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Abstract

Planar multi-loop mechanisms often generate a large number of non-isomorphic candidate
topological graphs during automatic synthesis, making it difficult to efficiently identify
configurations that satisfy engineering-oriented functional requirements. To address this
issue, a loop-constrained connectivity calculation method and a connectivity-based local-
ization and screening procedure are proposed. The proposed connectivity calculation is
directly formulated for general planar non-fractionated kinematic chains (NFKCs), includ-
ing those with multiple joints. For planar fractionated kinematic chains (FKCs), however,
the present method is not applied directly at the full-system level, but only to decomposed
non-fractionated subchains after system-level decomposition. Starting from a structurally
admissible set of candidate topological graphs, a connectivity matrix is established for
automatic localization of the base and the end-effector (EE). Functional screening is then
performed by combining the connectivity criterion with object-oriented rules on hydraulic
driving-pair arrangement and driving-redundancy patterns. The method was validated
using the 10-link, 3-DOF single-joint equivalent of the KC1 subchain of a mine scaler
manipulator arm. Under the prescribed structural and functional constraints, 249 ad-
missible configurations were obtained. The results indicate that the proposed method
provides an effective basis for application-oriented topological screening and subsequent
dimensional synthesis.

Keywords: loop-constrained connectivity calculation; connectivity matrix; base—end-effector
localization; functional-constraint screening; planar multi-loop mechanisms; topological
graph synthesis

1. Introduction

Mechanism configuration synthesis is fundamental to the design of innovative ma-
nipulators and construction machinery [1-4]. In the application-oriented synthesis of
planar multi-loop mechanisms, a large number of non-isomorphic candidate kinematic
chains (KCs) may be generated under prescribed structural constraints. To obtain task-
feasible mechanisms from such candidates, effective functional screening is required. A
key issue in this process is the topological localization of functional roles, especially the
base and the end-effector (EE), because actuator arrangement and task realization depend
strongly on their relative topological relationship. Therefore, an efficient, robust, and easy-
to-implement connectivity calculation method is needed to support base and end-effector
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(base-EE) localization and subsequent application-oriented screening for planar multi-loop
mechanisms [5].

Graph-theoretic representations have been widely used to model planar KCs and to
support topological-atlas construction, including systematic enumeration, isomorphism
discrimination, and automatic sketching [6-9]. With advances in computing techniques,
these frameworks have been extended to larger link counts, higher degrees of freedom
(DOFs), and more complex multi-loop structures, leading to the generation of large num-
bers of non-isomorphic candidate KCs under structural constraints [10-16]. However,
although these candidates are topologically comprehensive, their functional roles remain
undetermined. Therefore, an effective topological metric is still needed to support base-EE
localization and efficient application-oriented screening.

Connectivity has been studied as a topology-to-function metric for KCs, especially
in task matching and functional-role assignment. Early studies related connectivity to
structural variety and used such indices to enumerate chains satisfying prescribed task
requirements [17,18]. Subsequently, algorithmic formulations were developed for pla-
nar and spatial mechanisms, including virtual-edge-based definitions and procedural
strategies such as progressive loop handling and freezing, thereby enabling automated
connectivity evaluation [19-21]. More recently, matrix-based implementations, such as
minimum-mobility and minimum-distance matrices, have further facilitated automated
computation and have been extended to mechanisms with multiple joints (M]s), with
corresponding engineering validations also reported [22,23]. Despite these advances, two
recurring issues remain in the practical application of connectivity to the synthesis of planar
multi-loop KCs. First, for planar non-fractionated kinematic chains (NFKCs), the organi-
zation of connectivity computation over a main loop and multiple independent loops is
often not stated explicitly, reducing implementation clarity and computational robustness.
Second, for engineering synthesis involving planar fractionated kinematic chains (FKCs),
connectivity has not yet been systematically developed into an operational tool for base-EE
localization and actuator-related screening at the decomposed subchain level.

Our previous work on the mine scaler manipulator arm mainly focused on the au-
tomatic synthesis of planar FKCs while connectivity was only briefly introduced there
as a functional constraint during the screening stage. In contrast, the present study fo-
cuses on the connectivity problem itself by developing a loop-constrained connectivity-
calculation method together with a connectivity-based localization and screening workflow.
Compared with previous studies that addressed connectivity calculation and connectivity-
based screening separately, the present work establishes an integrated topological-level
framework for planar non-fractionated kinematic chains. More specifically, connectivity
evaluation is organized around the main loop and independent loops, and the resulting
connectivity matrix is used directly for base-EE localization and rule-based functional
screening. The method is formulated for planar non-fractionated kinematic chains, where
the connectivity matrix is obtained through a clear and easy-to-implement procedure
suitable for batch processing. For planar FKCs, the same framework can be applied after
decomposition into non-fractionated subchains, thereby supporting corresponding base-EE
localization at the subchain level. The resulting connectivity matrix is further used for
automatic base-EE localization and rule-based functional screening within large candidate
atlases, including hydraulic driving-pair placement and driving-redundancy pattern iden-
tification. A Python 3.12 implementation is developed, and the method is demonstrated
using an engineering case, namely, the 10-link, 3-DOF single-joint equivalent of the KC1
subchain of a mine scaler manipulator arm.

The remainder of this paper is organized as follows. Section 2 presents the problem
formulation, overall workflow, and input representation of the candidate atlas. Section 3
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describes the proposed loop-constrained connectivity calculation. Section 4 introduces the
connectivity-based procedure for base-EE localization and functional screening. Section 5
presents the engineering case study together with the corresponding localization and
screening results. Section 6 discusses the computational characteristics, screening efficiency,
and applicability of the proposed method.

2. Problem Formulation and Input Representation
2.1. Problem Formulation and Workflow Ouverview

The proposed method is intended for the topological localization and functional screen-
ing of planar multi-loop KCs during automatic synthesis. For planar NFKCs, connectivity
calculation can be performed directly on the given topological graph. For planar FKCs,
system-level decomposition is required first, after which the proposed method can be
applied to each decomposed non-fractionated subchain to support corresponding base-EE
localization at the subchain level.

From the viewpoint of topology-driven synthesis, the problem addressed in this study
can be stated as follows. Given a structurally admissible atlas of non-isomorphic candidate
topological graphs, an effective connectivity-calculation method is needed to quantify
the topological relationships among vertices and support the automatic localization of
functional roles, especially the base and the EE. On this basis, rule-based functional screen-
ing can be further carried out to retain candidate configurations that satisfy prescribed
application-oriented requirements.

Within this framework, the candidate atlas is regarded as the input design space,
whereas connectivity calculation serves as the core topological tool for function-oriented
analysis. The resulting connectivity matrix is used not only to determine the relative topo-
logical relationship of the base and the EE, but also to support subsequent screening tasks
associated with engineering constraints. The overall workflow of the proposed method is
illustrated in Figure 1. As shown in the figure, the method can be applied directly to planar
NFKCs, whereas planar FKCs must first be decomposed into non-fractionated subchains
before connectivity-based localization and functional screening can be carried out.

2.2. Structurally Admissible Candidate Atlas and Graph Representation

The proposed method takes as input a candidate topological graph atlas that already
satisfies the structural admissibility requirements. Such an atlas consists of non-isomorphic
candidate topological graphs retained after structural filtering and isomorphism removal,
and it defines the topological design space for subsequent function-oriented analysis
and screening.

Each candidate is represented as a planar topological graph, in which vertices denote
links and edges denote joints. For planar multi-loop structures, the graph is organized
by one main loop together with one or more independent loops. This loop-based repre-
sentation forms the basis of the proposed connectivity calculation. In particular, the main
loop serves as the primary reference for organizing topological relationships, whereas
the independent loops are incorporated to complete connectivity evaluation over the
entire graph.

For candidate atlases containing M]Js, a standard single-joint equivalence treatment is
introduced before connectivity calculation so that unified graph representation and matrix-
based implementation can be maintained. Unless otherwise specified, all subsequent
connectivity calculations and functional screening procedures are performed on these
unified topological representations.
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Figure 1. Overall workflow of the proposed connectivity-based localization and screening method.

3. Loop-Constrained Connectivity Calculation
3.1. Principle and Scope

The proposed method is developed for planar multi-loop KCs, in which the main
loop and all independent loops are already available from the preceding topological syn-
thesis procedure, such as candidate-atlas generation, automatic sketching, and structural-
constraint filtering [24]. Under this loop-structured representation, connectivity calculation
is organized explicitly around the main loop and the independent loops. As a result, the
procedure remains loop-aware, easy to implement, and well-suited to the sparse topological
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graphs encountered in candidate atlases. Therefore, the proposed method is suitable for
batch connectivity evaluation over relatively large sets of candidate topological graphs.

3.2. Algorithm and Implementation Overview

For a planar KC represented by topological graph G with adjacency matrix A, let
the numbers of links and DOFs be denoted by N and M, respectively. For clarity and
reproducibility, the overall workflow of the proposed connectivity-calculation method is
summarized in Figure 2. The calculation is carried out in three steps. Using the topo-
logical graph shown in Figure 3a as an illustrative example, the detailed procedure is

described below.
Start

Input topological graph G and
adjacency matrix 4

'

Identify the main loop and independent loops

'

Construct the minimum mobility matrix Q

'

Construct the minimum distance matrix D

I

Obtain the connectivity matrix C = min{Q, D, 3}

'

Output connectivity matrix C

End

Figure 2. Overall workflow of the proposed connectivity-calculation method.
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Q (minimum mobility matrix) D (minimum distance matrix)
(c) (d)

Figure 3. (a) A 10-link, 3-DOF topological graph labeled 721-2-12; (b) the connectivity matrix C
of (a); (c¢) the minimum mobility matrix Q of (a); (d) the distance matrix D of (a).

Step 1: Calculation of the minimum mobility matrix.

The minimum mobility matrix Q is calculated as follows.

Step 1.1: Determine the number of independent loops.

The number of independent loops, denoted by L, is obtained from Equation (1).

 N-M-1

L
2

)

For the planar KC shown in Figure 3a, N = 10 and M = 3, and thus L = 3. The
corresponding independent-loop set is

[,=1-2-3-4-10
L={1,=1-10-4-5-6 )
I3=1-6-7—-8-9

Step 1.2: Construct non-fractionated subchains and calculate their DOFs.
Non-fractionated subchains are constructed by combining the independent loops.
Fractionate and duplicate subchains are then removed to obtain the complete set of non-
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fractionated subchains. For each retained subchain, the DOF is calculated using the planar
mobility formula in Equation (3):

Msyp :3(7171) 72]. 3)

where 71 is the number of vertices in the subchain and j is the number of edges in the
subchain. The resulting subchains of the planar KC in Figure 3a are illustrated in Figure 4.

1 1 I

- 9
10
i 8
10
6 ! 7
4 5 6
(a) (b) (c)
| 5 |
9
g 10
8
4
"
6 4
5 6 5
(d) (e) (f)

Figure 4. Non-fractionated subchains constructed from the planar KC in Figure 3. (a) Subchain
{1-2-3-4-10}; (b) subchain {1-10-4-5-6}; (c) subchain {1-6-7-8-9}; (d) subchain {1-2-3-4-5-6}; (e) subchain
{1-10-4-5-6-7-8-9}; (f) subchain:{1-2-3-4-5-6-7-8-9}.

Step 1.3: Assemble the minimum mobility matrix.

For any vertex pair (i, j), all kinematic subchains containing both vertices are collected
to form the set S;;. The minimum DOF among these subchains is then assigned to the
corresponding matrix entry. In this way, the minimum mobility matrix Q is obtained.

As an example, for vertices v3 and vs, suppose that the subchains containing both
vertices are those shown in Figure 4d.f, and that the minimum DOF among them is 2. Then
g35 = 2. The resulting matrix Q for the topological graph in Figure 3a is shown in Figure 3c.

Step 2: Calculate the minimum distance matrix.

The minimum distance matrix D is constructed as follows.

Step 2.1: Booleanize and normalize the adjacency matrix.

To eliminate the influence of multiple edges on topological distance, all multiple
edges are treated as a single adjacency, thereby yielding the Boolean adjacency matrix
Ab c {0,1}|V\><\V|:

Al — 1, ifAij>0andi7éj

i 0, otherwise

(4)

On this basis, self-loops and duplicate edges are removed, and the corresponding
simple unweighted graph G is obtained.
Step 2.2: Perform all-source breadth-first search (BFS) for shortest-path calculation.
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For each source vertex s € V, BFS is performed on G? to obtain the unweighted
shortest-path length dist(s, v) from s to every vertex v. These distances are then assembled
into the distance matrix:

dist(i,j), ifi # jand i, are connected
dij =<0, ifi=j (5)

400, otherwise

Step 2.3: Truncate and normalize the distance values.

All mechanisms considered in this study are planar KCs, for which the connectivity
value does not exceed 3. To maintain consistency with the connectivity definition, the
entries of the distance matrix are truncated above 3, and disconnected vertex pairs are
normalized in a unified manner. The normalized minimum distance matrix D is thus
obtained as

g — min{dist(i,),3}, ifiand jare connected ©)
K 3, otherwise

The resulting matrix D for the topological graph in Figure 3a is shown in Figure 3d.

Step 3: Calculate the connectivity matrix.

For the topological graph G, the connectivity matrix is defined as:

C =min{Q, D, 3} (7)

where Q is the minimum mobility matrix and D is the minimum distance matrix. Here,
the minimum operator is applied elementwise. This definition incorporates both loop-
constraint information and shortest-path information in the topological graph. The value 3
is taken as the upper bound of connectivity for planar KCs.

On the basis of Steps 1 and 2, the connectivity matrix can be constructed directly.
First, the minimum mobility matrix Q is obtained from loop-based non-fractionated sub-
chains. Second, the minimum distance matrix D is obtained by BFS on the Booleanized
simple unweighted graph. Finally, the connectivity matrix C is constructed according to
Equation (7).

For the topological graph shown in Figure 3a, the resulting connectivity matrix C is
shown in Figure 3b.

Because the proposed procedure directly uses the loop information available from
candidate-atlas generation and performs shortest-path evaluation on the Booleanized
simple graph, it is well-suited to batch connectivity calculation for sparse candidate atlases.

4. Connectivity-Based Localization and Screening

For a given topological graph G of a planar KC, once the connectivity matrix C has
been obtained, the base-EE can be localized automatically at the topological level. This step
provides the basis for transforming a structurally admissible candidate into a functionally
interpretable configuration. On this basis, connectivity-based functional screening can then
be carried out to retain candidate configurations that satisfy the prescribed application-
oriented requirements.

4.1. Decision Rules and Notation

Based on the loop-constrained connectivity calculation described in Section 3, the
connectivity matrix C of a candidate topological graph is first obtained. On this basis,
configuration determination proceeds in three stages: base selection, EE localization, and
functional verification. The corresponding decision rules are summarized as follows:
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Rule 1. The connectivity indices required by the design task are used as the primary
criterion for selecting the base-EE.

Rule 2. Candidate vertices located on the main loop are given priority so that structural
organization and functional assignment remain consistent.

Rule 3. For planar FKCs, the proposed method is applied after system-level decom-
position, and the corresponding base-EE localization is carried out at the decomposed
subchain level.

Rule 4. After feasible base—EE combinations have been obtained, the arrangement of
driving pairs is further checked to determine whether driving redundancy exists.

To facilitate formal description, let Vg C V denote the candidate set of base vertices
and Vg C V denote the candidate set of EE vertices. Then, for any b € V5, the feasible set
of EE vertices is defined as

E(b) = {6 S VE‘Cbe = 3} (8)

where ¢}, denotes the connectivity value between the candidate base vertex b and the
candidate EE vertex e.

In the automatic synthesis of planar KCs, whether non-fractionated or fractionated
through decomposition, only revolute and prismatic pairs are usually considered. In main-
stream construction machinery, manipulator arms are commonly hydraulically actuated,
and the driving pairs are represented by prismatic pairs converted from hydraulic cylin-
ders. In the topological graph, each driving pair corresponds to a “2-2” chain, namely,
two adjacent binary vertices. To prevent functional vertices from affecting the counting of
“2-2" chains, a masking operation is introduced during this process. In particular, when a
candidate base or candidate EE is a binary vertex, its degree is temporarily set to 3 during
redundancy detection.

Let g denote the number of “2-2” chains in the topological graph after masking. The
rules for driving-redundancy detection are defined as follows.

“2-2" group-count rules:

R4.1. If g > 2, the topology is directly accepted.

R4.2. If g < 2, the topology is directly discarded.

R4.3. If g = 2, redundancy checking is required.

Detailed redundancy rules:

The topology is regarded as redundant if any of the following conditions is satisfied.

R4.3.1. The two “2-2" chains are connected in series to form a “2-2-2-2" chain.

R4.3.2. The two “2-2” chains are anchored to the same pair of anchor vertices on the
same independent loop.

4.2. Connectivity-Based Base—EE Localization and Functional Screening Workflow

The connectivity-based localization and screening procedure is illustrated using the
topological graph shown in Figure 3a. After the connectivity matrix has been established
according to the method described in Section 3, candidate base and EE vertices are deter-
mined under the decision rules introduced in Section 4.1, followed by redundancy checking
of the corresponding driving-pair arrangements.

To make the full connectivity-based localization and screening process easier to follow,
the overall workflow is summarized in Figure 5.

First, the connectivity matrix C of the topological graph in Figure 3a is calculated, as
shown in Figure 3b. This matrix provides the topological basis for subsequent base-EE
localization and functional screening.
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Input topological graph G and
connectivity matrix C
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Satisfy required
connectivity?

Perform base—EE localization
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Driving-redundancy
detected?

Output feasible localized configurations

Figure 5. Overall workflow of the connectivity-based base-EE localization and functional screening

process. Here, g denotes the number of “2-2” groups in the candidate configuration.

Next, the candidate base set is determined. For the topological graph in Figure 3a, one
quaternary vertex v and two ternary vertices v4 and vg, satisfy the structural admissibility
conditions and can therefore serve as candidates for the equivalent MJ vertex. Taking
v as an illustrative example, once the equivalent MJ vertex is fixed, the candidate base
vertices are selected from the vertex-asymmetry set (VA) to avoid generating isomorphic
configurations. For the topological graph in Figure 3a, the VA is

VA = {01/ 02,703,704, 05,06,07,08, 09, Ulo} (9)

Accordingly, the candidate set of base vertices is

Vp = {v2,v3,v4,v5,v6,07,08,09,010} (10)
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After the candidate base set has been identified, feasible base-EE combinations are
determined according to the connectivity criterion. For planar FKCs, cut vertices and cut
edges correspond structurally to the equivalent bases or EEs of decomposed subchains.
Therefore, the feasible set of EE vertices should be determined in conjunction with object-
oriented information. In the engineering case considered in this study, the mine scaler
manipulator arm is decomposed into three subchains (KC1-KC3). KC1 and KC2 are
connected by a cut edge corresponding to a hydraulic actuator, and the DOF of KC1
therefore increases by one. In addition, when the M]J is equivalently transformed into a
simple joint, the DOF increases by another one. Consequently, the relevant connectivity
index of KC1 increases from 1 to 3. For a given base candidate b € Vp, the feasible EE set is
determined according to Equation (8), namely, by identifying all vertices e € Vf satisfying
Che — 3.

Accordingly, feasible EE candidates are obtained by iterating over the base candidate
set and identifying all vertices whose connectivity value with the selected base is equal to 3.
Any vertex pair (b, e) satisfying cp, = 3 is regarded as a feasible base-EE combination. The
corresponding statistical results are listed in Table 1.

Table 1. Base-EE pairs satisfying the connectivity criterion ¢, = 3.

Base EE Base EE Base EE
2 7 2 8

3 7 3 8 3 9
4 7 4 8 4 9

5 8 5 9

7 10

8 10

Finally, for each feasible base-EE combination, a masking operation is applied when
counting the “2-2” chains, and driving redundancy is evaluated according to rules
R4.1-R4.3. As an example, for the feasible base-EE combination (v4,v9), where vy is
the base and vy is the EE, the binary-vertex chains (v, v3) and (v7, vg) correspond to two
driving pairs. Since none of the detailed redundancy conditions in R4.3 is triggered, no
driving redundancy is detected and the configuration is retained. In contrast, for the feasi-
ble base-EE combination (v;, vg), no “2-2" chain can be assigned as a hydraulic-cylinder
driving pair, that is, g < 2. Therefore, this configuration is discarded.

5. Case Study and Results

In this section, the proposed connectivity-based localization and screening method
was applied to an engineering case, namely, the KC1 subchain of a mine scaler manipulator
arm. The engineering background, target subchain representation, candidate atlas, and
final screening results are presented in sequence to demonstrate the applicability of the
proposed method in a realistic design scenario. The selected KC1 subchain was used here
as a representative engineering example to illustrate the proposed workflow, rather than to
provide an exhaustive comparison across different mechanism types. This case also helps
clarify both the applicability and the current scope of the proposed method.

5.1. Engineering Case Description

A mine scaler manipulator arm was selected as the engineering case to validate the
proposed connectivity-based localization and screening method, as shown in Figure 6. Its
topology was abstracted as an 18-link, 5-DOF FKC, as shown in Figure 7a. After system-
level decomposition, attention focused on the KC1 subchain, which is the most topologically
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complex subchain in the overall structure and therefore serves as a representative case
for demonstrating the proposed method. This subchain is a 9-link, 2-DOF planar KC
containing one MJ, as shown in Figure 7b.

Base End Effector

(a) (b)

Figure 6. Engineering background of the mine scaler manipulator arm. (a) A mine scaler vehicle.
(b) Schematic model of the manipulator arm, showing the base and end effector.

Figure 7. (a) Schematic of the mine scaler manipulator arm. (b) Topological graph of the KC1. (c) The
single-joint equivalent topological graph of KC1.
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For unified topological modeling and matrix-based computation, the MJ is converted
into a single-joint equivalent chain using the standard equivalence treatment adopted in
configuration synthesis, as shown in Figure 7c. As a result, the target subchain is repre-
sented as a 10-link, 3-DOF planar KC in its single-joint equivalent form. Unless otherwise
specified, all subsequent graph representations, connectivity calculations, and functional
screening procedures in this section were performed on this single-joint equivalent repre-
sentation. Based on this equivalent representation, the following subsection introduces a
structurally admissible candidate atlas as the input set for connectivity-based localization
and screening.

5.2. Candidate Atlas for the Case Study

Connectivity-based localization is meaningful only when applied to a candidate atlas
that is already structurally admissible for the design task. Therefore, before functional
screening, a structurally admissible candidate atlas is generated for the target subchain
using a constraint-driven synthesis strategy. The structural constraints can be summarized
into four groups [24].

(1) Degree-sequence and main-loop constraints: the existence of a main loop and the
validity of the vertex-degree sequence are verified.

(2) Task-specific adjacency constraints: key adjacency relations are imposed among bi-
nary vertices, including those involving actuator endpoints in the single-joint equiv-
alent representation, the equivalent MJ vertex, and grouped “2-2” patterns on the
main loop.

(38) Exclusion rules: topologies containing rigid subchains, topologies that become rigid
after assigning the MJ to a multiple-degree vertex, and undesirable local patterns such
as serial “2—2-2-2" segments are discarded.

(4) Isomorphism removal: isomorphism discrimination is performed on main-loop-
normalized graphs, and stable identifiers are assigned to the retained candidates.

After structural filtering and isomorphism removal, 36 non-isomorphic candidate
topological graphs were retained. These graphs constitute the candidate atlas used in this
case study. The candidates were distributed over three link assortment arrays (LAAs), and
the corresponding statistics are summarized in Table 2. The complete candidate topological
graph atlas is provided in Supplementary Material S1.

Table 2. Distribution of candidate topological graphs.

LAA No. of Topological Graphs
[6,4, 0] 21

[7,2,1] 13

[8,0,2] 2

5.3. Connectivity-Based Localization and Screening Results

According to the methods described in Sections 3 and 4, connectivity-based localization
and functional screening were carried out automatically for all candidate topological graphs
in the KC1 atlas. For each candidate, the connectivity matrix C = [c;] is first calculated,
after which the candidate base set is determined. Feasible base-EE combinations are then
identified using the criterion c;, = 3. The retained combinations are further subjected to
masking-based counting of “2-2” chains and driving-redundancy detection.

The topological graphs “721-2-1” and “721-2-4" are taken as representative examples,
and their connectivity matrices are shown in Figure 8c,d, respectively. Here, “721” denotes
the LAA, “2” denotes the number of multiple edges in the corresponding contracted graph,

https://doi.org/10.3390 /machines14040455


https://doi.org/10.3390/machines14040455

Machines 2026, 14, 455

14 of 20

and “4” denotes the index of the topological graph within the corresponding LAA category.
For “721-2-1”, none of the multiple-degree vertices satisfied the admissibility requirement
for equivalent multiple-joint assignment, and the topology was therefore discarded. In
contrast, for “721-2-4”, only v; can serve as the equivalent multiple-joint vertex, and the
corresponding candidate base set is:

Vg = {v1,v2,v3,v4,05,06,08,09 } (11)

721-2-1 721-2-4

(a) (b)
0 1 1 1 2 3 2 1 1 1 0 1 1 3 3 2 1 1 1 17
1 0113 3 3 2 3 2 1 01 2 3 3 2 3 21
1 101 2 3 3 3 3 3 1 101 2 3 3 3 3 1
1 11 01 2 3 2 3 2 3 21 01 2 3 3 3 2
23 21012 3 3 3 33 21012 3 3 3
3 3 3 2101 2 3 3 2 3 3 21 01 2 3 3
23 3 3 21 01 2 3 1 23 3 21 01 1 2
1 23 2 3 21011 1 3 3 3 3 2101 3
1 3 3 3 3 3 2 101 1 23 3 3 3 110 2
1 2 3233311 0 111233 2 3 2 0

721-2-1 721-2-4

(c) (d)

Figure 8. (a) Topological graph of 721-2-1; (b) topological graph of 721-2-4; (c) the connectivity matrix
of 721-2-1; (d) the connectivity matrix of 721-2-4.

For this graph, multiple base-EE pairs satisfied the connectivity criterion c;, = 3 and
were therefore retained for further verification. For each feasible pair, masking was applied
before counting the number of “2-2” chains, and driving redundancy was evaluated
according to rules R4.1-R4.3. For example, for the pair (vs,vs), masking yielded the
global vertex-degree sequence “433223322-2”, which contained two “2-2” chains, i.e.,
g = 2. Since neither R4.3.1 nor R4.3.2 was triggered, this pair was judged non-redundant
and retained. In contrast, for the pair (vs, vg), masking yielded the global vertex-degree
sequence “423232332-2”, for which g = 0. This pair was therefore excluded.

Using the above procedure, a final set of 249 feasible configurations was obtained, as
summarized in Table 3. The retained configurations were plotted using a unified graphical
convention, in which bases are marked by squares, EEs by triangles, and equivalent MJs
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by hollow vertices. Representative feasible configurations are shown in Figure 9, and the
complete atlas of feasible configurations is provided in Supplementary Material S2.

Table 3. The synthesis result of feasible configurations.

LAA Number
[6,4,0] 132
[7,2,1] 113
8,0,2] 4

Total 249

Figure 9. Excerpt of the feasible configurations. Bases are marked by squares, EEs by triangles, and
equivalent MJs by hollow vertices.

From the engineering perspective, these 249 retained configurations should not be
interpreted merely as a reduced number of candidates, but as a complete feasible design
pool under the prescribed structural and functional constraints considered in this study.
In traditional manipulator-arm design, configuration selection often relies heavily on
engineering experience, and it is usually difficult to determine whether the selected scheme
is close to the best one or whether other feasible topologies have been overlooked. In
contrast, the present workflow identifies all topologically feasible configurations that satisfy
the given screening requirements at the topological level. Therefore, the final retained set
provides a bounded and explicit candidate space for subsequent scheme selection, allowing
for later dimensional synthesis and detailed engineering evaluation to be carried out within
the complete feasible topological space defined by the current constraints.
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6. Discussion

The proposed method was developed for the application-oriented configuration syn-
thesis of planar multi-loop KCs, where large candidate atlases must be screened efficiently
under prescribed functional requirements. In the preceding sections, the method has been
presented through loop-constrained connectivity calculation, base-EE localization, and
rule-based functional screening, and its applicability has been demonstrated through the
KCl1 case study of a mine scaler manipulator arm. In this section, the computational charac-
teristics of the connectivity calculation, comparative verification on a face-shovel excavator
manipulator arm case, the flexibility and applicability of the method, and the engineering
interpretation of the retained configurations are discussed.

6.1. Computational Characteristics of the Proposed Connectivity Calculation

A major advantage of the proposed method is that the connectivity calculation is
explicitly organized around the main loop and the independent loops. Under this represen-
tation, loop-constraint information and shortest-path information are incorporated into a
unified matrix-based framework through the construction of the minimum mobility matrix
Q, the minimum distance matrix D, and the resulting connectivity matrix C. This organiza-
tion makes the overall procedure clear and well-suited to planar multi-loop topological
graphs generated in candidate atlases.

Compared with representative connectivity calculation methods based on more gen-
eral shortest-path treatments, the proposed method is better matched to sparse planar
multi-loop graphs whose loop structure is already available from candidate-atlas gen-
eration. In particular, shortest-path evaluation is carried out by all-source BFS on the
Booleanized simple graph, yielding a complexity of O(n(n + m)), where n and m denote
the numbers of vertices and edges, respectively, rather than the O (%) complexity associated
with conventional all-pairs shortest-path computation [22]. In addition, no virtual-edge
construction is required, and only the minimum mobility associated with each vertex pair
is retained in the construction of Q. These features help reduce computational burden while
preserving clear physical meaning and ease of implementation.

6.2. Comparative Verification on the Face-Shovel Excavator Manipulator Arm Case

To further examine the applicability of the proposed workflow beyond the primary
mine-scaler-oriented case, a comparative verification was carried out using the face-
shovel excavator manipulator arm case reported in [23]. Since the synthesis results are
highly sensitive to the imposed structural and functional constraints, the same struc-
tural and functional constraints as those adopted in [23] were used here to ensure a
controlled comparison.

The quantitative comparison is summarized in Table 4. In the workflow of Huang
et al. [23], all ordered base-EE assignments were first enumerated for each non-isomorphic
topology. In contrast, in the present workflow, only base-EE pairs satisfying cp, = 3 were
retained, and symmetry-equivalent base assignments were further removed using the
vertex symmetry set (VS), which denotes the set of topologically symmetric vertices in
each topology. As a result, the number of candidate assignments entering the downstream
isomorphism-identification stage was markedly reduced from 258,984 to 1166.
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Table 4. Quantitative comparison between the workflow of Huang et al. and the present workflow
for the face-shovel excavator case.

Metric Huang et al. [23] Present Workflow
Initial non-isomorphic topologies 1962 1962
Ordered base-EE assignments per topology 132 -
Total candidate assignments before screening 258,984 -
Topological graphs containing candidate pairs with ¢, = 3 379 379
Candidate base-EE pairs after c;, = 3 pre-screening - 1204
Representative candidate pairs after VS-based deduplication - 1166
Isomorphism-identification workload 258,984 1166
Reduction in isomorphism-identification workload - 99.55%

6.3. Flexibility and Applicability of the Proposed Method

The proposed workflow is rule-driven and can incorporate additional application
preferences without changing the core connectivity calculation. For example, the feasible
sets of base and EE vertices can be further restricted according to design requirements,
and additional preferences can be imposed on equivalent multiple-joint assignment or
actuator placement relative to specific loops. Therefore, different synthesis outcomes can
be obtained by revising application-specific constraints and screening rules, while keeping
the core loop-constrained connectivity calculation unchanged.

This flexibility makes the proposed method suitable not only for the present case study
but also for other engineering manipulators with planar multi-loop topologies represented
as topological graphs. For planar NKFCs, the method can be applied directly. For planar
FKCs, however, the present framework is not applied directly at the full-system level,
but only to decomposed non-fractionated subchains after system-level decomposition.
Therefore, the proposed framework provides a transferable basis for connectivity-based
localization and screening for different engineering requirements.

6.4. Engineering Interpretation of the Retained Configurations

Among the retained configurations, some may contain a first-class Assur group, as
illustrated in Figure 10a. Such configurations imply a certain degree of link redundancy and
are therefore considered less desirable for practical application. Whenever other feasible
alternatives are available, they should be avoided.

For the remaining configurations, an engineering-oriented classification can be
introduced according to whether a hydraulic cylinder is directly connected to the EE.
On this basis, the retained configurations can be divided into directly connected and
non-directly connected types. For the mine scaler manipulator design considered in
this study, the directly connected configurations are regarded as the preferred category,
as exemplified in Figure 10b, because they generally provide a better workspace and
exhibit closer similarity to existing industrial designs. This classification is intended
to support the formation of a practical shortlist from the retained configurations. The
final scheme selection, however, still requires subsequent dimensional optimization and
performance evaluation.
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Assur group hydraulic cylinder EE

(a) (b)

Figure 10. Representative retained configurations for engineering interpretation: (a) a configuration
containing a first-class Assur group formed by links 2 and 3 and joints a, b, and ¢; (b) a directly
connected configuration with a hydraulic cylinder connected to the EE.

7. Conclusions

A loop-constrained connectivity calculation and a connectivity-based localization
and screening workflow have been presented for planar multi-loop KCs. Starting from a
structurally admissible, non-isomorphic candidate topological graph atlas, the proposed
method establishes a connectivity matrix for topological base-EE localization, followed
by rule-based functional screening under application-oriented requirements. The present
framework is directly formulated for planar NFKCs. For planar FKCs, the current workflow
still relies on prior decomposition into non-fractionated subchains, rather than direct full-
system treatment. The method has been validated on the 10-link, 3-DOF single-joint
equivalent of the KC1 subchain of a mine scaler manipulator arm, yielding 249 feasible
configurations. In addition, a comparative verification was carried out on a face-shovel
excavator manipulator arm case to further examine the applicability of the proposed
workflow and its effect on reducing downstream isomorphism-identification workload.

The main conclusions are summarized as follows:

(1) A loop-constrained connectivity calculation method was established for planar multi-
loop KCs. By combining loop-based minimum mobility evaluation with shortest-path
information, the resulting connectivity matrix provides a clear and practical basis for
topological analysis.

(2) Connectivity-based base-EE localization and functional screening were integrated
into a unified workflow. On this basis, structurally admissible candidate graphs can be
transformed into functionally feasible configurations under explicit screening criteria.

(8) The proposed method is suitable for the batch processing of candidate atlases and
can effectively support engineering-oriented configuration synthesis. In the present
mine scaler case, the candidate atlas was reduced to a feasible configuration set
through connectivity-based localization, masking, redundancy detection, and rule-
based screening. In the face-shovel excavator manipulator arm case, the proposed
workflow was further shown to substantially reduce the candidate assignments enter-
ing the downstream isomorphism-identification stage.

(4) The proposed framework remains flexible at the rule level. Different engineering pref-
erences can be incorporated by revising application-specific constraints and screening
rules, while the core connectivity calculation remains unchanged.

https://doi.org/10.3390 /machines14040455


https://doi.org/10.3390/machines14040455

Machines 2026, 14, 455 19 of 20

Future work will focus on developing a connectivity calculation method directly
applicable to planar FKCs, so that connectivity-based localization and functional screening
can be performed at the system level rather than only at the decomposed subchain level.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /machines14040455/s1, Supplementary Material S1. Complete atlas of
candidate topological graphs. Supplementary Material S2. Complete atlas of feasible configurations.
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Nomenclature and Abbreviations

Abbreviations

NFKC Non-fractionated kinematic chain
FKC Fractionated kinematic chain

EE End effector

KC Kinematic chain

base-EE  Base and end effector

DOF Degree of freedom

MJ Multiple joint

BFS Breadth-first search

VA The vertex-asymmetry set

LAA Link assortment array

VS The vertex symmetry set

Symbols

G Topological graph of a planar kinematic chain
14 Vertex set of the topological graph

E Edge set of the topological graph

N Number of links

M Degree of freedom of the planar kinematic chain
L Number of independent loops

A Adjacency matrix

Ab Boolean adjacency matrix

G? Booleanized simple unweighted graph

Q Minimum mobility matrix

D Minimum distance matrix

C Connectivity matrix

M Degree of freedom of a subchain

dist(ij)  Unweighted shortest-path length between vertices i and j
Sij Set of subchains containing both vertices i and j
Vg Candidate set of base vertices

Ve Candidate set of end-effector vertices

g Number of “2-2” chains after masking
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