indicators and configuration topology, enabling the synchronous
deployment of multiple folding wings from a single drive. Initially, a specific topology for
an eight-link mechanism is developed to meet the functional requirements of the multi-
wing deployment mechanism, resulting in seventeen distinct configurations. Secondly,
a quantitative expression method is introduced for performance indicators, including
compactness, stiffness, dynamic sensitivity, motion transmission, and joint transmission
efficiency within these configurations. The optimal multi-wing deployment mechanism is
then identified using a fuzzy comprehensive evaluation. Additionally, the transmission
efficiency of various configurations is calculated across different scales. Finally, the feasibil-
ity of the designed mechanism is validated through simulation and experimental testing,
providing a new design method for the development of folding wing deployment mecha-
nisms in aircraft. The optimized configuration consistently exhibited higher transmission
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efficiencies compared to the other configurations, with maximum efficiencies exceeding
those of other configurations by 2.4% and 5.7%. This result demonstrates the effectiveness
of the proposed optimization design method.

This study presents a new approach to mechanism design by incorporating perfor-
mance indicators during the configuration stage, thereby facilitating the optimization of
configurations with respect to performance. In the future, it is possible to further integrate
scale effects into this framework, establishing a comprehensive design system that unifies
configuration, scale, and performance.
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