
Citation: Antonov, A. Parallel–Serial

Robotic Manipulators: A Review of

Architectures, Applications, and

Methods of Design and Analysis.

Machines 2024, 12, 811. https://

doi.org/10.3390/machines12110811

Academic Editor: Zheng Chen

Received: 21 October 2024

Revised: 7 November 2024

Accepted: 11 November 2024

Published: 14 November 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Review

Parallel–Serial Robotic Manipulators: A Review of Architectures,
Applications, and Methods of Design and Analysis
Anton Antonov

Mechanisms Theory and Machines Structure Laboratory, Mechanical Engineering Research Institute of the
Russian Academy of Sciences (IMASH RAN), 101000 Moscow, Russia; antonov.av@imash.ru; Tel.: +7-495-623-3273

Abstract: Parallel–serial (hybrid) manipulators represent robotic systems composed of kinematic
chains with parallel and serial structures. These manipulators combine the benefits of both parallel
and serial mechanisms, such as increased stiffness, high positioning accuracy, and a large workspace.
This study discusses the existing architectures and applications of parallel–serial robots and the
methods of their design and analysis. The paper reviews around 500 articles and presents over
150 architectures of manipulators used in machining, medicine, and pick-and-place tasks, humanoids
and legged systems, haptic devices, simulators, and other applications, covering both lower mobility
and kinematically redundant robots. After that, the paper considers how researchers have developed
and analyzed these manipulators. In particular, it examines methods of type synthesis, mobility,
kinematic, and dynamic analysis, workspace and singularity determination, performance evaluation,
optimal design, control, and calibration. The review concludes with a discussion of current trends in
the field of parallel–serial manipulators and potential directions for future studies.

Keywords: parallel–serial (hybrid) manipulator; machine tools; medicine robotics; kinematic redundancy;
type synthesis; kinematic and dynamic analysis; optimal design; calibration; robot control

1. Introduction

The rapid growth of modern technologies promotes the development of novel techno-
logical and robotic systems. Among them are robotic manipulators that have now become
widespread in industrial [1], medical [2], service [3], and other applications [4,5].

These manipulators usually have a serial or a parallel architecture [6,7]. In the first one,
the manipulator end-effector (output link) attaches to the base by a series of links connected
with 1-DOF (one degree of freedom) actuated joints. The serial architecture provides
the end-effector with a large workspace and high versatility, making these manipulators
suitable for welding [8], pick-and-place [9], or assembling [10] operations. At the same
time, serial robots have low payload capacity and stiffness and may be unsuitable for
high-precision tasks since the drive motion errors “accumulate” from the base towards the
end-effector. The design of parallel manipulators, where the output link connects to the
base with multiple kinematic chains (branches), mitigates these limitations, making them
useful in machining [11] and precise positioning [12] operations. On the other hand, parallel
robots have a smaller workspace compared to serial ones. Singular configurations [13]
represent another issue that limits the applications of parallel manipulators.

In search of “optimal” robotic architectures that do not have the limitations of serial
and parallel mechanisms, scholars have proposed various parallel–serial manipulators.
These mechanical systems, composed of parallel and serial kinematic chains, combine the
features of both architectures. The parallel part enhances the robot stiffness and motion
accuracy, while the serial part expands its workspace. These benefits have encouraged the
development of parallel–serial robots for diverse applications, including machining [14],
medicine [15], object capturing [16], and other operations, which are considered in the
current paper.
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With the growing interest in parallel–serial manipulators, this article aims to review
the existing architectures of these systems, their applications, and the methods that scholars
have applied to design and analyze them. To our knowledge, there have been no similar
reviews in recent years as discussed in the next section. The rest of the paper has the fol-
lowing organization. Section 2 describes the search methodology used to select the articles
for this review. Section 3 considers various applications of parallel–serial manipulators and
the architectures proposed for these applications. Section 4 focuses on the methods used
for designing and analyzing parallel–serial manipulators. Section 5 discusses trends and
perspectives in this field. Finally, Section 6 outlines the review results.

2. Methodology

In robotic literature, the term “parallel–serial” is used to name various architectures
of manipulators which differ in their underlying mechanisms. We can distinguish the
following types of these architectures:

1. Multiple parallel mechanisms connected in series (Figure 1a). These systems are also
known as parallel–parallel manipulators [17].

2. A parallel mechanism connected with a serial kinematic chain (Figure 1b). The parallel
mechanism can be placed near the base [18], at the end-effector [19], or between two
serial chains [20].

3. Parallel and serial mechanisms operating as two independent modules [21] (Figure 1c).
4. A serial mechanism, typically with revolute joints, where these joints are actuated by

additional kinematic chains, which often include actuated prismatic joints or have
a parallelogram structure (Figure 1d). These systems are also known as quasi-serial
manipulators [22].

5. A mechanism where kinematic chains between the base and the end-effector are also
coupled, and it is challenging to distinguish parallel and serial parts (Figure 1e). These
systems are also known as interconnected manipulators [23].

(a) (b) (c) (d) (e)

This review

Figure 1. Architectures of robotic manipulators referred to as “parallel–serial” or “hybrid”:
(a) parallel–parallel [17]; (b) parallel–serial (connected) [18]; (c) parallel–serial (independent) [21];
(d) quasi-serial [22]; (e) interconnected [23].

The architectures above can be mixed as well. For example, there are parallel–serial
systems of the third type where one module is a manipulator of the second type [24].
Furthermore, a manipulator can be placed on a mobile platform, which is used to position it
in space and increase its operating range [25]. Some manipulators also include two parallel
modules connected by a serial kinematic chain [26]. All these architectures are examples of
parallel–serial manipulators, also called “hybrid” manipulators in the literature.

This review focuses on parallel–serial manipulators of the second type. In these
systems, a parallel part is not necessarily a multi-DOF parallel mechanism—it can be repre-
sented by a simple closed-loop mechanism with one [27] or two [28] DOFs (Figure 2a,b).
A serial part can also be a 1-DOF one-joint mechanism [29] (Figure 2c). The reasons that
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we consider this type of parallel–serial manipulators among the others and perform this
review are the following:

1. Parallel–parallel and interconnected manipulators (the first and fifth types in the
classification above) are rarely used in practice because of their complex design.

2. Development and analysis of parallel–serial manipulators with independent modules
(the third type) are usually performed separately for each module, and there are
many studies devoted to parallel and serial manipulators, including some recent
reviews [11,30].

3. Quasi-serial manipulators (the fourth type) are often treated as well-studied serial
manipulators, and a review of these systems has also been performed recently [31].

4. There were no recent reviews of parallel–serial manipulators of the second type, while
these manipulators are becoming more popular and widespread in practice nowadays.

(a) (b) (c)

Figure 2. Examples of parallel–serial manipulators with trivial parallel and serial parts: (a) paral-
lel part is a 1-DOF parallelogram linkage [27]; (b) parallel part is a 2-DOF single-loop spherical
linkage [28]; (c) serial part is a 1-DOF one-joint translational mechanism [29].

From now on, we use the terms “parallel–serial” or “hybrid” to name parallel–serial
manipulators of the second type. There are numerous works devoted to these manipulators;
in particular, many studies focus on the development and analysis of parallel mechanisms
used in hybrid mechanical systems. The current review does not aim to cover all the
existing articles or find a paper where a parallel–serial manipulator was presented for the
first time. Instead, it aims to analyze the papers that can be easily found and accessed by
other scholars and readers. Given the above, the considered papers were selected based on
the following inclusion and exclusion criteria:

1. The papers discuss parallel–serial manipulators of the second type and not the
other types.

2. The papers primarily focus on parallel–serial manipulators and not on the
parallel manipulator.

3. Patents and theses are not included in this review.

We selected two familiar databases, Scopus and Google Scholar, to search for the
relevant papers that met the criteria above. The search was a multi-step process performed
as follows:

1. First, we used Scopus to search for papers that considered parallel–serial or hybrid
manipulators, robots, and mechanisms. For this purpose, we defined the following
search request: TITLE-ABS-KEY((hybrid OR (parallel W/0 seri*)) W/0 (manip* OR
robot* OR mechan*)). The results were then limited to the engineering field. At that
moment, we had 2512 articles (17 September 2024). After excluding inappropriate
publications according to the criteria above, we selected 280 papers.

2. Next, we examined the references in the selected publications using the same criteria
and repeated this process for each new paper. After this step, we obtained 368 papers.

3. Finally, we checked the citations of each selected work in Google Scholar and defined
the following search request for each set of citations: (hybrid OR (parallel-seri*)).
After that, we repeated this procedure for each newly obtained paper. As a result, we
obtained 510 papers, which were included and analyzed in this review.
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Figure 3 shows the distribution of selected papers by year, starting from 1988 and
ending in 2025. We see the number of studies in the last decade is more than in all the
previous years, and it continues to increase each year. The decrease in the paper number in
2024 is probably because not all papers published this year have been indexed in Scopus
and Google Scholar at the moment of writing this review. Nonetheless, these results verify
the growing interest in parallel–serial manipulators.
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Figure 3. Distribution of selected papers by year.

Figure 4 illustrates the distribution of selected papers by manipulator application,
ignoring works where the application is not specified. Machining dominates all the other
applications put together. In the next section, we explore these applications in more detail
and consider the architectures of proposed parallel–serial manipulators.
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Figure 4. Distribution of selected papers by application.

3. Applications and Architectures

This section looks at the applications of parallel–serial manipulators presented in
Figure 4 and examines the architectures of these mechanical systems. In addition, the
section mentions the problems solved by scholars when they designed and analyzed these
manipulators. The methods scholars have used to handle these problems are discussed in
Section 4. The kinematic schemes of manipulators presented in this section aim to illustrate
the relative arrangement of the joints rather than the structural design. The latter can be
found in the corresponding articles cited in the text.

In this paper, we use the following abbreviations for joints: R for revolute, P for
prismatic, Pa for parallelogram, Pa* for spatial parallelogram, H for helical, C for cylindrical,
U for universal, and S for spherical joints. The underline indicates the actuated joints of the
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parallel part; the number before a letter indicates the number of corresponding branches
of the parallel part. The parallel part is enclosed in parentheses. We also use the term
“branch” to name a kinematic chain of the parallel mechanism within the parallel–serial
manipulator. For example, notation (1-UP/3-UPS)RRR means the manipulator has a
parallel part attached to the base with one unactuated UP branch and three UPS branches
with actuated prismatic joints. The parallel part is followed by an RRR serial chain, where
all the joints are, of course, actuated.

3.1. Machining

Figure 4 shows that machining is the most popular application of parallel–serial
manipulators. This is because parallel–serial manipulators combine the benefits of parallel
and serial architectures, providing high rigidity, motion accuracy, and workspace, which
are critical for machining operations. These operations are not limited to milling or drilling
but include grinding, polishing, welding, and sheet forming.

The literature review reveals that existing parallel–serial machining manipulators
differ mainly in their underlying parallel mechanisms. Therefore, we found it convenient to
classify the manipulators according to this mechanism. The rest of the subsection illustrates
this classification and covers various architectures of hybrid machining robots.

3.1.1. Manipulators Based on the Tricept Parallel Mechanism

Manipulators in this family are based on a 3-DOF parallel mechanism called Tricept
and patented by Neumann [32]. This mechanism has one UP branch, which defines the
motion type of the output link, and three UPS branches, which include actuators. Based on
this scheme, scholars have proposed different parallel–serial manipulators considered next.

Tetrabot (tetrahedral robot) [33] was probably the first ever parallel–serial manipulator,
which was used for assembly operations. In this robot, the output link of the Tricept
parallel mechanism is augmented with an RRR serial spherical wrist (Figure 5a). This
6-DOF kinematics has become suitable for other applications as well. For example, Choi
and Lee [34] considered using this parallel–serial manipulator for propeller grinding and
developed its physical prototype. In the prototype, the serial wrist was designed as a
geared mechanism. The authors analyzed the kinematics, dynamics, and position/velocity
control of this manipulator in their paper [35]. Zhao et al. [36] designed another prototype
of such a parallel–serial manipulator and applied it to polishing operations. In their later
works, the authors focused on kinematic calibration [37], stiffness [38] and repeatability [39]
analysis, and different control strategies [40,41] of this robot.

While 6-DOF manipulators can reach any desired end-effector posture, most machin-
ing operations only need five DOFs to position and align the tool. In this regard, most
Tricept-based parallel–serial robots are equipped with a 2-DOF RR serial wrist (Figure 5b).
The obtained (1-UP/3-UPS)RR architecture is the one that is actually called Tricept in most
cases. Parallel–serial manipulators with this architecture have been the subject of numerous
articles and successfully applied in practice [42]. For example, among the pioneering
studies are the works of Siciliano [43,44], who analyzed the inverse and direct kinematics
of this robot but focused mainly on the 3-DOF parallel part. Milutinović et al. [45] contin-
ued these studies and considered the kinematics of the serial wrist, while Eastwood and
Webb [46] used these kinematic models and discussed how thermal deformations affect
the positioning accuracy of the robot. Besides conventional milling and drilling operations,
the Tricept parallel–serial manipulator has been used for incremental sheet forming [47,48],
friction stir welding [49,50], and optical polishing [51,52]. Most recent applications include
processing large optical mirrors [53–55].
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(a)

(e)

(i)

(m) (n) (o) (p)

(j) (k) (l)

(f) (g) (h)

(b) (c) (d)

Figure 5. Parallel–serial machining manipulators of the Tricept family: (a) (1-UP/3-UPS)RRR
(Tetrabot) [33]; (b) (1-UP/3-UPS)RR (Tricept) [43]; (c) (1-UP/3-SPU)RR [56]; (d) (1-UP/3-PUS)RR
(Georg V) [57]; (e) (1-RP/2-RPS)RR (Bicept) [58]; (f) (1-UP/2-UPS)RR (TriVariant) [59]; (g) (1-U/2-
UPS)PRR (TriVariant B) [60]; (h) (1-UP/3-UPS)PRR (Tricept IV) [61]; (i) (R(1-RP/2-RPS)/1-UPS)RR
(TriMule) [62]; (j) (R(1-RP/1-RPS)/2-UPS)RR (Trifree) [63]; (k) (R(2-RPR)U/1-UP)RR [64]; (l) (R(1-
RP/1-RPR)/1-UPS)RR [65]; (m) (R(4-RPR)/(2-RPR)R)RR [66]; (n) PP(1-UP/3-UPS) [67]; (o) PP(1-
PU/2-UPS) [68]; (p) (1-PU/2-PSS)PP [69].
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The actuated branches of the Tricept manipulator have a UPS architecture where the
universal joint is located at the base. An SPU branch with the spherical joint placed at the
base is a natural kinematic equivalent of this architecture, and other scholars have also
considered Tricept manipulators with these branches (Figure 5c). Thus, Kim et al. [56]
developed such a (1-UP/3-SPU)RR parallel–serial manipulator, analyzed its kinematics [70]
and dynamics [71,72], and performed a kinematic calibration of the physical prototype [56].
Another kinematically equivalent design was proposed by Tönshoff et al. [57], who deve-
loped a Georg V manipulator with three PUS branches, featuring actuated prismatic joints
at the base (Figure 5d).

Inspired by the successful design of Tricept, scholars proposed different Tricept-based
architectures of parallel–serial manipulators. For example, Li et al. [58] considered a 4-DOF
(1-RP/2-RPS)RR robot called Bicept (Figure 5e). This robot includes a 2-DOF planar Tricept-
like parallel mechanism where spherical joints are used to compensate for misalignment and
can be replaced with revolute joints. The robot stiffness and performance were examined
in papers [73,74], but all the analysis was conducted for the planar parallel mechanism.

Huang et al. [59] introduced a TriVariant manipulator (Figure 5f), where one UPS was
removed and the drive was displaced to the UP branch, which became the UP actuated
branch. This manipulator has been the subject of many studies, which considered its
kinematics [59,75,76], dynamics [77], stiffness analysis [78], dimensional synthesis [79],
and calibration [80]. Most of these studies, however, focused on the 3-DOF parallel
part. The TriVariant manipulator was later modified into TriVariant B [60], where the
actuated prismatic joint was moved to the serial chain, so the robot architecture became
(1-U/2-UPS)PRR (Figure 5g). The authors analyzed its kinematics [60], dynamics [81], and
stiffness [82], with a major focus on the 2-DOF parallel mechanism.

Based on the Tricept and TriVariant B designs, Sun et al. [61] proposed a novel parallel–
serial manipulator, Tricept IV, with the (1-UP/3-UPS)PRR architecture (Figure 5h). In this
manipulator, the prismatic joints in the UP branch and the PRR serial chain are coaxial,
which results in kinematic redundancy and increases the manipulator workspace. The au-
thors evaluated the stiffness of this robot [61,83], performed its dimensional synthesis [84],
and also considered the robot application for friction stir welding [85].

In the Tricept-based parallel–serial manipulators discussed so far, the parallel mecha-
nism had three or four branches attached to the base. Scholars soon discovered how to sim-
plify and lighten the design by combining the base joints of these branches [62]. This idea led
to the development of the TriMule robot [62,86]—one of the most studied parallel–serial ma-
nipulators at the moment. In this robot, the universal joints of the UP branch and two UPS
branches share a yoke that rotates relative to the base (Figure 5i). We can notate the TriMule
architecture as (R(1-RP/2-RPS)/1-UPS)RR and see it has only two joints placed on the base,
simplifying the robot design. The TriMule manipulator has become the subject of many
papers devoted to its kinematics [87,88], dynamics and gravity compensation [89–93], stiff-
ness [94–97], performance evaluation [98,99], optimal design [100], path planning [101–104],
feed rate scheduling [105–107], calibration [108–116], and control [117–121]. Diverse appli-
cations of the TriMule robot include helical milling [122], collaborative mirror milling of
large thin-walled parts [14,123–126], grinding [127], friction stir welding [128–133], and
trimming unidirectional carbon fiber-reinforced polymers [134]. Apart from these, the
TriMule robot was mounted on a mobile platform and applied for large-scale machining of
aerospace components [135,136]. There also exists a 6-DOF TriMule design with a 3-DOF
RRR spherical wrist, as in Tetrabot [137].

The TriMule success inspired scholars to develop other similar parallel–serial ma-
nipulators. For example, Wang et al. [63] proposed a Trifree robot with an (R(1-RP/1-
RPS)/2-UPS)RR architecture (Figure 5j), where the universal joints of two branches had a
common yoke. The authors analyzed the kinematics and dynamics of this robot in their
works [138,139]. Li et al. [64] presented an (R(2-RPR)U/1-UP)RR manipulator (Figure 5k),
whose parallel mechanism had only three branches, and performed dimensional synthe-
sis of this mechanism. Another design with three branches was introduced by Dong et
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al. [65], who used an asymmetrical (R(1-RP/1-RPR)/1-UPS)RR architecture (Figure 5l).
Finally, Liu et al. [66] considered a super redundantly actuated (R(4-RPR)/(2-RPR)R)RR
manipulator, whose parallel mechanism had three DOFs and six drives (Figure 5m). To our
knowledge, all these novel manipulators exist only as computer models; no physical
prototypes have been created.

All previous parallel–serial manipulators were equipped with a 2- or 3-DOF spherical
wrist. There also exist Tricept-based architectures without this wrist but with a PP serial
kinematic chain. Thus, Luo et al. [67] proposed a PP(1-UP/3-UPS) robot with a parallel
mechanism placed on the PP moving frame (Figure 5n). A similar design with a 1-PU/2-
UPS parallel mechanism was introduced by Shan et al. [68], who placed this mechanism
on the XY moving table and used it as a spindle posture alignment device (Figure 5o).
One more design was devised in paper [69], where the PP serial kinematic chain was placed
on the platform of the 1-PU/2-PSS parallel mechanism (Figure 5p). This manipulator is
intended to process machine components with complex and/or longitudinal shapes, and
studies [140,141] analyzed its kinematics, including workspace and singularities. All these
listed manipulators, however, are only available as computer models.

3.1.2. Manipulators Based on the Sprint Z3 Parallel Mechanism

The parallel–serial manipulators discussed in this subsection rely on the Sprint Z3
parallel machine tool patented by Wahl [142] (the kinematic scheme of this mechanism
traces back to Hunt’s paper [143]). Unlike Tricept, this parallel mechanism does not have
a passive branch but includes three symmetrically arranged PRS branches. Each branch
imposes one constraint, leaving the output link with two rotational and one translational
DOFs. Numerous papers have studied this parallel mechanism [11], but we focus on
parallel–serial manipulators based on its kinematics.

The first example is the Ecospeed machine center [144], which includes this 3-PRS
parallel mechanism mounted on a 2-DOF PP serial chain (Figure 6a). San et al. analyzed the
kinematics and error sources of this parallel–serial manipulator in their recent work [145].
Other scholars also considered a 4-DOF P(3-PRS) architecture, which was used with a
1-DOF moving table. Multiple studies examined the error sensitivity [146,147], stiffness
analysis [148], calibration [149–152], and control [153–155] of this robot. Huang et al. [24]
developed a similar manipulator where the revolute joints were replaced with parallelo-
gram joints (Figure 6b). The authors considered the dynamics [156], calibration [157,158],
and control [159] of the manipulator, focusing on its 3-DOF parallel part. The actuated
parallelogram joints were used in an RRRP(3-PaRS) manipulator [160] (Figure 6c) based on
a 4-DOF SCARA-type serial chain and a 3-DOF CaPaMan (Cassino Parallel Manipulator).
The authors made a prototype of this manipulator for wood drilling and considered its
position and force control. A SCARA-type serial chain was also used in a (3-PSP)RRRP
manipulator [161], attached to the moving platform of the parallel mechanism (Figure 6d).
This 7-DOF manipulator was designed for welding operations inside a steam generator,
and the authors analyzed the robot workspace and control in the cited paper.

The architectures mentioned above included actuated prismatic or parallelogram
joints near the base of the parallel mechanisms. There were also manipulators where these
joints are placed in the middle of the branches. For example, Wang et al. [162] developed
a 6-DOF PPP(3-RPS) robot (Figure 6e) for marine propeller processing and addressed its
kinematic calibration in paper [163]. A similar parallel mechanism was used in a P(3-RPS)R
manipulator (Figure 6f) designed for blade machining and polishing [164]. The authors
applied this manipulator with a 1-DOF moving platform and performed its calibration in
work [165]. Li et al. [166] “inverted” the branches of the parallel mechanism and introduced
a (3-SPR)RR architecture (Figure 6g). The authors analyzed the performance [167] and
stiffness [168,169] of this manipulator and discussed its calibration [170], with the main
focus on the parallel part. Li et al. [171] proposed a robot with one RPS and two SPR
branches (Figure 6h) and examined its kinematics and performance. This manipulator was
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designed for friction stir welding and was supposed to operate with a 1-DOF moving table,
but as far as we know, there is no physical prototype of this robot.

(a)

(e)

(i) (j) (k)

(f) (g) (h)

(b) (c) (d)

Figure 6. Parallel–serial machining manipulators of the Sprint Z3 family: (a) PP(3-PRS)
(Ecospeed) [144]; (b) P(3-PPaS) [24]; (c) RRRP(3-PaRS) [160]; (d) (3-PSP)RRRP [161]; (e) PPP(3-
RPS) [162]; (f) P(3-RPS)R [164]; (g) (3-SPR)RR [166]; (h) P(1-RPS/2-SPR) [171]; (i) PaPa(3-RCU) [25];
(j) RRRRRR(3-UPR) [172]; (k) PP(1-PUS/3-RHUR) [173].

There also exist several architectures where a parallel mechanism has a universal
joint in its branches. For example, Chong et al. [25] introduced a PaPa(3-RCU) manipula-
tor (Figure 6i) aimed at polishing wind turbine blades. Here, C means passive revolute
and actuated prismatic joints with collinear axes. The 2-DOF PaPa serial chain had a
complex actuation scheme, omitted in the figure, and was placed on a mobile platform to
increase the robot workspace. The authors performed the elasto-geometrical calibration of
this robot [174] and considered its control strategies [175]. Another polishing robot was
designed by Xu et al. [172] and included a 3-DOF 3-UPR parallel mechanism attached
to a 6-DOF serial manipulator (Figure 6j). Unlike the previous architectures discussed in
this subsection, the parallel mechanism is overconstrained. The authors studied the robot
dynamics and control and performed its dimensional synthesis in the cited paper, focusing
on the parallel part. Finally, we mention a PP(1-PUS/3-RHUR) manipulator (Figure 6k)
proposed by Tian et al. [173]. The parallel mechanism of the manipulator includes a PUS
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branch to increase the large-stroke stiffness of this mechanism. The authors analyzed kine-
matics and performed a multi-objective design optimization of this robot, which currently
exists only as a computer model.

3.1.3. Manipulators Based on the Exechon Parallel Mechanism

Manipulators discussed in the two previous subsections were based on 3-DOF non-
overconstrained parallel mechanisms. Scholars also considered the use of overconstrained
parallel mechanisms in parallel–serial manipulators. One of the most notable manipulators
in this family is the 5-DOF Exechon robot proposed by Neumann [176]. It includes a
3-DOF overconstrained parallel mechanism with one SPR central branch and two UPR
lateral branches, where the base axes of the universal joints are collinear (Figure 7a).
The output link of the parallel mechanism is equipped with an RR spherical wrist. This
manipulator has been successfully applied in industry [177], including optical [178] and
large-scale [179–181] machining. Numerous articles performed its mobility [182], kine-
matic [183–185], and stiffness [186–189] analyses, as well as calibration [190]. Some scholars
studied Exechon manipulators with offsets in the base joints [191,192] and both the base
and the wrist joints [193–196]. Sagar et al. [197] also considered a 7-DOF kinematically
redundant design with a 4-DOF serial chain developed for placing fixture heads along
sheet metal (Figure 7b).

Inspired by the Exechon success, scholars proposed different modifications of its
design. For example, Li et al. [198] inverted the central branch of the parallel mechanism
and considered the (1-RPS/2-UPR)RR architecture (Figure 7c). In their study, the authors
performed a multi-objective dimensional synthesis of this robot. Tengfei et al. [199] inverted
the lateral chains and developed a (1-RPS/2-RPU)RR parallel–serial manipulator called
Exe-Variant (Figure 7d). Paper [200] evaluated its workspace and performance. The authors
also considered a variation of this design where this parallel mechanism was placed on
a PR serial chain [201] (Figure 7e), whose revolute joint represented a carriage moving
along a circular rail. This architecture provides a large workspace essential for machining
aeronautic components, as the authors discussed in their paper. Jin et al. [202] proposed a
PP(1-SPR/2-RPU) parallel–serial robot for similar applications (Figure 7f). However, as we
know, all the manipulators discussed in this paragraph exist only as computer models.

The aforementioned manipulators were developed by inverting the central and/or la-
teral branches of the 3-DOF parallel mechanism. Other scholars also modified the structure
of these branches. For example, Xu et al. [203] introduced a 4-DOF manipulator with the
UPR central branch (Figure 7g). This manipulator, operating with a 1-DOF moving table,
has been the subject of multiple studies that have focused on its kinematics [204], dyna-
mics [205], stiffness [206], optimal design [207,208], and calibration [209]. Zhang et al. [210]
changed the structure of all branches and proposed a PP(1-PRPS/2-PRU) manipulator
with redundant actuation (Figure 7h). The authors analyzed the mobility and workspace
of this robot, focusing on its parallel part. Another original design with one SP and
two UPU branches and an RR spherical wrist was introduced in work [211] (Figure 7i).
This manipulator has also become the subject of many studies devoted to its kinema-
tics [212,213], dynamics [214–216], stiffness [217–219], and calibration [220]. Finally, Xu et
al. [221] developed an RP(1-RRS/2-RRU) inner-cavity machining robot without prismatic
joints in the parallel mechanism (Figure 7j). The authors studied the robot kinematics and
dynamics, performed its dimensional synthesis, and designed a 3D-printed prototype.

There are also Exechon-inspired parallel–serial manipulators whose parallel mecha-
nism has four branches. Thus, Yue et al. [222] proposed a (1-SPR/1-SPR/2-UPU)RR
architecture with one passive branch (Figure 7k). In their work, the authors analyzed the
mobility and kinematics of this robot and performed its dimensional optimization. Zhang
et al. [223] presented a PP(2-RPU/2-SPR) redundantly actuated manipulator (Figure 7l)
and considered its kinematics [223], dynamics [224], stiffness analysis [225], and optimal
design [226]. The authors focused mainly on the 3-DOF parallel mechanism and developed
a physical prototype only for this mechanism.
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(a)
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(i) (j) (k) (l)

(f) (g) (h)
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Figure 7. Parallel–serial machining manipulators of the Exechon family: (a) (1-SPR/2-UPR)RR (Exe-
chon) [176]; (b) (1-SPR/2-UPR)RRRR [197]; (c) (1-RPS/2-UPR)RR [198]; (d) (1-RPS/2-RPU)RR (Exe-
Variant) [199]; (e) PR(1-RPS/2-RPU) [201]; (f) PP(1-SPR/2-RPU) [202]; (g) (1-UPR/2-RPU)R [203];
(h) PP(1-PRPS/2-PRU) [210]; (i) (1-SP/2-UPU)RR [211]; (j) RP(1-RRS/2-RRU) [221]; (k) (1-SPR/1-
SPR/2-UPU)RR [222]; (l) PP(2-RPU/2-SPR) [223].

3.1.4. Manipulators Based on Planar Parallel Mechanisms

This subsection covers parallel–serial machining manipulators based on parallel mech-
anisms whose end-effector performs planar motion. We can classify these manipulators
into two groups, as discussed next.

The first group includes manipulators with 2-DOF parallel mechanisms. For example,
Li et al. [227] proposed a 3-DOF (1-PR/1-PRR)P architecture (Figure 8a). The authors ana-
lyzed the kinematics of this hybrid robot and developed its prototype. Ma et al. [228] intro-
duced a 5-DOF P(1-RP/1-RPR)RR manipulator with an RR spherical wrist (Figure 8b). Un-
like the previous design, the prismatic actuators of the parallel mechanism were connected
to its base by revolute joints. A similar architecture was considered by Wang et al. [229]
who used a 1-RR/1-RRR parallel mechanism as a parallel module (Figure 8c). The authors
applied this robot for machining large casting parts and discussed simulations and expe-
riments in paper [230]. Uchiyama et al. [231] designed a (1-PR/1-PRP)PRR manipulator
for robotized deburring operations (Figure 8d). The authors studied the kinematics of this
robot and proposed a continuous path control algorithm, which was successfully applied
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in practice. Another 5-DOF manipulator with an identical PRR serial chain was developed
by Guo et al. [232]. Unlike the architectures above, the 2-DOF planar parallel mechanism
had one PR passive branch and two PRP branches with prismatic actuators at the base
(Figure 8e). In their later works, the authors analyzed workspace [233], dynamics [234,235],
and control [236] of this robot.

(a)

(e) (f) (g)

(b) (c) (d)

Figure 8. Parallel–serial machining manipulators based on planar parallel mechanisms: (a) (1-PR/1-
PRR)P [227]; (b) P(1-RP/1-RPR)RR [228]; (c) P(1-RR/1-RRR)RR [229]; (d) (1-PR/1-PRP)PRR [231];
(e) (1-PR/2-PRP)PRR [232]; (f) (3-RRR)PRR [237]; (g) (2-RPR/2-RRR)PR [69].

The second group includes manipulators with 3-DOF parallel mechanisms, and there
are just a couple of architectures within this group. The first is a (3-RRR)PRR manipu-
lator developed by Yang et al. [237] for deburring operations (Figure 8f). The authors
created a robot prototype with a modular design, and its kinematic analysis can be found in
studies [18,238]. Finally, paper [69] introduced a (2-RPR/2-RRR)PR redundantly actuated
manipulator for processing elongated objects (Figure 8g). At the moment, this manipu-
lator exists only as a computer model, and its kinematics has been analyzed recently in
works [239,240].

3.1.5. Manipulators Based on the Delta Parallel Mechanism

The Delta mechanism, proposed by Clavel [241], has become one of the most successful
parallel architectures. The output link of this mechanism has three translational DOFs
provided by parallelogram joints in its branches. However, there are just a few examples of
Delta-based parallel–serial manipulators applied for machining, possibly because of their
lower rigidity compared to other architectures discussed in the previous subsections.

The first example is the JDYP51 polishing machine tool [242] based on the Delta
mechanism with prismatic actuators (Figure 9a). The output link of the parallel mechanism
is equipped with an RR spherical wrist. Paper [243] analyzed manipulator stiffness, and
the authors of [244] optimized the polishing process performed with this robot. Xu et
al. [245] introduced another polishing manipulator based on the Delta mechanism. Unlike
the previous design, the branches of this mechanism use spatial parallelogram joints with
spherical joints (Figure 9b). A 1-DOF serial chain connects to the moving platform by
a revolute joint, actuated by an auxiliary RUPU branch, which is omitted in the figure
for clarity. This 4-DOF parallel–serial manipulator moves the processed object, while the
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polishing tool is placed on an independent 2-DOF serial mechanism. In the later works,
the authors considered path planning [246], dynamics [247,248], stiffness [249], optimal
design [250], calibration [251], and control [252] of this robot, focusing on the parallel part.

(a) (b) (c) (d)

Figure 9. Parallel–serial machining manipulators based on the Delta parallel mechanism:
(a) (3-PRPaR)RR (JDYP51) [242]; (b) (3-PPa*)R [245]; (c) (3-RPa*)RRRRR [253]; (d) RRRRRR(3-
RPa*) [254].

Other examples of Delta-based manipulators include kinematically redundant architec-
tures, which, to our knowledge, exist only as computer models. Thus, Mohammadipanah
and Zohoor [253] proposed an 8-DOF hybrid robot with an RRRRR serial chain (Figure 9c).
The authors considered its application for arc welding and analyzed the kinematics and
dynamics of this manipulator. Nguyen et al. [254] studied a 9-DOF macro-mini milling
robot where the Delta mechanism was attached to the end-effector of the 6-DOF Kawasaki
RS030N industrial manipulator (Figure 9d). The main focus of the authors’ work was on
the compliance analysis and error compensation of this robot.

3.1.6. Manipulators Based on the Gough–Stewart Platform

The 6-DOF Gough [255] or Gough–Stewart [256] platform is another successful paral-
lel mechanism used in numerous applications [257]. This mechanism has six UPS branches
that provide its output link with high stiffness and positioning accuracy. However, we
found just a few examples of parallel–serial machining manipulators based on the Gough–
Stewart platform. The reason is that these manipulators have kinematically redundant
architectures with more than six DOFs, which are rarely needed for machining purposes.

On the other hand, such redundancy can increase the workspace of the parallel
mechanism. Thus, Wu et al. [258] developed a 10-DOF parallel–serial manipulator called
IWR (Intersector Welding Robot), where the Gough–Stewart platform was mounted on a
PPRR serial chain (Figure 10a). This robot was designed for assembly operations in the
vacuum vessel of the ITER (International Thermonuclear Experimental Reactor). There
are multiple studies devoted to stiffness analysis [259–261], calibration [262–266], and
control [267–270] of this robot. In works [271,272], the authors also considered a 7-DOF
prototype of this manipulator with a 1-DOF serial chain (Figure 10b). Finally, we can
mention study [273], whose authors installed the Gough–Stewart platform on the end-
effector of a 6-DOF UR5e robotic arm (Figure 10c). This parallel–serial manipulator was
applied to position a touch probe.
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(a) (b) (c)

Figure 10. Parallel–serial machining manipulators based on the Gough–Stewart platform: (a) PPRR(6-
UPS) (IWR) [258]; (b) P(6-UPS) [271]; (c) RRRRRR(6-UPS) [273].

3.1.7. Other Manipulators

This subsection covers parallel–serial manipulators, which we cannot put in any of
the previous groups. It is interesting that there are just a few manipulators in this family,
and we found only two architectures with working prototypes used in practice.

The first example is the 6-DOF RNT (Robot of a New Type) developed by Mianowski
et al. [274] for milling and polishing large objects. This robot features a 2-DOF 1-RR/2-UPS
parallel mechanism placed on the rotating base, and the output link of this mechanism is
equipped with an RRR spherical wrist (Figure 11a). The authors considered the design,
control, and applications of RNT in their later studies [275,276]. The second example is
the 7-DOF CraftsRobot [277], which was also applied for processing large-scale objects.
The robot includes a 5-DOF 1-UCR/4-UCU parallel mechanism attached to the PaPa serial
chain with the same architecture as in the previously discussed PaPa(3-RCU) manipula-
tor [25] (Figure 11b). Similar to that work, the parallel–serial manipulator was installed
on the moving platform, which increased its workspace. In recent works, scholars have
considered the stiffness [278], optimal design [279], and error compensation [280] of this
hybrid robot.

Other manipulators considered below exist only as computer models. There are
several architectures based on 4-DOF parallel mechanisms. For example, Lu et al. [281]
introduced a PP(1-PRU/3-PUS) manipulator and analyzed the workspace and dynamics of
its parallel part (Figure 11c). Another design was considered by Tian et al. [282], where one
PUS branch was replaced with the second PRU branch (Figure 11d). The authors performed
the mobility analysis of this robot and found that it had no singular configurations. Li et
al. [283] studied a similar P(2-RPU/2-UPS) architecture where prismatic actuators of the
parallel mechanism were displaced to the middle of its branches (Figure 11e). In their paper,
the authors considered the kinematics and dynamics of this parallel–serial manipulator.
Finally, Tian et al. [284] modified their previous design and proposed a robot where all the
universal joints of the parallel mechanism were placed on the base (Figure 11f). The authors
studied the robot kinematics and performed its dimensional synthesis.

To conclude this subsection, we mention two manipulators based on 3-DOF parallel
mechanisms. The first one is a 5-DOF manipulator with a 3-PUU translational parallel
mechanism considered by Wang et al. [285] (Figure 11g). The manipulator was intended
for polishing, and the authors optimized the polishing process in their study. The sec-
ond example is a (3-UPU)RRR hybrid machining robot introduced by Dou et al. [286]
(Figure 11h). In their work, the authors performed a comprehensive stiffness analysis of
this manipulator.



Machines 2024, 12, 811 15 of 64

(a)
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Figure 11. Parallel–serial machining manipulators based on other parallel mechanisms: (a) R(1-RR/2-
UPS)RRR (RNT) [274]; (b) PaPa(1-UCR/4-UCU) (CraftsRobot) [277]; (c) PP(1-PRU/3-PUS) [281];
(d) P(2-PRU/2-PUS) [282]; (e) P(2-RPU/2-UPS) [283]; (f) (2-UPR/2-UPS)R [284]; (g) (3-PUU)RR [285];
(h) (3-UPU)RRR [286].

3.2. Medicine

Medicine is the second most popular sphere where parallel–serial manipulators find
their use (Figure 4). Unlike the previous subsection, where we classified machining ma-
nipulators by the underlying parallel mechanism, we found it more convenient to classify
medicine hybrid robots by application. The rest of this subsection considers these applica-
tions and corresponding parallel–serial manipulators in more detail.

3.2.1. Manipulators for Minimally Invasive Surgery

Minimally invasive surgery implies performing operations with a single incision point
of the instrument. Scholars have developed various parallel–serial manipulators to position
the instrument in such a way. One of the most famous and well-studied robots is PARAMIS,
proposed by Plitea et al. [287]. This 5-DOF manipulator includes a 2-DOF planar parallel
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mechanism placed on the revolute base and equipped with an RR serial chain (Figure 12a).
There are many papers devoted to kinematics [288–290], dynamics [291], control [292], and
simulations [293,294] of this robot, while study [295] considered a modified design of the
RR serial chain. Based on PARAMIS, Pisla et al. introduced PARASURG 5M-1 [296] and
5M-2 [297] manipulators with a 1-PR/1-PRR parallel mechanism (Figures 12b,c). The differ-
ence between the 5M-1 and 5M-2 architectures is in the joint arrangement of the RR serial
chain. The authors analyzed the kinematics [298] and dynamics [299,300] of both architec-
tures, while Stoica et al. [301–303] and Szilaghyi et al. [304,305] considered the actuation
of the RR chain using auxiliary kinematic chains. The 5M-2 design became the basis for
another robot, PARASURG 9M [306], where the serial chain was equipped with a 4-DOF
instrument. It includes a 3-DOF miniature spherical parallel mechanism and a prismatic
joint—Figure 12d shows a simplified representation of the PARASURG 9M manipulator.
In later works, scholars analyzed the mobility [307], kinematics [308,309], and control
architecture [310,311] of this robot. A similar 1-PR/1-PRR planar parallel mechanism was
also used in two 5-DOF parallel–serial manipulators, proposed by Peng et al. [312] and
Li et al. [313] for spine surgery (Figure 12e,f). The architectures of the manipulators differ
only by the joint order in the 3-DOF serial chain. In their studies, the authors focused on
the kinematics, optimal design, and control of these two robots.

The design of several parallel–serial manipulators provides its end-effector with a
fixed incision point called a remote center of motion (RCM). One way to obtain an RCM
is to use a spherical mechanism. Thus, Degirmenci et al. [314] introduced a 6-DOF PPP(1-
RR/1-RRR)R manipulator for microsurgery, which included a 2-DOF parallel spherical
mechanism (Figure 12g). In their study, the authors analyzed the robot performance and
developed its physical prototype. Tucan et al. [315] presented a similar 5-DOF manipulator
where the spherical mechanism had a circular rail (kinematically equivalent to a revolute
joint, as shown in Figure 12h). The authors considered the kinematic modeling of this robot.
Circular rails were also used for intermediate revolute joints in a 4-DOF (1-RR/1-RRR)PR
manipulator proposed by Cao et al. [316] (Figure 12i). In their paper, the authors performed
a dimensional synthesis of this robot but focused mainly on the 2-DOF parallel part.
Li et al. [317] introduced another 4-DOF robot with an original 1-RRPR/1-RRRR 2-DOF
parallel mechanism and a similar PR serial chain (Figure 12j). The authors’ study was
devoted to the kinematic analysis and performance evaluation of this mechanism. Finally,
we mention a 6-DOF (1-PPRR/1-PPRRP)PR manipulator devised by Yang et al. [318] for
intraocular surgery (Figure 12k). The 4-DOF parallel mechanism in this manipulator is
actuated by piezoelectric drives. The authors developed a physical prototype of the robot
and considered its control system in studies [319,320].

Most parallel mechanisms in the hybrid manipulators above have two DOFs and two
branches. Scholars also proposed several architectures where the parallel part has three
DOFs and three or more branches. For example, Tanev [321] introduced a 4-DOF (1-RRR/2-
SPU)P manipulator with a spherical branch, which provides the RCM (Figure 12l). Subse-
quent works of the author focused on its stiffness [322] and singularities [323]. The RRR
spherical chain was also used to provide the RCM in the parallel–serial manipulator con-
sidered by Phan et al. [324]. This chain was attached by an additional revolute joint to the
3-DOF Delta-type mechanism with linear drives (Figure 12m). The Delta mechanism also
served as the basis for a 6-DOF hybrid manipulator with an RRP serial chain, proposed by
Hong et al. [325] for neurosurgery (Figure 12n). However, to our knowledge, these three
manipulators exist only as computer models. The final examples mentioned here are two
hybrid robots developed for needle guidance. The first one is a PP(3-PRS) manipulator in-
troduced by Chung et al. [326] (Figure 12o). The end-effector of this robot is equipped with
a force-torque sensor and a handle for manual positioning during operations. The second
example is an RRR(1-S/3-PSS) manipulator designed by Puglisi et al. [327] and based on a
3-DOF spherical parallel mechanism (Figure 12p). In their study, the authors analyzed the
kinematics and performance of this mechanism and developed its physical prototype.
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Figure 12. Parallel–serial manipulators for minimally invasive surgery: (a) R(1-PP/1-
PRR)RR (PARAMIS) [287]; (b) R(1-PR/1-PRR)RR (PARASURG 5M-1) [296]; (c) R(1-PR/1-
PRR)RR (PARASURG 5M-2) [297]; (d) R(1-PR/1-PRR)RRSP (PARASURG 9M) [306]; (e) (1-PR/1-
PRR)PRR [312]; (f) (1-PR/1-PRR)RPR [313]; (g) PPP(1-RR/1-RRR)R [314]; (h) PPP(1-RR/1-RRR) [315];
(i) (1-RR/1-RRR)PR [316]; (j) (1-RRPR/1-RRRR)PR [317]; (k) (1-PPRR/1-PPRRP)PR [318];
(l) (1-RRR/2-SPU)P [321]; (m) (3-PPa*)RRRR [324]; (n) (3-RPa*)RRP [325]; (o) PP(3-PRS) [326];
(p) RRR(1-S/3-PSS) [327].
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3.2.2. Manipulators for Non-Minimally Invasive Surgery

Some parallel–serial manipulators developed for surgical operations do not have the
RCM and are not intended for minimally invasive operations. For example, Ceccarelli et
al. [328] proposed CaHyMan (Cassino Hybrid Manipulator) based on the 3-DOF 3-PaRS
CaPaMan mentioned in Section 3.1.2. Here, the moving platform of CaPaMan is equipped
with an RP serial chain (Figure 13a). The authors evaluated the stiffness of this manipulator
and performed experiments in their subsequent studies [329,330]. Other CaPaMan-based
parallel–serial surgical robots feature architectures with seven [331,332] and nine [333,334]
DOFs, where the parallel mechanism is attached to 4-DOF SCARA and 6-DOF PUMA serial
manipulators (Figure 13b,c).

(a) (b) (c)

(d) (e)

Figure 13. Parallel–serial manipulators for non-minimally invasive surgery: (a) (3-PaRS)RP (CaHy-
Man) [328]; (b) RRRP(3-PaRS) [331]; (c) RRRRRR(3-PaRS) [333]; (d) PPRRR(6-UPS) [335]; (e) (2-PSS/2-
PPa*)RRP (Cheope) [336].

Feng et al. [335] introduced another surgical hybrid robot. This robot, designed for
dental implant surgery, includes a 6-DOF Gough–Stewart platform attached to a PPPRR
serial chain (Figure 13d). In their later works, the authors focused on the robot accuracy
analysis [15,337] and calibration [338]. The last example is a Cheope manipulator designed
by Tosi et al. [336]. It relies on a 4-DOF reconfigurable modular parallel mechanism with
an RRP serial chain (Figure 13e). The authors considered various branch arrangements of
this robot and analyzed its kinematics.

3.2.3. Manipulators for Fracture Reduction

Fracture reduction involves realigning broken bones, and scholars have developed
various hybrid robotic systems for this purpose. The first group of manipulators is based
on the 6-DOF Gough–Stewart platform. Raabe et al. [339] considered using this platform,
attached to the linear guide, for the reduction in intra-articular joint fractures (Figure 14a).
That idea was advanced by Dagnino et al. [340], who replaced the linear guide with a
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4-DOF PPRR serial chain (Figure 14b). In papers [341,342], this system was applied to the
reduction in complex knee fractures. In their other works [343,344], the authors considered
a Gough–Stewart platform attached to the 6-DOF UR10 serial robot (Figure 14c). The latter
is used for coarse positioning, while the platform serves for precise movements.

(a)

(e)

(b) (c)

(d)

Figure 14. Parallel–serial manipulators for fracture reduction: (a) P(6-UPS) [339]; (b) PPRR(6-
UPS) [340]; (c) RRRRRR(6-UPS) [343]; (d) RP(2-PPRRP) [345]; (e) PPP(1-S/3-RRR) [346].

Other examples of fracture reduction hybrid robots do not utilize the Gough–Stewart
mechanism. Ye et al. [345] introduced a 6-DOF manipulator with a 4-DOF 2-PPRRP parallel
mechanism attached to an RP serial chain (Figure 14d). The revolute joint of this chain is
actuated by an extra RPR branch, whereas the end-effector includes an auxiliary aligning
mechanism. This manipulator was designed for fracture reduction in the femur shaft, and
subsequent studies examined its kinematics [347,348] and control [349–351]. The second
example is a 6-DOF manipulator proposed by Cai et al. [346] for pelvic fracture reduction
and based on a 3-DOF 1-S/3-RRR spherical parallel mechanism (Figure 14e). The authors
focused on the kinematics and dynamics of this mechanism and presented its prototype.

3.2.4. Manipulators for Rehabilitation

Rehabilitation manipulators help patients restore the movements of their limbs. The li-
terature review reveals several parallel–serial robots designed for these purposes: they all
were developed for the rehabilitation of lower limbs. For example, Shi et al. [352] proposed a
4-DOF manipulator based on a 2-DOF 1-U/1-UPU/1-UPS parallel mechanism (Figure 15a).
The authors analyzed the mobility and kinematics of this robot in their study. Zhang
et al. [353] developed a hybrid manipulator with a similar parallel mechanism and two
serial chains, one for each leg of the patient (Figure 15b). In studies [354–356], the authors
considered the robot kinematics and control and performed diverse experiments with
its prototype. Among other examples are two 4-DOF ankle rehabilitation manipulators
proposed by Li et al. [357] and Qu et al. [358]. Both manipulators have similar architectures:
they include a 3-DOF parallel mechanism with a PU branch placed on the rotary platform;
the only difference is in the two other branches (Figure 15c,d). The final example is a 3-DOF
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manipulator designed by Mohanta et al. [359]. It is based on a 2-DOF 1-PR/1-PRP planar
parallel mechanism that moves along a linear guide (Figure 15e). The authors’ studies
focused on the robot kinematics, dynamics, and control [360].

(a) (e)(b) (c) (d)

Figure 15. Parallel–serial manipulators for rehabilitation: (a) (1-U/1-UPU/1-UPS)RR [352];
(b) (1-U/2-UPS)RRR [353]; (c) R(1-PU/2-SPS) [357]; (d) R(1-PU/2-CRS) [358]; (e) P(1-PR/1-
PRP) [359].

3.2.5. Other Manipulators

This subsection covers parallel–serial manipulators whose applications do not fit the
categories discussed earlier. The first example is a robotic prosthetic arm designed by
Wang et al. [361]. This manipulator includes a 2-DOF spherical parallel mechanism with
two prismatic actuators and an RRR serial chain (Figure 16a). The authors’ study was
devoted to the kinematic analysis of this robot. Larbi et al. [362] developed CochleRob, a
5-DOF parallel–serial robot for intracochlear navigation. The manipulator is based on a
3-DOF Delta robot placed on an RR spherical serial chain (Figure 16b). In papers [362,363],
the authors studied the kinematics, dynamics, and different control strategies of CochleRob.
Kucuk and Gungor [364] introduced a 9-DOF hybrid manipulator based on another familiar
parallel mechanism—the Gough–Stewart platform, which was attached to a SCARA-type
serial chain (Figure 16c). The authors focused on robot kinematic analysis but did not
specify its medical application. One more kinematically redundant manipulator was
presented by Singh et al. [27]. The parallel part of this 7-DOF manipulator represents a
simple 1-DOF parallelogram linkage placed between two RRR serial chains (Figure 16d).
The robot was applied as a haptic device for robot-assisted surgery, and the authors
performed its kinematic analysis [365–367] and gravity balancing [368]. The final example
is another medical assistive manipulator introduced in paper [69]. It includes a 2-DOF
1-PR/1-PRR planar parallel mechanism equipped with a PPR serial chain (Figure 16e).
Works [369,370] performed a kinematic analysis of this robot, but its physical prototype
has not been designed so far.

3.3. Pick-and-Place and Manipulation

Serial robots have been used widely for pick-and-place operations and object manipu-
lation. However, because of their serial architecture, these robots have a limited payload.
Scholars have addressed this issue by combining serial kinematic chains with parallel
mechanisms, making a trade-off between payload and workspace dimensions, which are
critical for pick-and-place tasks.

The subsequent paragraphs present various parallel–serial manipulators designed
for pick-and-place operations. To make the presentation more concise, we classified the
manipulators into two groups: non-kinematically redundant architectures with six or fewer
DOFs and kinematically redundant architectures with seven or more DOFs.
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Figure 16. Parallel–serial manipulators for other medicine applications: (a) (1-U/1-UPS/1-
USP)RRR [361]; (b) RR(3-RPa*) (CochleRob) [362]; (c) RRP(6-UPS) [364]; (d) RRR(1-Pa)RRR [27];
(e) (1-PR/1-PRR)PPR [69].

3.3.1. Non-Kinematically Redundant Manipulators

The Delta robot is often applied for quick pick-and-place operations, and scholars
have proposed various parallel–serial manipulators based on its architecture. For example,
Liu et al. [371] equipped a Delta robot with an RRR non-spherical wrist (Figure 17a),
studied its kinematics, and performed rapid pick-and-place experiments. Wu et al. [372]
designed a similar manipulator with a 2-DOF RR wrist and analyzed its kinematics and
dynamics [373,374], while Deng et al. [375] considered its application for labeling end-
faces of round steels. Papers [376–378] presented similar 5-DOF manipulators based on a
Delta-type robot with prismatic actuators (Figure 17b). Qiong et al. [379] studied a 4-DOF
strawberry picking manipulator, with a Delta robot mounted on a linear guide (Figure 17c).

Huang et al. [380] introduced a Diamond mechanism—a planar equivalent of a Delta
manipulator (Figure 17d). This 2-DOF translational mechanism was also placed on a linear
guide and applied for quality inspection of rechargeable batteries. The authors performed
the optimal design of this manipulator [380] and estimated the maximum required torques
of its actuators [381]. Zou et al. [29] proposed a 4-DOF pick-and-place manipulator based
on another planar parallel mechanism with parallelogram joints (Figure 17e). In their study,
the authors considered the kinematic performance and dimensional synthesis of the mani-
pulator, focusing on its parallel part. A 3-DOF planar parallel mechanism was also used in
a 6-DOF manipulator presented by Moosavian et al. [382]. This mechanism was placed on a
mobile platform and equipped with an RRR planar serial chain (Figure 17f). In paper [383],
the authors studied the dynamics and posture stability of the entire mechanical system.
Shen et al. [384] also considered the dynamic balance of another 6-DOF hybrid manipulator
designed for tea picking. The parallel mechanism of this manipulator was a trivial planar
four-bar linkage attached to a PPPRR serial chain (Figure 17g).
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Figure 17. Non-kinematically redundant pick-and-place parallel–serial manipulators:
(a) (3-RPa*)RRR [371]; (b) (3-PRPaR)RR [376]; (c) P(3-RPa*) [379]; (d) P(2-PaPa) [380];
(e) (3-PPaR)P [29]; (f) (3-PRP)RRR [382]; (g) PPPRR(1-RR/1-RR) [384]; (h) RP(1-RRPaR/2-RRU) [385];
(i) (3-CRRR)RRP [386]; (j) ((1-R/1-PRR)/2-PRS)PP [387]; (k) R(1-RRUR/1-RRS)R [388].

Some hybrid pick-and-place manipulators rely on parallel mechanisms with more
complex architectures. Lv et al. [385] developed a 5-DOF robot based on a 1-RRPaR/2-RRU
parallel mechanism (Figure 17h). The authors’ studies were devoted to the robot kinematic
and dynamic analysis [389]. Moosavian et al. [386] added an RRP serial chain to a 3-CRRR
translational parallel mechanism and obtained a 6-DOF hybrid manipulator (Figure 17i).
Like the other authors’ manipulator discussed in the preceding paragraph, it was placed on
a mobile platform. In their later work [390], the authors analyzed the robot dynamics, while
paper [391] considered a design with an RR serial chain. Lian et al. [387] introduced a 5-DOF
hybrid robot for assembling in a cabin. The robot relies on a 3-DOF parallel mechanism,
which includes a slider-crank linkage in one of its branches (Figure 17j). The authors opti-
mized the robot design and explored other branch architectures in a subsequent paper [392].
The final example is a 6-DOF parallel–serial manipulator called H6A (Hybrid 6-Axis) and
proposed by Golla et al. [388]. The robot includes a 4-DOF 1-RRUR/1-RRS placed on a
rotary platform and equipped with a rotating end-effector (Figure 17k). The authors’ study
was devoted to the kinematic analysis of this manipulator.
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3.3.2. Kinematically Redundant Manipulators

The first example of kinematically redundant hybrid manipulators is ARTISAN—one
of the oldest parallel–serial manipulators proposed by Waldron et al. [393]. It included a
3-DOF 3-RPS parallel mechanism attached to a 7-DOF kinematic chain with a spherical
wrist (Figure 18a). The authors considered the kinematics of this wrist and the parallel me-
chanism, and paper [394] presented a robot prototype. Choi et al. [395] developed a 7-DOF
hybrid manipulator with the same parallel mechanism and a PRRR serial chain (Figure 18b).
The parallel part and one joint of the serial chain had pneumatic actuators, and the robot was
designed to help a human worker attach heavy ceramic tiles to a wall. Elsamanty et al. [19]
installed a 3-DOF 3-RRS parallel mechanism to the end-effector of a 6-DOF KUKA KR6
R900 industrial robot (Figure 18c). This was implemented to enrich the movement flexibility
and expand the workspace of the serial part, as the authors discussed in their work [396].
A similar 3-RSR mechanism was used by Liang et al. [397], who combined this mechanism
with a SCARA-type serial chain (Figure 18d). The authors developed a computer model of
this robot and considered its kinematics. Goubej and Švejda [398] introduced AGEBOT, a
parallel–serial manipulator for operations in aggressive environments. It relies on a 3-DOF
spherical parallel mechanism attached to a PRRR serial chain (Figure 18e). The authors
studied the robot kinematics [399] and control [400] and designed its prototype. Another
7-DOF architecture was considered in paper [401]. This anthropomorphic hydraulically
actuated manipulator includes a 2-DOF (1-R/1-RPR)R/1-SPU parallel mechanism, forming
a spherical wrist together with the distal revolute joint (Figure 18f). In this mechanism, the
RPR branch was attached to the yoke of the universal joint instead of the moving platform,
making a local closed loop. The authors’ work was devoted to the robot mobility and
kinematic analysis, and its prototype was also created.

The parallel mechanism in the kinematically redundant manipulators above was
placed near the robot end-effector. There are also examples where it was located near
the base. Thus, Cheng [402] introduced UPSarm, a 10-DOF parallel–serial manipulator.
It included a 2-DOF planar parallel mechanism and a serial chain with several co-axial
prismatic joints (Figure 18g). The spherical wrist also had a parallel architecture, and the
first revolute joint of the serial chain was driven by an auxiliary slider-crank mechanism.
In their later studies, the author and his colleagues considered robot kinematics [403,404]
and collision-free motion planning [405,406]. Wang et al. [407] proposed a 7-DOF hybrid
manipulator for satellite on-orbit service and capturing malfunctioned satellites. This
manipulator relies on a 3-DOF 1-UP/2-UPS parallel mechanism and a 4-DOF RRRR serial
chain (Figure 18h). The authors focused on the kinematics [408], dynamics and control [16],
and calibration [409] of this robot.

Finally, we mention two manipulators based on the Gough–Stewart platform. The first
example is a 9-DOF robot presented in paper [410] (Figure 18i). It was placed on a mobile
platform, and the authors considered the kinematics and tip-over stability of this mechanical
system. Kim et al. [411] developed another hybrid manipulator based on the Gough–
Stewart platform for harvesting heavy fruits. Here, this platform was installed on a rotary
platform and equipped with a rotating end-effector (Figure 18j). The authors focused on
robot control and designed its prototype.
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Figure 18. Kinematically redundant pick-and-place parallel–serial manipulators: (a) RRRRRRR(3-
RPS) (ARTISAN) [393]; (b) PRRR(3-RPS) [395]; (c) RRRRRR(3-RRS) [19]; (d) RRRP(3-RSR) [397];
(e) PRRR(1-S/3-PUS) (AGEBOT) [398]; (f) RRRR((1-R/1-RPR)R/1-SPU)R [401]; (g) (1-PR/1-
PRP)RPPPRS (UPSarm) [402]; (h) (1-UP/2-UPS)RRRR [407]; (i) (6-UPS)RRR [410]; (j) R(6-UPS)R [411].

3.4. Humanoids and Legged Systems

Humanoids and other walking robotic systems often include parallel–serial manipula-
tors that form their arms, wrists, legs, and other components [31]. The literature review has
shown that most of these manipulators rely on spherical parallel mechanisms with two or
three DOFs. For example, Wang et al. [412] considered a 3-DOF leg design for a wheel-leg
hybrid rescue robot based on a 2-DOF 1-U/2-UPS parallel mechanism (Figure 19a). The au-
thors analyzed the manipulator kinematics [412] and dynamics [413]. In studies [414,415],
Niu et al. examined the same manipulator used for another wheel-leg robot and deve-
loped its prototype. So et al. [416] considered a similar leg mechanism with another joint
arrangement of the 1-DOF serial chain (Figure 19b). Besides that, the universal joint in
the U branch was actuated in the authors’ prototype, which served as a hip module of
a biped robot. Zhang et al. [417] designed a parallel–serial torso for humanoid robots
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with a similar architecture, where the end-effector spherical joints were replaced with the
universal ones (Figure 19c).

(m) (n)

(a) (e)

(i) (j)

(k) (l)

(f)

(g) (h)

(b) (c) (d)

Figure 19. Parallel–serial manipulators used for humanoids and legged systems: (a) (1-U/2-
UPS)R [412]; (b) R(1-U/2-UPS) [416]; (c) R(1-U/2-UPU) [417]; (d) R(1-U/4-SPS) (HYDROïD) [418];
(e) R(1-U/4-SPS)R [419]; (f) R(1-RR/1-RRR)R [28]; (g) (1-RR/1-RRR)RR [420]; (h) (1-RR/1-
RRR)R(1-S/3-UPS) [421]; (i) (1-RR/1-RRR)RR(1-S/3-UPS) [422]; (j) (1-RR/1-RRR)RRR(3-RRR) [26];
(k) (3-RRR)R [423]; (l) (1-S/3-RRR)PR [424]; (m) (3-UPR)R [425]; (n) (2-RRRRR)RRRRRRR (Reconbot) [426].

Inspired by the leg mechanism above, Alfayad et al. [427] developed a hip module
with a similar hybrid architecture for another humanoid robot called HYDROïD. The only
difference was in the parallel mechanism: the authors replaced UPS branches with kine-
matically equivalent SPS branches. This was the beginning of a series of works in which
the authors considered various modifications of this parallel–serial architecture. Thus, in
papers [428,429], the authors added offsets to the end-effector joints and applied the mani-
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pulator as a shoulder module. Another modification included two auxiliary SPS branches
and cable transmission [418] (Figure 19d). The authors used it for the ankle and wrist of
the HYDROïD robot and studied its controller architecture in paper [430]. Abdellatif et
al. [419,431] considered a similar ankle mechanism with a toe revolute joint (Figure 19e).

2-DOF spherical parallel mechanisms in the discussed manipulators included a U
branch. Scholars have also used a closed-loop five-bar spherical linkage (with a 1-RR/1-
RRR architecture) to generate the same spherical motion. For example, Li et al. [28]
proposed a 4-DOF hybrid humanoid manipulator for on-orbit servicing that includes such
a mechanism (Figure 19f). In their other works, the authors considered the robot kinema-
tics [432], dynamics [433], and control [434] and designed its prototype. Paper [420] intro-
duced another 4-DOF hybrid humanoid arm with the 1-RR/1-RRR spherical mechanism
and an RR serial chain (Figure 19g) and analyzed its kinematics and dynamics. Subsequent
studies proposed various modifications of this architecture. In the first one [421], the authors
replaced the last revolute joint in the serial chain with a 1-S/3-UPS spherical parallel mech-
anism (Figure 19h). The authors’ paper was devoted to the kinematic and dynamic analysis
of this manipulator. In the second modification [422], the authors turned that revolute joint
back and derived a 7-DOF kinematically redundant architecture (Figure 19i). Its kinematics,
dynamics, and optimal trajectory planning were considered in papers [435,436]. Sun et
al. [26] proposed a similar humanoid robotic arm. The authors added a third revolute
joint to the serial chain and replaced the 1-S/3-UPS spherical mechanism with a 3-RRR
one (Figure 19j). Papers [437,438] considered the dimensional synthesis of this 8-DOF
manipulator.

The 3-RRR spherical parallel mechanism was also used as a parallel part of other
hybrid manipulators. Thus, Gao et al. [423,439] applied it in a 4-DOF robotic leg of a
quadruped robot (Figure 19k). Feller and Siemers [424] designed an innovative robotic
leg for a three-legged mechanism, where the parallel mechanism included an additional S
branch (Figure 19l). The serial chain of this leg had a passive spring-loaded prismatic joint.
Papers [440–442] considered the manipulator design, kinematics, and performance.

Finally, we mention two architectures not based on spherical parallel mechanisms.
The first one is a parallel–serial arm of the LARMbot humanoid robot [425]. It includes
a 3-DOF parallel mechanism with three UPR branches (Figure 19m). Fort et al. [443–445]
thoroughly discussed the manipulator design, and Ceccarelli [446] considered its various
applications. The second example is Reconbot, a reconfigurable hybrid robot proposed by
Ding et al. [426]. This robot relies on a reconfigurable parallel mechanism with two RRRRR
branches whose output link is equipped with two 7-DOF kinematically redundant serial
chains (Figure 19n, where one chain is omitted for clarity). The manipulator was placed
on a mobile platform and used for rescue operations. In their paper, the authors analyzed
robot mobility and showed the parallel mechanism could have from zero to five DOFs.

3.5. Haptic Devices

Haptic devices provide the force-feedback interface between a user and a virtual or
remotely operated environment. Scholars have proposed diverse haptic devices [447],
and some of them have parallel–serial architectures. For example, Li et al. [448] deve-
loped HFFD-6 (Hybrid Force Feedback Device with Six DOFs) based on the Delta mecha-
nism (Figure 20a). The manipulator end-effector attaches to the moving platform of this
mechanism with a 3-DOF RRR spherical serial chain. A similar device with a 4-DOF RRRR
spherical chain was considered in paper [449], and Hao et al. [450] added a 1-DOF gripper
to the haptic end-effector. Bilgincan and Dede [451] used another 3-DOF translational
parallel mechanism with parallelogram joints and constructed a 6-DOF haptic manipulator,
which also included the RRR spherical serial chain (Figure 20b). In paper [452], the authors
analyzed the manipulator dynamics. The last example is a 6-DOF parallel–serial haptic
device proposed by Tang and Payandeh [453]. It is based on a 3-RRR spherical parallel
mechanism and an RRR non-spherical serial chain (Figure 20c). The authors’ works were
devoted to kinematic analysis [454] and experimental studies [455,456] of this haptic device.
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(a) (b) (c)

Figure 20. Haptic devices based on parallel–serial manipulators: (a) (3-RPa*)RRR (HFFD-6) [448];
(b) (3-PaRRR)RRR [451]; (c) (3-RRR)RRR [453].

3.6. Additive Technologies

Robotic systems for additive technologies, such as 3D printing, rarely need more
than three translational DOFs to position the end-effector. However, scholars have added
rotational DOFs to make the end-effector more versatile. Thus, Lu and Li [457] proposed a
6-DOF 3D printing manipulator with a 3-PUU translational parallel mechanism and an RRR
serial chain (Figure 21a). In papers [458,459], the authors analyzed manipulator dynamics,
focusing on its parallel part. Zhou et al. [460] presented another hybrid architecture for 3D
printing. It included a 3-CPaRR translational parallel mechanism with decoupled kinemat-
ics and an RR spherical wrist (Figure 21b). In a later work [461], the authors modified the
robot design: they removed one revolute joint from each branch of the parallel mechanism
and considered a non-spherical RR serial chain (Figure 21c). Paper [462] studied the effect
of joint clearance on robot performance. Antonov et al. [463] designed a prototype of a
5-DOF parallel–serial manipulator for selective laser sintering. The manipulator featured
a 4-RPR redundantly actuated planar parallel mechanism installed on a linear guide and
equipped with a rotating end-effector (Figure 21d). A recent paper [464] performed stiffness
analysis and dimensional synthesis of this manipulator.

(a) (b) (c) (d)

Figure 21. Parallel–serial manipulators for additive technologies: (a) (3-PUU)RRR [457];
(b) (3-CPaRR)RR [460]; (c) (3-CPaR)RR [461]; (d) P(4-RPR)R [463].

3.7. Simulators

There are many simulators based on the Gough–Stewart platform, and scholars have
also developed parallel–serial simulators using this mechanism. For example, Cong et
al. [465] installed a rotating end-effector on this platform (Figure 22a). The authors’ study
was devoted to the kinematic analysis and simulations of the robot, with the main focus on
the parallel part. Wang et al. [466] placed the Gough–Stewart platform on a 3-DOF RRR
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spherical turn-table and applied it as a flight simulator (Figure 22b). The authors considered
robot kinematics in paper [467] and used kinematic redundancy to avoid singularities.

(a) (b)

(c) (d) (e)

Figure 22. Parallel–serial manipulators applied as simulators: (a) (6-UPS)R [465]; (b) RRR(6-
UPS) [466]; (c) P(1-U/2-PSS)P [468]; (d) (1-PSS/2-PPa*)RRR [469]; (e) PP(1-PS/3-RSS) [470].

Among other examples is a 4-DOF urban bus driving simulator proposed by Jaberi
et al. [468]. It is based on a 2-DOF 1-U/2-PSS parallel mechanism mounted on a linear
guide (Figure 22c). In their study, the authors analyzed kinematics and evaluated the
mechanism performance. Qazani et al. [469] designed a 6-DOF hybrid simulator based
on a 3-DOF Gantry-Tau translational mechanism and an RRR spherical wrist (Figure 22d).
Paper [471] considered various control strategies of this robot. Another 6-DOF simulator
was developed by Nabavi and Enferadi [470]. It included a 4-DOF 1-PS/3-RSS parallel
mechanism with co-axial revolute joints installed on a 2-DOF XY moving table (Figure 22e).
The authors’ research was focused on manipulator dynamic analysis.

3.8. Orienting Devices

This subsection considers parallel–serial manipulators applied as positioning or ori-
enting devices. The first example is a 3-DOF hybrid robot proposed by Gao et al. [472].
It is based on a 2-DOF five-bar spherical mechanism whose output link is equipped with a
rotating end-effector (Figure 23a). The authors focused on the dynamic analysis of this robot
in their paper. Xu et al. [473] developed another rotary platform based on a 2-DOF spherical
parallel mechanism. This redundantly actuated mechanism has one passive U branch and
three UPS branches (Figure 23b). The rotating joint of the serial chain was actuated by an
auxiliary branch, and the authors considered the robot design and calibration in study [474].
Zhang et al. [475] proposed a hybrid antenna device based on a 3-DOF 3-RRRRR parallel
mechanism with symmetrically arranged branches (Figure 23c). In their later works, the
authors focused on the robot dynamics [476] and dimensional synthesis [477]. The last
example in this subsection is a 6-DOF positioning stage studied by Wang and Chen [20].
It includes a 3-PPS parallel mechanism installed on a 2-DOF moving table (Figure 23d).
The authors designed a robot prototype and considered its calibration procedure.
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Figure 23. Parallel–serial manipulators applied as orienting devices: (a) (1-RR/1-RRR)R [472];
(b) (1-U/3-UPS)R [473]; (c) (3-RRRRR)R [475]; (d) PP(3-PPS)R [20].

3.9. Ocean Wave Compensation

Manipulators presented in this subsection are installed on ships and developed to
compensate for ocean waves. For example, Wang et al. [478] considered a manipulator
composed of a 6-DOF Gough–Stewart platform and an RRP serial chain (Figure 24a).
The manipulator end-effector represents a telescopic gangway used for service opera-
tions [479]. The authors studied kinematics and motion planning for this mechanical system
in works [480–482]. Niu et al. [483] proposed a similar manipulator where the Gough–
Stewart platform was replaced with a 3-DOF 1-UP/3-UPU parallel mechanism (Figure 24b).
In that paper, the authors considered the kinematics and dynamics of this robot. The final
example is a 6-DOF hybrid platform developed by Tang et al. [484]. It relies on a simi-
lar 3-DOF parallel mechanism but includes a PPR serial chain (Figure 24c). The authors
designed a robot prototype and analyzed its mobility and kinematics.

(a) (b) (c)

Figure 24. Parallel–serial manipulators for ocean wave compensation: (a) (6-UPS)RRP [478]; (b) (1-
UP/3-UPU)RRP [483]; (c) (1-UP/3-UPU)PPR [484].

3.10. Other Applications

This subsection discusses parallel–serial manipulators used in other applications not
mentioned earlier. Thus, Wu et al. [485] proposed a 5-DOF spray-painting robot based on a
3-DOF planar parallel mechanism with two branches (Figure 25a). In paper [486], the au-
thors analyzed the robot kinematics and dynamics and performed its dimensional synthesis,
focusing on the parallel part. Wang et al. [487] considered another 5-DOF painting robot,
which included a 1-U/2-SPU parallel mechanism and an RRR serial chain (Figure 25b), and
studied its kinematics. Karim et al. [488] designed a 7-DOF PP(3-RPS)RR parallel–serial
manipulator for high-power, high-repetition laser operations (Figure 25c). The authors
developed a prototype of this device, and their later studies were devoted to its accuracy
analysis [489,490] and control system [491]. An original pole-climbing parallel–serial robot
was proposed by Vossoughi et al. [492]. This 4-DOF system included a 3-RPR planar
parallel mechanism attached to a rotary base (Figure 25d). In later works, the authors
focused on the dynamics [493], dimensional synthesis [494], design [495], and various
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applications [496] of the robot. Yan et al. [497] considered another exotic parallel–serial
manipulator used for robotic dancing. It was based on a 4-DOF parallel mechanism at-
tached to an RR serial chain (Figure 25e). In their study, the authors considered the robot
kinematics and developed its prototype.

Finally, we mention a few studies devoted to the theoretical analysis of some parallel–
serial manipulators, without mentioning specific applications or developing physical proto-
types. Chablat et al. [498,499] considered singularities and isoconditioning loci of a 3-DOF
manipulator, which included a 2-DOF planar five-bar linkage (Figure 25f). Huang et al. [500]
and Lee and Kim [501] studied the instantaneous kinematics of 6-DOF parallel–serial ma-
nipulators based on a 3-RPS parallel mechanism and an RRR serial chain (Figure 25g).
The authors also performed a similar analysis for a hybrid manipulator with an RRP serial
chain [502] (Figure 25h). Chen [503] considered the dynamics of a 9-DOF manipulator
based on the Gough–Stewart platform equipped with an RRR serial chain (Figure 25i).
Cha et al. [504] analyzed another kinematically redundant robot with the same parallel
mechanism attached to a PPP serial chain (Figure 25j). The authors’ study was devoted to
the robot kinematics and redundancy resolution.

(a)

(e) (f) (g) (h)

(b) (c) (d)

(i) (j)

Figure 25. Other parallel–serial manipulators for miscellaneous applications: (a) P(1-PRR/1-
PRR)R [485]; (b) (1-U/2-SPU)RRR [487]; (c) PP(3-RPS)RR [488]; (d) R(3-RPR) [492]; (e) RR(1-
RRRR/1-RRRRRP) [497]; (f) R(1-RR/1-RRR) [498]; (g) (3-RPS)RRR [500]; (h) (3-RPS)RRP [502];
(i) (6-UPS)RRR [503]; (j) PPP(6-UPS) [504].
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4. Design and Analysis

The previous section presented many architectures of parallel–serial manipulators.
The current section discusses what methods scholars used when they developed and
analyzed these manipulators. We consider various techniques for their type synthesis,
mobility, kinematic, and dynamic analysis, optimal design, control, and calibration.

4.1. Type Synthesis

The first step in developing a manipulator is selecting its kinematic scheme—this
process is known as type synthesis. There are different approaches for solving the type
synthesis problem, classified and thoroughly discussed in works [505,506]. Here, we focus
on the methods applied to synthesize parallel–serial manipulators.

Chakarov and Parushev [507] were among the first to tackle this problem by using
mobility formulae and Assur groups with linear actuators. The authors took a primary
serial chain and located these groups between its links. After that, the drives in the serial
chain were replaced with the linear actuators in Assur groups, resulting in quasi-serial
manipulators discussed in Section 2 (Figure 1d). Campos et al. [508] followed a similar
approach based on Assur groups and synthesized symmetrical manipulators from a 0-DOF
primary mechanism.

The synthesis approaches above considered only the number of DOFs, ignoring the
output link motion type. Other studies examined the nature of these DOFs as well. Thus,
Zeng and Fang [509,510] developed a generalized method based on group theory and repre-
sented mechanisms as logical matrices, aiming to automate the type synthesis procedure.
This method was advanced in works [23,511], where the authors introduced several novel
manipulators. However, the major focus of these studies was on interconnected mecha-
nisms. We can also mention the work of Shen et al. [512], who applied the so-called position
and orientation characteristics sets (POC sets) to synthesize parallel–serial manipulators
with three to five DOFs, which was the development of the authors’ previous study [513].
Many novel manipulators were obtained by considering various combinations of parallel
mechanisms and serial kinematic chains.

The mentioned studies proposed systematic techniques to synthesize parallel–serial
manipulators with a different number of DOFs and different motion types. Other works
focused on the type synthesis of mechanisms with a specific number of DOFs and specific
motion types. For example, Qin et al. [514,515] used the so-called generalized function sets
to design 5-DOF parallel–serial manipulators with three translational and two rotational
DOFs (3T2R motion type), where parallel mechanisms had three or four DOFs. Following
this approach, the authors created over three hundred different mechanisms. The same
method was used by the authors in works [516–518] to synthesize 3R2T parallel–serial
manipulators. He et al. [408] followed this approach when designing a 7-DOF (1-UP/2-
UPS)RRRR hybrid manipulator.

Most other synthesis approaches of parallel–serial manipulators rely on the (instanta-
neous) screw theory or Grassmann line geometry. Thus, Xie et al. [519] applied the latter
for the type synthesis of parallel mechanisms with one translational and two rotational
DOFs (1T2R motion type), which constituted a parallel part of 5-DOF hybrid manipulators.
Chong et al. [25] used a similar method to develop a 3-RCU mechanism within another
5-DOF parallel–serial manipulator. Screw theory was applied for the type synthesis of
TriMule [62,86], (1-U/3-UPS)R [473] and R(1-PU/2-CRS) [358] manipulators, and hybrid
manipulators based on planar parallel mechanisms [520]; most of these studies focused
on the synthesis of parallel mechanisms. Zhang et al. [521] also combined the methods of
instantaneous and finite screw theory to generate novel manipulators for space operations.
Finally, we mention paper [522], whose authors synthesized 5-DOF hybrid manipulators
with a 3-DOF parallel mechanism by replacing a fragment of the primary serial chain.
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4.2. Mobility Analysis

Mobility analysis is closely related to the type synthesis, and it aims to compute
the number of DOFs of the manipulator end-effector and verify that it has the desired
motion type. For parallel–serial manipulators, the mobility analysis is usually performed
separately for serial and parallel parts using traditional approaches, and then the results
are combined. Most of these approaches rely either on mobility formulae or screw theory,
as exemplified below.

Thus, Zanganeh and Angeles [523] introduced a generalized approach suitable for
a wide class of hybrid manipulators using mobility formulae and graph representations
of the mechanisms. The formulae were also applied for mobility analysis of different
parallel–serial manipulators with five to nine DOFs [140,228,298,307,353,497] considered in
Section 3. The major limitation of this method is that it does not reveal the motion type of
the manipulator and may yield incorrect results for overconstrained mechanisms.

Screw theory resolves this problem and has become a standard tool for the mo-
bility analysis of parallel and parallel–serial manipulators. For example, scholars used
this approach to analyze the mobility of different manipulators with four [171,357,475],
five [202,222,283], and six [484] DOFs. Other authors also combined screw theory with mo-
bility formulae, which were used to validate the results. This is probably the most popular
technique for mobility analysis, successfully applied to parallel–serial manipulators with
three [412,414,415], four [352], five [66,210,223,282,284,354,385,460], six [318], seven [401],
and eight [26] DOFs or a reconfigurable design [426], which were discussed in Section 3.

Other methods of mobility analysis included a combination of screw theory and
Grassmann–Cayley algebra [182] and the use of POC equations [377].

4.3. Position Analysis

Position analysis aims to solve two fundamental problems: the forward (or direct)
kinematic problem and the inverse one. In forward kinematics, we have to describe the
motion of all links of the manipulator (in particular, of its end-effector) in terms of the input
motion of the actuators. The inverse kinematics considers the opposite problem and aims
to express the motion of the links required for the specified trajectory of the manipulator
end-effector. Both problems form the foundation for the entire kinematic and subsequent
dynamic analysis of the manipulator, as well as its performance evaluation, calibration,
and control.

Solving forward kinematics for serial manipulators is straightforward, while inverse
kinematics is usually more challenging. The opposite is true for parallel robots: their
inverse kinematics has a simple closed-form solution most times, while forward kinematics
is often solved numerically. In this regard, position analysis of parallel–serial manipulators
becomes challenging in both forward and inverse directions. Next, we consider how
scholars have addressed the position analysis of various hybrid robots. This analysis is
performed in most papers cited in Section 3, so this subsection only discusses several
representative examples and general techniques and ignores works that focus only on the
kinematics of the parallel or serial part.

The first step in position analysis is deriving equations that relate actuator displace-
ments to the end-effector configuration. One way to solve this problem is to replace the
parallel mechanism with an equivalent virtual serial chain, perform the analysis for this
chain, and then return to the parallel mechanism. Shukla and Paul proposed this method in
their work [524] and used the Denavit–Hartenberg (D-H) approach to establish coordinate
frames and obtain the desired equations. The D-H approach was used to derive equations
for different parallel–serial manipulators with four [28], five [487], six [453,454,497], and
seven [253,397] DOFs. Singh et al. [27,365,366] also suggested an improved D-H nota-
tion and analyzed a 7-DOF manipulator with that method. As an alternative to the D-H
approach, some scholars derived the equations using the product-of-exponentials (POE)
formula. This method does not need to introduce intermediate reference frames, and it
was applied to parallel–serial manipulators with four [475,476], five [239,369], eight [26], or
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ten [266] DOFs. In works [237,238,484], the authors also used the POE formula to model
the kinematics of the serial chain within the whole manipulator. However, because most
parallel–serial manipulators include lower-mobility parallel and serial mechanisms with
simple architectures, scholars prefer geometrical (vector) methods [34,35,60,81,317,502] to
obtain the kinematic equations.

After deriving the equations, the next step is to use them to solve a forward or an in-
verse kinematic problem. Since inverse kinematics is crucial for robot control and practical
applications, scholars have mainly focused on solving this problem when analyzing parallel–
serial manipulators. Most non-kinematically redundant manipulators used in practice and
considered in Section 3 admit a closed-form solution to this problem; for example, manipu-
lators with three [227,412,414,415,431], four [203,352,420], five [87,93,139,222,282,284,412],
and six [421] DOFs. Sometimes, a solution to the inverse kinematics can be found in-
dependently for serial and parallel parts [45,161,211,278,371,398,399,471], simplifying the
kinematic analysis.

For some parallel–serial manipulators, the inverse kinematic problem does not have
a closed-form solution. For example, Waldron et al. [393] solved the inverse kinematics
for the 6-DOF part of the 10-DOF ARTISAN manipulator with numerical methods. López-
Custodio et al. [192,196] also applied numerical techniques to solve this problem for the
Exechon-based parallel–serial manipulator with offset joints. One should also mention
study [432], whose authors used a fuzzy logic compensator to enhance online computations
of the inverse kinematics for a 4-DOF manipulator.

Unlike manipulators with three to six DOFs discussed so far, the inverse kinematics of
kinematically redundant parallel–serial manipulators admits an infinite number of solu-
tions. A standard way that scholars used to overcome this issue is fixing the redundant
DOFs and then tackling inverse kinematics using familiar approaches. For example, Wang
et al. [407] and He et al. [408] fixed one actuator in the serial chain of the 7-DOF robot and
solved the inverse problem by combining analytical and numerical methods. A similar tech-
nique was applied to another 7-DOF parallel–serial manipulator in study [435]. Cheng [403]
resolved the kinematic redundancy of the 10-DOF UPSarm manipulator using specific
rules and selected the joints to be fixed depending on the robot application. Unlike these
works, whose authors fixed an actuator of the serial chain, Cheng et al. [401] specified one
Cartesian coordinate of the joint center to resolve the redundancy of a 7-DOF hybrid robot.
Kucuk and Gungor [364] analyzed a 9-DOF manipulator based on a 6-DOF Gough–Stewart
platform and assumed that the position vector of this platform was known; after that, the
authors computed a closed-form solution to the inverse kinematic problem. There also
exist other approaches for resolving kinematic redundancy. Thus, an original approach
was proposed by Wang et al. [478,481], who solved the inverse kinematics of a similar
9-DOF parallel–serial manipulator using a fuzzy algorithm. Cha et al. [504] considered
another 9-DOF manipulator based on the Gough–Stewart platform and solved its inverse
kinematics with an optimization procedure, which aimed to minimize the motion of the
serial mechanism for the specified trajectory.

Position analysis in the papers cited above focused mainly on inverse kinematics.
Other studies also considered both inverse and forward kinematics. Since many parallel–
serial manipulators include lower-mobility parallel mechanisms with two or three DOFs,
a solution to the forward kinematics can often be found in a closed form or reduced to a
univariate polynomial equation using elimination techniques. These methods were success-
fully applied to different hybrid manipulators with three [360], four [29,171,245,321,425,493],
five [140,228,235,303,313,315,328,361,363,374], and six [345,348,388] DOFs. However, applying
the methods above can be challenging or computationally ineffective, so other scholars used
numerical techniques to solve forward kinematics. These techniques included a standard
Newton’s iterative method [34,88,162,165,195,448], an optimization approach [358], and
methods based on neural networks [184,185,223].
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4.4. Instantaneous Kinematic Analysis

The main goal of the instantaneous kinematic analysis is to derive Jacobian matrices
that relate speeds in the actuated joints of the manipulator to its end-effector velocities.
This analysis forms the basis for subsequent singularity determination and performance
optimization, where cost functions are often based on these matrices [525]. Scholars have
followed several approaches to analyze the instantaneous kinematics of parallel–serial
manipulators, and here, we present several illustrative examples. As in the previous subsec-
tion, we ignore studies that focus just on the parallel or serial part of the whole manipulator.

The most straightforward method is to differentiate kinematic equations obtained
in position analysis. For example, this technique was applied to hybrid manipulators
with three [360,415], four [171], five [298,313,375,460], and six [348] DOFs. The listed
studies show this method is straightforward, but symbolic differentiation of the kinematic
equations can be cumbersome. Another drawback of this method is that the Jacobian
matrices obtained this way do not give a clear geometrical interpretation to singular
configurations and can also catch the so-called representation singularities, which are not
true kinematic singularities of a robot [526].

The second approach for instantaneous kinematics is to write vector equations for
the linear and angular velocities of the end-effector. Sklar and Tesar [527] were proba-
bly the first to propose a concise procedure for parallel–serial manipulators. Chung et
al. [528] modified this method and suggested replacing a parallel mechanism with a virtual
joint. Most other studies are less generalized and consider specific architectures with
three [499], four [420,493], five [283,361], six [393,484], or seven [435] DOFs. There are
also examples where the vector approach is combined with the differentiation approach
considered above [93,216,238,371,413,482,529]. To summarize, the vector method results
in more compact expressions than the differentiation approach. The obtained relations
usually include cross- and dot-products of vector variables, providing a clear geometrical
interpretation of singularities. The main drawback of this technique is that there is no
unique way to eliminate speeds in unactuated joints.

The third method, which avoids the limitations of the previous ones, relies on the
screw theory, and there are several systematic approaches based on this concept. Thus,
Etemadi-Zanganeh and Angeles [530,531] introduced a procedure suitable for general
hybrid manipulators and used the screw-system annihilator to exclude speeds in unac-
tuated joints. Monsarrat and Gosselin [532] developed another systematic method ap-
plicable to robots with flexible links. Sun et al. [533] proposed an approach based on
replacing a parallel part with an equivalent serial chain. However, these approaches ei-
ther ignored motion constraints or suggested using pseudo-inverted Jacobian matrices,
which could be less intuitive for understanding. To overcome these issues, Antonov and
Fomin [370] have recently proposed another screw-theory-based method suitable for a
wide class of non-kinematically redundant parallel–serial manipulators, which generalized
the authors’ previous works [141,240]. Most other studies focused on manipulators with
specific architectures: for example, on parallel–serial robots with three [418], four [432],
five [138,173,282,284], and six [18,35,501,502] DOFs. In paper [182], screw theory was
combined with Grassmann–Cayley algebra.

4.5. Singularity Analysis

Singularities represent configurations of the manipulator where its end-effector loses
DOFs or acquires uncontrollable motions. Determining singular configurations relates
directly to the instantaneous kinematic analysis discussed in the previous subsection, and
numerous papers considered this topic [13]. Here, we focus on studies devoted to the
singularities of parallel–serial manipulators.

The methods scholars used to analyze singular configurations match the methods of
the instantaneous kinematic analysis that we considered above. The first approach is to
equate a determinant of Jacobian matrices to zero and find a scalar condition indicating
a singularity. This method was applied to different parallel–serial manipulators with
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three [418,427], four [171,423], five [284,295,298,303,312], and six DOFs [388]. In some
works, this method was used only for the parallel part of the hybrid robot; for example, for
2-DOF parallel mechanisms [317,401,468].

The second way to determine singular configurations is to find geometrical conditions
when the determinant is zero. Liu et al. [60] and Tosi et al. [336] followed this technique but
considered only the parallel part of their hybrid robots. In contrast, Laryushkin et al. [141]
determined the singularities of the whole manipulator and constructed Jacobian matrices
using screw theory.

Screw theory generalizes the geometrical method, and it allows detecting singular
configurations with no need to compute the determinants. Scholars applied screw theory to
analyze the singularities of parallel–serial manipulators with four [316], six [327,484], and
eight [26] DOFs. Grassmann line geometry, as a special case of screw theory, was also used
to tackle this problem [282], while Tanev [323] combined screw theory techniques with
geometric algebra. Most of these works, however, focused just on the parallel mechanisms.

Finally, we mention the works of Wang et al. [466,467], who studied how to avoid
singularities using kinematic redundancy.

4.6. Workspace Analysis

The workspace of a manipulator represents the set of postures achievable by its
end-effector. The workspace shape and dimensions are determined by the manipulator
geometrical parameters, joint constraints, link interference, and singular configurations.
For robots with three or greater DOFs, there are different types of workspaces depending
on the considered orientations [257]. This subsection covers the methods scholars have
used to analyze the workspaces of parallel–serial manipulators.

The conventional and probably most popular approach is a discretization method
based on inverse kinematics. In the first step, the entire motion space of the mani-
pulator end-effector is sampled into discrete points. Next, for each point, we use in-
verse kinematics and check whether we meet all the joint constraints and other restric-
tions. As we saw in Section 4.3, the inverse kinematic problem of most developed
parallel–serial manipulators has a closed-form solution, so it becomes quite simple to
implement this method. Scholars applied it for workspace analysis of various hybrid
robots with three [412], four [29,171,476], five [45,199,201,210,211,213,284,295,303,328,385],
six [281,327,346,421,484], and seven [336] DOFs.

As discussed in Section 4.3, some architectures of parallel–serial manipulators ad-
mit a closed-form solution to the forward kinematic problem, which can help deter-
mine the workspace. Unlike the previous method, we sample the set of actuator dis-
placements and then use forward kinematics to find the end-effector posture. Scholars
followed this approach to obtain the workspace of manipulators with four [317,425],
five [140,223,232,298,312], seven [161], and nine [396] DOFs. In paper [393], the authors
used a numerical solution to the forward kinematic problem. Other numerical techniques
applied to workspace analysis of parallel–serial robots included interval analysis [197,468]
and a chord method [463].

A geometrical method represents another way to construct the robot workspace.
The idea behind this method is to analyze geometrical objects (surfaces and volumes),
corresponding to the sets of possible locations of the manipulator links, and then find their
intersections or unions. Compared to the discretization techniques, the geometrical method
provides a more accurate workspace boundary, but it is more challenging to implement for
manipulators with three or more DOFs. There are just a few examples of its application,
where it was used for parallel mechanisms with two [73] and three [249,486,492] DOFs,
which constituted the part of hybrid manipulators.

4.7. Dynamic Analysis

Dynamic analysis of a manipulator aims to derive equations of motion that relate its
kinematic parameters (positions, velocities, and accelerations of the links) and dynamic
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parameters (internal and external forces and torques). These equations serve multiple
purposes. Foremost, they allow computing the motor torques required to realize a specified
end-effector motion. This analysis is the foundation for selecting the appropriate motors
for the manipulator.

Scholars have applied different techniques to analyze the dynamics of parallel–serial
manipulators. The earliest attempts to tackle this problem included the work of Sklar and
Tesar [527], who proposed an approach based on so-called influence coefficients. This
generalized approach, suitable for a wide class of hybrid manipulators, was refined in later
studies [528,534,535]. However, to our knowledge, it was not applied to the manipulators
discussed in Section 3, and scholars preferred using other techniques.

The first one relies on Newton–Euler equations, written for each manipulator link.
The major challenge here is solving the composed system of equations, which includes many
joint reactions we are usually not interested in. Unlike serial robots, where this method
leads to efficient recursive dynamic computations, implementing it to hybrid manipulators
becomes problematic because of the closed-loop nature of parallel mechanisms. There
are just a few examples where Newton–Euler equations were used to model dynamics
of parallel–serial manipulators with four [420,493], five [389], six [35], seven [16,435], and
nine [503] DOFs.

The second approach is based on Lagrange’s equations. In this method, we compute
the kinetic and potential energies of the links and their derivatives, without considering joint
reactions (except for friction forces). Finding these derivatives often leads to cumbersome
calculations, which is the major limitation of Lagrange’s equations. Thus, this approach
was used in few papers that studied the dynamics of parallel–serial manipulators with
three [359], five [374,461], six [346], and seven [395] DOFs.

The virtual work principle is another tool to derive equations of motion. Com-
pared with the Newton–Euler and Lagrangian methods, it ignores internal joint reac-
tions and does not require composing and differentiating energy functions. These ad-
vantages have made the virtual work principle the most popular technique for ana-
lyzing the dynamics of parallel–serial manipulators. Zhang et al. [529] have recently
presented a generalized formulation of this method for these robots. Its application
can be found in numerous papers that considered different hybrid manipulators with
three [413,486], four [155,156,205,247,248,433], five [77,81,93,178,216,221,224,283,291,300,301],
six [281,458,483], and nine [172] DOFs. Most of these works, however, focused on the
dynamics of the parallel mechanism or considered a serial chain attached to its moving
platform as a lumped mass.

Some scholars also combined the methods listed above during dynamic analysis. There
are examples of combining Newton–Euler equations with Lagrangian approach [234,253,383],
and Lagrangian approach with the virtual work principle [421,452,472]. The less widespread
methods of dynamic analysis were based on screw theory [138,476] and Gibbs–Appell
equations [470].

4.8. Performance Evaluation

This subsection considers the methods scholars have used to evaluate the performance
of the developed parallel–serial manipulators. Most methods rely on computing different
metrics (performance indices), whose definitions are not presented here but can be found
in relevant papers [536,537]. To make the presentation more concise, we classify these
methods and metrics into three groups (kinematic, static, and dynamic), as discussed next.

4.8.1. Kinematic Performance

Metrics of kinematic performance reflect how drive errors affect the positioning ac-
curacy of the manipulator end-effector and how close the considered configuration is to
singularity. A conventional approach here is to compute the condition number (or its
inverse, also known as the conditioning index) of the Jacobian matrix, and it was applied
by scholars in numerous studies [314,317,358,457,486,498] to estimate manipulator dex-
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terity. A similar method is to compute and evaluate the singular values of the Jacobian
matrix [60,138].

Input and output transmission indices represent other common metrics used to eval-
uate the kinematic performance. Transmission indices are based on screw theory and
generally applied to parallel manipulators. Researchers used these metrics to evaluate the
performance of 3-DOF parallel mechanisms in hybrid manipulators with four [171] and
five [25,166,167,214,219] DOFs.

Some scholars also introduced their own original metrics to analyze the kinematic
performance of specific parallel–serial manipulators. Thus, Jaberi et al. [468] and Wang
et al. [146,147] proposed different sensitivity indices, which were applied to the parallel
part of the considered hybrid robots. Zou et al. [29] introduced the so-called level index
to evaluate translational and rotational manipulability. Lee and Kim [538] estimated the
manipulability and resistivity of a planar parallel–serial manipulator by constructing the
corresponding ellipsoids.

4.8.2. Static Performance

The static performance evaluation of a manipulator relates directly to its stiffness
analysis. This analysis considers the deformations and displacements of the manipulator
links under external loads, which is crucial for high-precision operations. Section 3.1 shows
that the stiffness analysis of parallel–serial manipulators is the subject of many studies.
Here, we mention typical techniques applied by scholars.

The first and probably most popular method is the analytical approach. The idea
behind this method is to derive stiffness/compliance matrices of the links using elastic or
beam models and then combine these matrices to obtain the resulting stiffness matrix of the
whole manipulator. This matrix maps the applied load to the end-effector deformations and
allows estimating the robot stiffness. The more detailed the considered models, the more
accurate the obtained results, but the computation complexity increases as well. In search of
a trade-off between model accuracy and complexity, scholars proposed different analytical
approaches and applied them to various parallel–serial manipulators with three [415],
four [249,322], five [92,97,129,188,196,200,201,206,213,225,329], six [61,85,286], seven [278],
nine [254], and ten [260] DOFs.

The second, semi-analytical method aims to overcome the drawbacks of the preceding
approach. In this method, the compliance matrices of the links are determined using
computer-aided design. It offers more accurate and less computationally expensive results
than elastic models. On the other hand, we have to recompute these compliance matrices if
the link geometry changes, which is the main limitation of the semi-analytical approach.
Nevertheless, variations of this method were successfully applied to stiffness analysis
of parallel–serial manipulators with four [74], five [82,168,169], and six [38] DOFs; in
particular, to the analysis of the 5-DOF TriMule robot [89,90,94–96].

Finally, finite element analysis (FEA) can also be used to evaluate the manipulator
stiffness. Most works cited above used FEA to verify the results of analytical and semi-
analytical methods. Papers [73,78,208,218,219] also illustrate the application of FEA to
different parallel–serial manipulators.

4.8.3. Dynamic Performance

Similar to the metrics of kinematic performance that rely on Jacobian matrices, the
metrics of dynamic performance are generally based on the manipulator mass matrix. Thus,
scholars analyzed the so-called dynamic dexterity of parallel–serial manipulators by com-
puting the condition number or singular values of the mass matrix [77,100,221,421,459,485].
Kong et al. [178] calculated the trace of this matrix and introduced the joint reflected inertia
coefficient to evaluate the dynamic performance of a 5-DOF manipulator. A similar study
was performed by Wang et al. [159], who analyzed the variations of components of the mass
matrix and the gravity vector over the workspace. The authors of [98] defined an original
performance index based on the gravity-center position and applied it to the analysis of
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the TriMule robot. Finally, we mention studies [215,216] whose authors used dynamic
equations to estimate the maximum driving forces.

4.9. Dimensional Synthesis

Dimensional synthesis, also known as optimal design, aims to determine the dimen-
sions of the manipulator links, which are appropriate for a specific application. These
dimensions are usually computed with an optimization procedure that tries to maximize
or minimize some objective function [525].

Maximizing the volume of the manipulator workspace is probably the simplest formu-
lation of the dimensional synthesis problem, which was considered in works [172,222,284].
Most other studies have defined the objective function using performance metrics dis-
cussed in the previous subsection. One conventional method here is to maximize the global
conditioning index that reflects the kinematic performance of a manipulator. Scholars
followed this approach to optimize the dimensions of hybrid robots with four [316,423]
and five [60,64,79,181,312] DOFs. The authors of [58,73,84,449] also considered modified
(weighed) variants of the conditioning index.

Transmission indices have also been used as objective functions in the dimensional
synthesis problem. For example, Sun et al. [438] maximized these indices and optimized
the geometry of an 8-DOF humanoid robotic arm. He et al. [279] studied the hierarchical
optimization of a 5-DOF manipulator: first, the authors used transmission indices to
evaluate the kinematic performance and optimized dimensional parameters; after that, the
authors optimized structural parameters of the links to improve the stiffness performance.
The stiffness criterion was also considered by Tang et al. [200]. The authors introduced a
local dexterity index, which reflected both the dexterity and stiffness of the robot with no
need to allocate weighting factors.

The studies mentioned above optimized the dimensions of the links by maximizing
or minimizing a single performance metric. In other works, the authors performed a
multi-objective optimization of robot geometry. For example, the authors of [67,70,494]
combined workspace and dexterity criteria, while Xu et al. [474] considered the maximum
workspace and load-bearing capacity. Zou et al. [29] solved the optimal design problem for
a 4-DOF pick-and-place robot by maximizing the workspace volume and manipulability
indices. Zhang et al. [207,208] optimized the geometry of another 4-DOF manipulator by
considering different transmission indices, while Dong et al. [65] performed dimensional
synthesis of TriMule by maximizing these indices and the ratio of the workspace volume
to the robot footprint. In paper [91], the authors also considered this ratio and the lateral
stiffness of the manipulator.

The stiffness criterion has often been combined with other performance metrics when
solving the optimal design problem. Thus, Xu et al. [250] considered a weighed sum of the
global stiffness index and workspace volume as an objective function. Li et al. [198] also
included a comprehensive kinematic index based on the condition number. Paper [375]
performed a similar analysis that combined a stiffness index with the condition number of
the Jacobian matrix. Among other kinematic and static metrics considered with a stiffness
index are transmission indices [173] and the total mass of a manipulator [387,392].

Dynamic performance indices have also been used together with other metrics in the
dimensional synthesis of parallel–serial manipulators. For example, Li et al. [271] com-
bined a dynamic dexterity index with a stiffness index, while Zhao et al. [100] considered
these metrics and a global kinematic index. The authors of [221,486] optimized dynamic
performance with workspace dimensions and other kinematic metrics. Finally, we mention
the work of Zhang et al. [226], who performed a multi-objective optimization considering a
workspace evaluation index, a transmission index, a stiffness index, a dexterity index, an
energy efficiency index, and an inertia coupling index.



Machines 2024, 12, 811 39 of 64

4.10. Control

The manipulator control system aims to reduce the error between the specified and
actual trajectories of the end-effector. Scholars have proposed different techniques to solve
this problem [539,540]. One of the most widely applied methods is to use P, PI, PD, or
PID (proportional–integral–derivative) controllers to track the error of the actuators. Thus,
Chen et al. [161] applied a PD controller for a 7-DOF manipulator, while Liu et al. [120]
considered a cascade control scheme with P and PI controllers and feedforward speed
compensation for TriMule. In paper [112], the authors modified this approach by collecting
data from externally mounted encoder systems. Similar control schemes were used in
studies [118,159]. Wang et al. [153–155] also applied cascade control with feedforward
compensation to another hybrid machine tool, while Goubej and Švejda [400] proposed
a cascade PID control for 7-DOF AGEBOT. Mohatna et al. [359] applied conventional
PID controllers for a 3-DOF rehabilitation robot. Alfayad et al. [418] also implemented a
PID controller but computed feedback signals using the end-effector motion and inverse
kinematic models. Another example is the work of Qazani et al. [469], who combined PID
and neural network controllers for the 6-DOF hybrid robot.

Feedback linearization (also known as inverse dynamics control or computed torque
control) is another familiar control strategy that aims to compensate for the non-linear
dynamics of a manipulator. Cheng [403] used this method and a PID controller to control
the 10-DOF UPSarm manipulator. Wu et al. [268] applied similar techniques combined with
a feedforward controller to suppress the chattering of 10-DOF IWR. Feedback linearization
was also used together with a PID controller [363] and LQR [362] (linear quadratic regulator)
to control 6-DOF CochleRob.

Sliding mode control represents one more method of non-linear control, which was
applied to parallel–serial robots. Qin et al. [433,434] implemented it to control a 4-DOF
humanoid manipulator, and Yang et al. [117] implemented sliding mode control for 5-DOF
TriMule. Vasanthakumar et al. [360] combined this method with a non-linear disturbance
observer. A similar technique was applied by Dong et al. [55], who developed an active
disturbance rejection controller with an extended state observer and non-linear state error
feedback and applied it to a polishing robot.

The end-effector of many parallel–serial manipulators touches a processed object, and
it is often necessary to control the contact force. Thus, hybrid force/position control was
applied to manipulators with six [393], seven [160], and ten [340] DOFs. Impedance (admit-
tance) control is another well-known method of force control, which renders a viscoelastic
contact model. Wang et al. [407] and He et al. [16] used this technique in a capturing experi-
ment with a 7-DOF hybrid manipulator. In studies [172,175,252], the authors implemented
different impedance controllers for polishing robots, while papers [320,335,355] used these
control schemes in medical applications.

Fuzzy logic controllers have also been used in the control schemes of parallel–serial
manipulators. The applications of these controllers include harvesting [411], fracture
reduction [350], and motion simulators [471]. In papers [40,269], the authors used fuzzy
logic to tune the gains of PID controllers. Finally, Li et al. [313] proposed a fuzzy variable
admittance controller for a 5-DOF spine surgery robot.

4.11. Calibration

Geometrical and inertial parameters of a physical manipulator can differ from its
mathematical model and their nominal values. This difference affects the motion accuracy
of the manipulator end-effector, and the calibration aims to evaluate the real values of the
parameters and compensate for the errors [541,542].

The literature review of parallel–serial robots has shown that scholars focused mainly
on their kinematic calibration, i.e., on identifying geometrical parameters. Most proposed
calibration techniques rely on the following concepts. First, the error model is derived,
typically at the position level (using forward kinematics) or velocity level (using Jacobian
matrices). Next, the end-effector configuration is estimated using external measurement
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systems. Finally, an optimization procedure (e.g., the least squares method) updates the
values of geometrical parameters until the measured data match the error model.

We found it convenient to classify the existing calibration studies by the applied
measurement equipment. One of the most popular techniques for measuring the end-
effector posture is to use a laser tracker. Pan et al. [170] applied it for the home position
calibration of a 5-DOF machining robot. Zhao et al. [36,37] calibrated a 6-DOF polishing
robot and derived the error model using screw theory and the POE formula. The latter
was also used by Ye et al. [220,543], who performed a laser tracker calibration of a 5-DOF
overconstrained hybrid manipulator and proposed a residual index for the optimization of
measurement configurations [544]. He et al. [409] used a laser tracker and the concept of a
kinematic equivalent limb to calibrate a 7-DOF manipulator for capturing space objects.
Chen et al. [174] considered another kinematically redundant robot and established its
error model separately for serial and parallel parts. The authors then identified geometrical
parameters with a regularized least squares method. The same technique was applied by
Tian et al. [108], who calibrated the TriMule robot and derived its error model using screw
theory. There are other studies where scholars performed a laser tracker calibration of
TriMule and used neural networks [111,113,137], an extended Kalman filter [115], and a
linearized error model of the equivalent system [116]. Wang et al. [263,264] used a laser
tracker and an MCMC (Markov Chain Monte Carlo) parameter identification method
to calibrate 10-DOF IWR. In their other works, the authors used differential evolution
when solving the optimization problem [265] and established the error model with the
POE formula [266]. Finally, we mention the work of Moser et al. [545], who proposed a
unified calibration approach for serial, parallel, and hybrid robots. The authors exemplified
their method with a laser tracker calibration of a 7-DOF manipulator based on the Gough–
Stewart platform.

Double ball-bar is another familiar measurement tool used for kinematic calibration.
However, for some reason, scholars have rarely applied it to parallel–serial manipulators.
Few examples include the calibration of Tricept [56], TriVariant [80], and Exechon [190]
hybrid machine tools.

Coordinate measuring machines (CCMs) have also been applied to calibrate parallel–
serial manipulators. Thus, Wang and Chen [20] attached a tooling ball to the end-effector
of a 6-DOF hybrid positioning stage and used a CCM for its kinematic calibration. Nagao
et al. [193,194] calibrated an Exechon-like robot with an articulated arm CCM. Another
calibration technique with multiple dial indicators was performed by Huang et al. [24,157],
who identified the parameters of a hybrid machine tool based on the Sprint Z3 architecture.
The computations were based on a regularization approach, which was later developed
into a modified singular value decomposition method [158]. Li et al. [149–152] continued
these studies and used the concept of a virtual tool center point position constraint.

One more approach to kinematic calibration is to place a sensor on the end-effector
itself. For example, Xu et al. [474] installed a three-axis gyroscope on the 3-DOF hybrid
rotary platform and calibrated its parameters with the damped least squares method.
Fan et al. [165] used a laser displacement sensor attached to the moving platform of a
polishing robot. The authors then solved the optimization calibration problem with a
genetic algorithm. Finally, Fu et al. [109,110] calibrated TriMule using a 3D-vision sensor
placed on its end-effector. In a recent paper [114], the authors proposed an original self-
calibration technique based on these vision measurements.

5. Discussion

Two previous sections presented diverse architectures and applications of parallel–
serial manipulators and discussed various methods of their synthesis and analysis. The cur-
rent section recaps the results of the performed review and mentions perspective directions
for forthcoming studies.
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5.1. Applications and Architectures

Figure 26 illustrates the distribution of the papers considered in Section 3 by year
and application. We see machining applications of parallel–serial manipulators not only
dominate the other ones but continue attracting scholars—the number of papers in this
field increases with each year. Analysis of the last decade also shows the growth of studies
devoted to humanoid robots and legged systems. At the same time, some novel applications
of parallel–serial manipulators have appeared, including additive technologies and ocean
wave compensation.
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Figure 26. Distribution of applications of parallel–serial manipulators by year.

Table 1 lists the amount of architectures presented in Section 3 in Figures 5–25 and
the applications where these architectures have been applied. To make the presentation
more concise, we classified the manipulators by the motion type of their parallel part
and the number of DOFs of the entire manipulator. Notation mTnR in the first column
means the moving platform of the parallel mechanism has m translational and n rotational
DOFs. In this table, 1T1R and 2T1R refer to 2- and 3-DOF planar motion; 2R and 3R
refer to 2- and 3-DOF spherical motion; 1T2R combines various architectures, including
hybrid manipulators based on Tricept, Sprint Z3, Exechon, and other parallel mechanisms
whose moving platform has one translational and two rotational DOFs. Abbreviations
used in the table cells are explained under the table. For example, the intersection of
the “3T” row and the “4” column contains the “1MA” and “1PP” entries. It means there
are two 4-DOF hybrid architectures based on 3-DOF translational parallel mechanisms:
one for machining and the other for pick-and-place operations. This table ignores two
manipulators considered in Section 3: (1) a 6-DOF manipulator with an R(1-RRUR/1-RRS)R
architecture [388] (Figure 17k) where the motion type of the 4-DOF parallel mechanism
does not meet any type in the first column; (2) a reconfigurable manipulator with a (2-
RRRRR)RRRRRRR architecture [426] (Figure 19n) where the parallel mechanism can have
from zero to five DOFs.

The table shows that 5-DOF parallel–serial manipulators dominate hybrid robots with
other numbers of DOFs. This is reasonable because machining, which usually requires
five DOFs, is the most widely considered application of parallel–serial manipulators.
We also observe that most manipulators are based on 3-DOF parallel mechanisms. Such
mechanisms prevail among other lower-DOF parallel mechanisms and often have a simple
and symmetrical design, motivating their use in hybrid manipulators. Parallel mechanisms
with two DOFs are the second most popular option. Scholars prefer planar mechanisms
(1T1R and 2T) for machining and medicine robots and spherical mechanisms (2R) for
medicine robots, humanoids, and legged systems.
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Table 1. Amount of architectures of parallel–serial manipulators and their applications *.

Parallel Part Number of DOFs of a Parallel–Serial Manipulator TotalMotion Type 3 4 5 6 7 8 9 10 11 12

1T – – – – 1ME – – – – – 1
1R – – – 1PP – – – – – – 1

1T1R
1MA
1ME
1MS

1MA 4MA
5ME – – – 1ME 1PP – – 15

2T – 1PP 1ME – – – – – – – 2

2R 4HL
2OD

3ME
3HL
1SM

1MA
3ME
1MS

1MA
1ME
1HL

1PP
1HL 1HL – – – – 24

1T2R –

3MA
2ME
1HL
1OD

27MA
2ME
1PP

4MA
1OD
2OW
2MS

3MA
1ME
3PP
1MS

–
1MA
1ME
1PP

1PP – – 58

2T1R – 1PP
1MS

1MA
1PP
1AT
1MS

1MA
1PP – – – – – – 8

3T – 1MA
1PP

2MA
1ME
1PP
2AT

1ME
2PP
2HD
1AT
1SM

1ME 1MA 1MA – – – 18

3R 1ME 1HL 1HL 2ME
1HD 1PP – – – – – 7

1T3R – – – – 1MA
1SM – – – – – 2

2T2R – – 3MA 2ME
1MS – – – – – – 6

3T1R – – – – 1ME – – – – – 1

3T2R – – – – 1MA – – – – – 1

3T3R – – – –
1MA
1ME
1SM

1PP

1ME
1PP
1SM
1OW
2MS

1MA
1ME 1ME 1MA

1ME 15

Total 10 21 59 31 18 3 11 4 1 3 159

* Applications: MA—machining, ME—medicine, PP—pick-and-place, HL—humanoids and legged systems,
HD—haptic devices, AT—additive technologies, SM—simulators, OD—orienting devices, OW—ocean wave
compensation, MS—miscellaneous.

5.2. Design and Analysis

Figure 27 shows what has been the subject of scholars’ studies devoted to parallel–
serial manipulators throughout the years. We analyzed the papers considered in Section 4
and grouped closely related topics. In the figure, “kinematics” includes position, velocity,
singularity, and workspace analysis, while “optimal design” includes performance evalu-
ation and dimensional synthesis. We also combined type synthesis and mobility, as they
often come together.
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Figure 27. Distribution of research topics of parallel–serial manipulators by year.

As expected, kinematics dominates other research topics because it represents the
foundation for all subsequent stages of design and analysis. At the same time, we observe
the growing number of papers devoted to optimal design, calibration, and control. These
topics relate directly to the practical applications of parallel–serial manipulators, indicating
their widespread use in the last decade. The number of papers devoted to the type synthesis
and mobility analysis is growing, too. We can explain it by the fact that screw theory and
group theory, the two most powerful methods used to solve these problems [506], have
become standard tools in mechanism and machine theory and robotics. This allows scholars
to obtain appropriate architectures of hybrid robots in the first step of their development.

5.3. Perspectives

The review showed that the number of studies devoted to parallel–serial manipulators
is growing, and these manipulators have become more popular in recent years. In this
regard, we believe they will continue attracting scholars. Below are some research topics
that seem promising for future investigations:

• New applications of parallel–serial manipulators. Although machining remains the most
popular application of hybrid robots, some novel applications have appeared in the
last decade, such as ocean wave engineering, additive technologies, or medicine
operations considered in this review. We believe parallel–serial manipulators will find
other applications in the near future as well.

• New architectures of parallel–serial manipulators. The diversity of architectures presented
in this review indicates that scholars continue developing new manipulators in search
of the best design. At the same time, most hybrid robots rely on parallel mechanisms
with two or three DOFs and typical motion types, while 6-DOF parallel mechanisms in
kinematically redundant systems are represented just by the Gough–Stewart platform.
It looks attractive and promising to study hybrid robots where parallel mechanisms
have four or five DOFs, non-typical motion types, and reconfigurable design.

• Comprehensive methods of design and analysis. Despite a large number of studies devoted
to parallel–serial manipulators, many works focus on the design and analysis of only
the parallel part. In particular, papers devoted to type synthesis, singularity analysis,
performance evaluation, and dimensional synthesis of hybrid robots usually concen-
trate on the parallel mechanism and ignore the serial chain. Developing integrated
methods that will analyze the full parallel–serial architecture also appears promising
for future studies.
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6. Conclusions

This review justified the broad dissemination of parallel–serial (hybrid) manipulators
in diverse applications, including machining, medicine, and pick-and-place operations, as
well as more exotic applications like ocean wave compensation, additive technologies, and
climbing robotic systems. We used Scopus and Google Scholar databases and analyzed
510 papers devoted to hybrid robots. The paper presented 161 architectures of these robots
and discussed the methods of their type synthesis, mobility, kinematic, and dynamic
analysis, optimal design, control, and calibration. As research interest in parallel–serial
manipulators continues to grow, we believe there will be new achievements in this field
and new architectures and applications of these robotic systems.
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45. Milutinović, M.; Slavković, N.; Milutinović, D. Kinematic modelling of hybrid parallel-serial five-axis machine tool. FME Trans.
2013, 41, 1–10.

46. Eastwood, S.; Webb, P. Compensation of thermal deformation of a hybrid parallel kinematic machine. Robot. Comput. Integr.
Manuf. 2009, 25, 81–90. [CrossRef]

47. Callegari, M.; Gabrielli, A.; Palpacelli, M.C.; Principi, M. Robotised cell for the incremental forming of metal sheets. In Proceedings
of the ASME 8th Biennial Conference on Engineering Systems Design and Analysis, Torino, Italy, 4–7 July 2006; Volume 1,
pp. 749–756. [CrossRef]

48. Callegari, M.; Gabrielli, A.; Palpacelli, M.C.; Principi, M. Incremental forming of sheet metal by means of parallel kinematics
machines. J. Manuf. Sci. Eng. 2008, 130, 054501. [CrossRef]

http://dx.doi.org/10.1016/j.ijmecsci.2018.11.023
http://dx.doi.org/10.1016/j.mechmachtheory.2016.09.019
http://dx.doi.org/10.1016/j.mechmachtheory.2011.10.008
http://dx.doi.org/10.1016/j.ijmachtools.2010.11.009
http://dx.doi.org/10.1016/j.rcim.2019.101857
http://dx.doi.org/10.1016/j.mechmachtheory.2019.103743
http://dx.doi.org/10.1109/ROMAN.2014.6926379
http://dx.doi.org/10.1109/IMCCC.2013.99
http://dx.doi.org/10.3390/machines11100979
http://dx.doi.org/10.3390/robotics12050131
http://dx.doi.org/10.1016/j.mechatronics.2020.102367
http://dx.doi.org/10.1109/ROBOT.1988.12088
http://dx.doi.org/10.1117/12.256309
http://dx.doi.org/10.1002/(SICI)1097-4563(199903)16:3<137::AID-ROB1>3.0.CO;2-V
http://dx.doi.org/10.1155/2018/5602397
http://dx.doi.org/10.1016/j.mechmachtheory.2018.10.008
http://dx.doi.org/10.1016/j.mechmachtheory.2022.104983
http://dx.doi.org/10.1016/j.measurement.2022.112377
http://dx.doi.org/10.1016/j.mechmachtheory.2023.105283
http://dx.doi.org/10.1016/j.mechmachtheory.2024.105726
http://dx.doi.org/10.1007/978-94-015-9064-8_3
http://dx.doi.org/10.1017/S0263574799001678
http://dx.doi.org/10.1016/j.rcim.2007.10.001
http://dx.doi.org/10.1115/ESDA2006-95496
http://dx.doi.org/10.1115/1.2823064


Machines 2024, 12, 811 46 of 64

49. Callegari, M.; Forcellese, A.; Palpacelli, M.; Simoncini, M. Robotic friction stir welding of AA5754 aluminum alloy sheets at
different initial temper states. Key Eng. Mater. 2014, 622-623, 540–547. [CrossRef]

50. Palpacelli, M.; Callegari, M.; Carbonari, L.; Palmieri, G. Theoretical and experimental analysis of a hybrid industrial robot used
for friction stir welding. Int. J. Mechatron. Manuf. Syst. 2015, 8, 258. [CrossRef]

51. Dong, C.; Liu, H.; Huang, T.; Chetwynd, D.G. A lumped model for dynamic behavior prediction of a hybrid robot for optical
polishing. In Advances in Mechanism and Machine Science; Uhl, T., Ed.; Springer: Cham, Switzerland, 2019; pp. 2007–2016.
[CrossRef]

52. Dong, C.; Liu, H.; Huang, T.; Chetwynd, D.G. A screw theory-based semi-analytical approach for elastodynamics of the Tricept
robot. J. Mech. Robot. 2019, 11, 031005. [CrossRef]

53. Jin, Z.; Cheng, G.; Chen, S.; Guo, F. Human-machine-environment information fusion and control compensation strategy for
large optical mirror processing system. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2021, 235, 2507–2523. [CrossRef]

54. Jin, Z.; Cheng, G.; Xu, S.; Yuan, D. Error prediction for large optical mirror processing robot based on deep learning. Strojniški
Vestn.-J. Mech. Eng. 2022, 68, 175–184. [CrossRef]

55. Dong, K.; Li, J.; Lv, M.; Li, X.; Gu, W.; Cheng, G. Active disturbance rejection control algorithm for the driven branch chain of a
polishing robot. Strojniški Vestn.-J. Mech. Eng. 2023, 69, 509–521. [CrossRef]

56. Kim, J.W.; Shin, C.R.; Kim, H.S.; Kyung, J.H.; Ha, Y.H.; Yu, H.S. Error model and kinematic calibration of a 5-axis hybrid machine
tool. In Proceedings of the 2006 SICE-ICASE International Joint Conference, Busan, Republic of Korea, 18–21 October 2006;
pp. 3111–3115. [CrossRef]

57. Tönshoff, H.K.; Grendel, H.; Kaak, R. Structure and characteristics of the hybrid manipulator Georg V. In Parallel Kinematic
Machines; Boër, C., Molinari-Tosatti, L., Smith, K., Eds.; Springer: London, UK, 1999; pp. 365–376. [CrossRef]

58. Li, M.; Huang, T.; Zhang, D.; Zhao, X.; Hu, S.J.; Chetwynd, D.G. Conceptual design and dimensional synthesis of a reconfigurable
hybrid robot. J. Manuf. Sci. Eng. 2005, 127, 647–653. [CrossRef]

59. Huang, T.; Li, M.; Zhao, X.M.; Mei, J.P.; Chetwynd, D.G.; Hu, S.J. Conceptual design and dimensional synthesis for a 3-DOF
module of the TriVariant—A novel 5-DOF reconfigurable hybrid robot. IEEE Trans. Robot. 2005, 21, 449–456. [CrossRef]

60. Liu, H.; Huang, T.; Mei, J.; Zhao, X.; Chetwynd, D.G.; Li, M.; Hu, S.J. Kinematic design of a 5-DOF hybrid robot with large
workspace/limb–stroke ratio. J. Mech. Des. 2007, 129, 530–537. [CrossRef]

61. Sun, T.; Song, Y.; Li, Y.; Zhang, J. Stiffness estimation for the 4-DOF hybrid module of a novel reconfigurable robot. In Proceedings
of the 2009 ASME/IFToMM International Conference on Reconfigurable Mechanisms and Robots, London, UK, 22–24 June 2009;
pp. 565–571.

62. Dong, C.; Liu, H.; Liu, Q.; Sun, T.; Huang, T.; Chetwynd, D.G. An approach for type synthesis of overconstrained 1T2R parallel
mechanisms. In Computational Kinematics; Zeghloul, S., Romdhane, L., Laribi, M.E., Eds.; Springer: Cham, Switzerland, 2018;
pp. 274–281. [CrossRef]

63. Wang, M.; Li, L.; Li, Z.; Liu, H.; Huang, T. Topological structure synthesis and optimization of 1T2R parallel mechanisms.
China Mech. Eng. 2022, 33, 2395–2402. [CrossRef]

64. Li, J.; Dong, C.; Huang, S.; Zhao, H.; Shan, X.; Liu, H. Kinematic analysis and dimensional synthesis of a novel 3-DOF parallel
mechanism. In Advances in Mechanism and Machine Science; Uhl, T., Ed.; Springer: Cham, Switzerland, 2019; pp. 1751–1760.
[CrossRef]

65. Dong, C.; Liu, H.; Yang, J. Dimensional synthesis of a novel asymmetric 5-DOF hybrid robot. China Mech. Eng. 2021, 32, 2418–2426.
[CrossRef]

66. Liu, X.; Wan, B.; Wang, Y.; Li, M.; Zhao, Y. Design, analysis and performance optimization of a novel super-redundantly actuated
hybrid robot. J. Mech. Eng. 2024, 60, 55–67. [CrossRef]

67. Luo, J.; Wang, D.; Jiang, Y. Geometry optimization of a new hybrid robot manipulator. In Proceedings of the 2011 IEEE
International Conference on Mechatronics and Automation, Beijing, China, 7–10 August 2011; pp. 881–886. [CrossRef]

68. Shan, Y.; He, N.; Li, L.; Yang, Y. Realization of spindle prompt normal posture alignment for assembly holemaking on large
suspended panel. In Proceedings of the 2011 Third International Conference on Measuring Technology and Mechatronics
Automation, Shanghai, China, 6–7 January 2011; Volume 2, pp. 956–960. [CrossRef]

69. Ganiev, R.F.; Glazunov, V.A.; Filippov, G.S. Urgent problems of machine science and ways of solving them: Wave and additive
technologies, the machine tool industry, and robot surgery. J. Mach. Manuf. Reliab. 2018, 47, 399–406. [CrossRef]

70. Park, K.W.; Kim, T.S.; Lee, M.K.; Kyung, J.H. Study on kinematic optimization of a combined parallel-serial manipulator. In Pro-
ceedings of the 2006 SICE-ICASE International Joint Conference, Busan, Republic of Korea, 18–21 October 2006; pp. 1212–1216.
[CrossRef]

71. Kyung, J.H.; Han, H.S.; Park, C.H.; Ha, Y.H.; Park, J.H. Dynamics of a hybrid serial-parallel robot for multi-tasking machining
processes. In Proceedings of the 2006 SICE-ICASE International Joint Conference, Busan, Republic of Korea, 18–21 October 2006;
pp. 3026–3030. [CrossRef]

72. Kyung, J.H.; Park, J.H.; Yu, H.S.; Han, H.S. Specification of driving constraints for dynamics simulation of a parallel-serial
manipulator. In Proceedings of the 2007 International Conference on Control, Automation and Systems, Seoul, Republic of Korea,
17–20 October 2007; pp. 2283–2287. [CrossRef]

73. Huang, T.; Wang, P.F.; Zhao, X.M.; Chetwynd, D.G. Design of a 4-DOF hybrid PKM module for large structural component
assembly. CIRP Ann. 2010, 59, 159–162. [CrossRef]

http://dx.doi.org/10.4028/www.scientific.net/KEM.622-623.540
http://dx.doi.org/10.1504/IJMMS.2015.073571
http://dx.doi.org/10.1007/978-3-030-20131-9_199
http://dx.doi.org/10.1115/1.4043047
http://dx.doi.org/10.1177/0954406220959689
http://dx.doi.org/10.5545/sv-jme.2021.7455
http://dx.doi.org/10.5545/sv-jme.2023.680
http://dx.doi.org/10.1109/SICE.2006.314800
http://dx.doi.org/10.1007/978-1-4471-0885-6_26
http://dx.doi.org/10.1115/1.1947208
http://dx.doi.org/10.1109/TRO.2004.840908
http://dx.doi.org/10.1115/1.2712220
http://dx.doi.org/10.1007/978-3-319-60867-9_31
http://dx.doi.org/10.3969/j.issn.1004-132X.2022.20.001
http://dx.doi.org/10.1007/978-3-030-20131-9_173
http://dx.doi.org/10.3969/j.issn.1004-132X.2021.20.004
http://dx.doi.org/10.3901/JME.2024.03.055
http://dx.doi.org/10.1109/ICMA.2011.5985706
http://dx.doi.org/10.1109/ICMTMA.2011.521
http://dx.doi.org/10.3103/S1052618818050059
http://dx.doi.org/10.1109/SICE.2006.315425
http://dx.doi.org/10.1109/SICE.2006.315150
http://dx.doi.org/10.1109/ICCAS.2007.4406707
http://dx.doi.org/10.1016/j.cirp.2010.03.098


Machines 2024, 12, 811 47 of 64

74. Wang, M.; Wang, P.; Song, Y.; Zhao, X.; Huang, T. Stiffness analysis of a 4-DOF hybrid robot. J. Mech. Eng. 2011, 47, 9–16.
[CrossRef]

75. Li, M.; Huang, T.; Chetwynd, D.G.; Hu, S.J. Forward position analysis of the 3-DOF module of the TriVariant: A 5-DOF
reconfigurable hybrid robot. J. Mech. Des. 2006, 128, 319–322. [CrossRef]
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