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W N

Abstract: This paper focuses on the design analysis of a novel 5-degrees of freedom (DOF)
double-driven parallel mechanism (PM). By arranging two independent actuators on
one branch chain, the mechanism can realize the five degrees of freedom of the moving
platform only by relying on three branch chains, which have the characteristics of a compact
structure and large workspace. Subsequently, the kinematic model of the mechanism is
established, and the workspace, dexterity, and singularity characteristics are analyzed
based on the derived model. Additionally, an explicit dynamic model of the mechanism is
established based on the principle of virtual work. Finally, based on the dynamic model,
the manipulability ellipsoid index and the inertial coupling strength index are proposed,
and the distribution of these two kinds of dynamic performance indexes in the workspace
is studied.

Keywords: parallel mechanism; double-driven; performance analysis; dynamic modeling

1. Introduction

Manufacturing is the cornerstone of modern industrial systems, with its development
level directly impacting national industrial competitiveness. The pressing demand for
precision and efficient machining of key components in high-end equipment manufacturing
has become a critical bottleneck in industrial technological advancement. These compo-
nents typically feature complex geometric characteristics such as large dimensions, intricate
curved surfaces, and thick walls while constrained by stringent processing conditions and
technical requirements that traditional manual and CNC can no longer adequately fulfill.
Therefore, designing five-axis machining equipment with high performance, flexibility,
and adaptability has inevitably become a trend in developing an advanced manufacturing
industry [1-4].

Current machining robots are primarily categorized into three configurations:
serial [5,6], hybrid [7,8], and parallel [9,10]. Serial robots excel in large curved surface
component processing due to their extensive workspace and high flexibility [11]. Hybrid
robots compensate for the low rigidity of serial architectures, offering new alternatives for
aluminum alloy component machining [12]. Parallel 5-DOF robots (e.g., Metrom [13] and
DiaRom [14,15]) demonstrate unique advantages in aerospace precision machining owing
to their high stiffness, accuracy, and coupled motion characteristics. Although existing
parallel robots have exhibited distinct advantages in large-scale component machining and
achieved success in respective applications, the more significant number of branch chains
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and joints leads to more structural constraints, and these factors lead to small workspace
and rotation capacity [16]. Therefore, the research and development of novel five-DOF
parallel mechanisms represent a crucial technological pathway and potential breakthrough
for advancing high-performance machining equipment [17].

In conventional parallel mechanisms, each actuated branch chain connecting the mov-
ing platform to the fixed base is typically equipped with a single active joint. This design
paradigm establishes a direct correlation between the number of DOF and the number
of actuated branch chains, such that the mechanism’s mobility is precisely determined
by its number of independently driven chains [18]. Consequently, five actuated branch
chains must achieve independent motion with five DOF. However, as the number of branch
chains increases, the mechanism’s topology becomes more complex, significantly elevating
design and manufacturing costs and exacerbating issues related to interference and dy-
namic coupling among the branches [19]. To solve the above problems, some scholars have
combined the parallel mechanism with the series mechanism to form a hybrid mechanism
with complementary advantages, which not only effectively expands the operating space
of the mechanism but also overcomes the shortcomings of the traditional series mechanism,
such as insufficient stiffness and error accumulation to a certain extent [20,21]. However,
stiffness and positioning accuracy of the end effector of the hybrid mechanism are still
affected by the serial structure, so it is difficult to achieve the high precision characteristic
of the pure parallel mechanism [22].

In order to address both the requirements for DOF and overall mechanism perfor-
mance, the double-driven PM, as a novel PM, has gradually attracted increasing attention
in the academic community [23-25]. Integrating multiple actuators within a single branch
chain can significantly reduce the number of branch chains while still satisfying the desired
DOFE simplifying the overall structure and minimizing the potential for interference. As
a member of the parallel topology family, the dual-drive PM retains the advantages of
compact design, high stiffness, and excellent positioning accuracy, demonstrating strong
potential for future development. Lu et al. [26] proposed a compound rotational /linear
UPS and used it to design a three branch chain, 2UPS-SPR dual-drive PM with 5-DOF and
analyzed its kinematics and statics. Zhao et al. [27] proposed and studied a 6-(PRRR)US
dual-drive PM based on a planar five-bar mechanism, demonstrating its strong capabilities
in attitude adjustment and vibration isolation through kinematic and dynamic analysis.
Wang et al. [22] designed a 5-DOF double-driven PM (PUU-2PRRS) and analyzed its
workspace, dexterity, volume, and dimensional optimization. Niu et al. [28] proposed a
dual-driven PM (2PRPS/PSR) and optimized motion performance based on transmissibil-
ity, workspace/volume ratio, and mass. Rong et al. [29] proposed a dual-driven 5-DOF
parallel mechanism 2PRPU/PRPS with only three limbs and 17 joints based on Lie group
theory, the simplest structural form of 5-DOF PMs. Nevertheless, research in this area is
still in its early stages, with limited studies on structural design and practical engineering
applications. Further support through systematic theoretical modeling and prototype
validation is urgently needed to advance this promising field.

As can be seen from the above, research on 5-DOF PM with two double-driven branch
chains is still in its early stages, and such mechanisms exhibit promising application
prospects. This paper proposes a novel P(2PRPU)/PRPS PM with two double-driven
branch chains based on the dual-drive concept. Innovatively, the mechanism consists
of only three double-driven branches, which significantly reduces branch interference.
Moreover, some of the actuators are fixed on the base, thereby reducing the mass of the
moving parts, improving dynamic response speed, and minimizing the impact of inertial
loads on the structure. Compared with the current 5-DOF PMs, the mechanism proposed
in this paper not only has only 3 branch chain, 17 single-DOF motion pairs as a whole, with
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a simpler structure, but also reduces the motion mass by fixing some drive pairs, enabling
it to have a good dynamic response.

The structure of this paper is as follows. In Section 2, the structure of the proposed
PM is introduced, and its kinematic performance is analyzed through the derivation of
a5 x 5 Jacobian matrix. In Section 3, the dynamic model of the proposed mechanism is
established, along with an analysis of its dynamic manipulability ellipsoid and the inertia
coupling strength of the branch chains. Conclusions are drawn in Section 4.

2. Structural and Kinematic Analysis
2.1. Configuration Description and Mobility Analysis

Figure 1 shows the new 5-DOF PM with two double-driven chains. It consists of
a base and a moving platform, which are connected by branch chain r;, branch chain
17, branch chain r3, linear modules, and guide rails. Branch chain 1 comprises three key
components: a revolute joint, an electric push rod (i.e., prismatic joint), and a sphere joint,
which, together with the linear module ry constitute a PRPS-type branch chain. Branch
chains 2 and 3 comprise three key components: a revolute joint, an electric push rod, and
a universal joint, which, together with the passive guide rails, constitute a PRPU-type
branch chain.

Figure 1. Sketch of P(2PRPU)/PRPS PM.

The linear modules rx and ry are rigidly mounted on the base among the five driving
components. Linear modules rx propels the branch chains 2 and 3 for anteroposterior
motion, while linear modules ry drive branch chain 1 for lateral movement, constituting a
parallel mechanism with two double-driven chains. This innovative configuration achieves
two significant advancements compared to traditional 5-DoF PMs: it reduces the number
of required branch chains to only three, significantly minimizing inter-branch interference,
and it incorporates more actuators arranged on the base, which helps reduce vibration and
improve precision. The PM proposed in references [30,31] also adopts the design of fixing
the drive motor on the frame or the static platform. As a result, this parallel mechanism
has potential applications in machine tools, walking robots, industrial robotic arms, naval
cargo handling systems, and satellite monitoring platforms.

For convenience of description, let point A; denote the rotation center of the revolute
joint in the RPS branch chain, and let point C; represent the rotation center of the spherical
joint. For branch chains 2 and 3, the rotation centers of their revolute joints are defined as
Ay and A3, respectively, whereas the rotation centers of their universal joints are designated
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as Cp and Cjs. The fixed coordinate frame O-XYZ (denoted as {B}) is established with the
midpoint O of branch chain Y as the origin; here, the X-axis aligns with branch chain X,
the Y-axis with branch chain Y, and the Z-axis is determined by the right-hand rule. The
moving coordinate frame o0-xyz (denoted as {m}) is defined with the midpoint o of C;C; as
the origin: the y-axis coincides with C;Cy, the z-axis is perpendicular to the plane formed by
points Cq, Cp, and Cs, and the x-axis is oriented according to the right-hand rule. Moreover,
points Ay, Az, Cy, C3, and o are coplanar, with the normal vector of this plane parallel to
the X-axis.

Let Il be a parallel constraint, | be a collinear constraint, and L be a perpendicular
constraint, respectively. Let R;; (i =1, 2, 3; j =1, 2) be the j-th R joint in the i-th branch
chain r;. Some geometrical constraints are satisfied for the P(2PRPU)/PRPS PM as follows
(see Figure 1):

1’y|Y,R11 |Y, r1J_Y,rX|X,A2A3 H Y (1)
i LR, Riy || Rig, Rip LRy3, Rizly (i = 2,3)

Since the P(2PRPU) branch chain is equivalent to a 2PRPU branch chain, the
P(2PRPU)/PRPS PM can be regarded as a 2PRPU/PRPS PM, the twist system of the
two PRPU branch chains can be expressed as:

$,=(0 00, 100)

$,=(1 00, 000)

$3=(0 0 0; 0 myzn;) 2)
$4=(1 0 0; 0 qig ria)

$i5 = (0 mis nis; pis 9is Ti5)

Adopting the reciprocal screw theory, the branch chain wrench system can be ex-
pressed as:
$i=(000; 0 —nj5 mys) ©)

where S} represents the constrained torque perpendicular to R;; and R;3, based on the
constraint relationship in Equation (3), it is deduced that R;; is parallel to the X-axis, while
Rp3 and Rs; are collinear with the y-axis. Consequently, the U-joint planes in the two PRPU
branch chains are mutually parallel, and the constrained torque of the two branch chains is
likewise parallel, forming a common constraint. As a result, the 2PRPU/PRPS is constrained
solely by a constrained torque along the z-axis. Moreover, since the constraint relationships
remain invariant during motion, the expression of the wrench system is constant, and
the 2PRPU/PRPS or P(2PRPU)/PRPS PM always remain 2-rotational and 3-translational
(2R3T) five DOF.

2.2. Jacobian Matrix Analysis

Let the rotational transformation matrix BR,, from the reference frame {B} to {m}, A;
and C; represent the vector of A; and C; in {B}, A; and C; can be written as:

X X
A; = | (—eisaspty) |,A2=| 05L |,A3=| —05L |,0=
0 0 0 z

—h 0 0
ci=8R,| 0 +0,C, =BR,, | 05¢ | +0,C3=5R,,| —05¢ | +o (4)

0 0 0

Clg 0 Slg

BR,, = SuSp Cu —SaCg

_Casﬁ Sa CIXCﬁ
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where L is the distance from A, to A3, e denotes the distance from C, to Cs, h denotes the
distance from o to C;, « and B are Euler angles, ¢; and s; denote cos(f;) and sin(f;), o is the
position vector of point o.

From Equation (4), [; can be derived by the following:

li = [ICi — A

I = \/(—elcﬁ + x)2 + (elc,xs}g + 2)2, I, = \/(ezca +y— L)2 + (e2s4 + 2)2 (5)
I3 = \/(_€3Co¢ +y+ L)+ (—essa+2)° e = 1,1y = (—e15a55 + 1)

Let 8;, 6x = [100]T, and dy = [0 1 0]T be the unit vector of branch chains r; (i = 1, 2,
3, X, Y). Based on Equation (5), the closed-loop constraint equation associated with each
branch chain can be written as:

ly&y + 11(51 —e1 =0

6
Ixéx +1;6; —ej=0,i=2,3 (©)

here e; is the vector of 0C;. Let v, a be the velocity and acceleration vectors of o in {B}, w
and ¢ be angular velocity and angular acceleration of {m} relative to {B}. By differentiating
Equation (6) concerning time, it leads to:

ViyO0y + 0101 + w1 X 16 —w xep =0
Uyx0x + 0,0 + wi X ;6 —w X e; = v, (i = 2,3)

)

where v,; and w; are actuated joint rate and angular velocity of branch ;. Dot multiply both
sides of Equation (7) by d;, dx, and Jy, respectively. It leads to:

Urx o Tx 5% (e2 % ox)"
Uyy = Im [ w ]/Im = ]Y = 5; (81 X (sY)T (8)
yi Ji 8T (e x 5)"

For the P(2PRPU)/PRPS PM in this paper, the relationship between V = [v w]" and
the independent kinematic parameter q = [x, v, z, «, B]* can be expressed as:

X
y 1 0
Es; 0
[ :} ] _IB Z /]B = 03 ;XZ ‘|/Iw =10 Co (9)
& 3x3 Jw 0 s,
B

Substitute Equation (9) into Equation (8) and the relationship between the input and
output parameters can be expressed as follows:

Vo=J5'Vy, Ip = JnJB
V= [kyzip| (10)
V, = [0rx Ury U1 Up2 03]

where ]51 is the Jacobian matrix of P(2PRPU)/PRPS PM.

2.3. Kinematic Performance Analysis and Optimization
2.3.1. Singularity Analysis

Singularity analysis is a fundamental issue of kinematic analysis and performance
evaluation. The kinematic performance of the PM deteriorates in singular configurations.
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In this study, singularities are investigated through the analysis of the velocity performance
of the mechanism. With an input velocity fixed at 10 mm/s, the output velocity at the center
of the moving platform is expected to remain relatively moderate under normal operating
conditions. However, if the output velocity at a given position exceeds 1000 mm/s, this
paper considers that the transmission characteristics have changed, which means that the
mechanism has encountered a singularity and can no longer work properly.

Figure 2 shows the distribution of singular points within the workspace of the
P(2PRPU)/PRPS PM at different orientation angles, where L = 1200 mm, e = 300 mm,
h =240 mm, 990 mm < [; < 1490, 600 mm < Iy < 1600 mm, —700 mm < [y < 700. As
shown in Figure 2, these singular points can not only form a continuous surface but also
demonstrate that the workspace of the mechanism and the distribution of its singular points
are highly dependent on changes in the orientation angle. This phenomenon indicates that
when the P(2PRPU)/PRPS PM performs operational tasks, it is essential to thoroughly
consider the characteristics of singularity surfaces under varying orientations and adjust
the control strategy accordingly to ensure stable operation across all poses.

Singular point

N G
i
,1l|||| AR
e

& <
/
/
{
|

/
{
\
-

N
/
\

Figure 2. Distribution of singular points in a workspace: (a) « = p = 30°; (b) « = —30°, B = 60°.

2.3.2. Dexterity Analysis

Dexterity is an important performance index that directly reflects the kinematic per-
formance of the PM. Local condition indicators should be used to analyze a mechanism
with both translational and rotational DOF. Equation (10) can be rewritten as:

x

i =nv | ] =JrV: (1)
: B

where J7is a 3 X 5 form matrix formed by taking the first three rows of | 51, Jrisa2 x5
form matrix formed by taking the last two rows of | 51. Jr and JR are the local matrices
related to the Jacobian matrix. Based on this, the local dexterity index (LDI) of the position
and orientation parts of the Jacobian matrix can be obtained, denoted as C(J7) and C(Jr),

follows:
as follows 1 1

Cr) = ()’ C(Jr) = i) (12)

where k(J7) and k(Jr) are the condition numbers of the Jacobian matrixes J1 and Jg, respec-
tively. k(J7) and k(JR) are calculated as follows:

k(r) = 7l

Kk(TR) = k|78 (13)
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The local dexterity index ranges from 0 to 1. The local dexterity index is 1, and the
mechanism has the highest sensitivity and is isotropic. Conversely, the mechanism enters a
singular configuration as the local dexterity index tends to 0. When the posture is fixed to
take a = B =0, the local dexterity index for the mechanism is shown in Figure 3.

C(Jr) C(Jr)
500 0.8 500
= 07 o 0.9
£ 1000 £ 1000 0.8
R]/ 0.6 \N/ 07
1500 1500 ‘
1600 1600
*,%;100 — 600 %6%1100 - 600
Y 600 600 ~ & Y 600 600 ~ &
(a) (b)

Figure 3. Distribution of LDI in the workspace: (a) C(J7); (b) C(Jr).

As shown in Figure 3, the translational velocity dexterity index C(JT) exhibits sym-
metry about the Y = 0 plane, peaking near the Y = 0 plane and progressively decreasing
with increasing Y coordinates, ultimately reaching its minimum at the extremities of the
workspace along the Y-axis. Similarly, the angular velocity dexterity index C(Jr) demon-
strates symmetry about the Y = 0 plane, with its high-performance zones predominantly
concentrated in the central workspace region near the origin.

2.3.3. Optimization of Design Parameters

The kinematic performance of PMs exhibits significant dependence on their dimen-
sional parameters. This study employs the global kinematic performance indexes o, and
0 for parametric optimization, formulated as:

Nrw Nrw
L CUr)() L CUR)()

Oy = 10w =

—_ —_— 14
N}’(JJ NV(JJ ( )

where N,;, denotes the number of pose parameter points discretizing the workspace, with
its physical interpretation corresponding to the workspace volume under the current di-
mensional parameters. Consequently, the geometrical meaning of indices ¢, and ¢, can be
interpreted as the mean value of global kinematic performance indexes over the workspace.

The architectural parameters are as follows: L = 1100 mm: 50 mm: 1300 mm,
e =200 mm: 25 mm: 400 mm: 150 mm, /# = 180 mm: 20 mm: 300 mm. Using the pa-
rameter design space (PDS), the design parameters are normalized as follows:

T=L+h+e

dlz%/ dZZ%/ d3:% (15)
0<dq, dy, dz<1

di+dy+ds=1

where T is a normalized factor, and d; is a normalized nondimensional parameter. d;,
dy, and d3 are assigned as the coordinate axes of a ternary plot. Each point within this
plot corresponds to the values of the global kinematic indices under the current d design
parameters of the mechanism.
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The distributions of 0, and ¢, can be obtained as shown in Figure 4, the o is di-
rectly proportional to d; and inversely proportional to dy, with the optimal region located
in the lower right corner of the figure. The optimal region for ¢, exhibits a distinct
band-like distribution.

0.00 o

3 0.7170
0.7045
0.6920
0.6795
0.6670
0.6545
0.6420
0.6295
0.6170

Ga}

0.8290

0.7818
0.7345
-0.6873
-0.6400
0.5928
0.5455

0.4983

Ra 0,0y TN 0.00 0.4510
0.00 025 050 0.75 1.00

d,

(b)
Figure 4. Distribution of global kinematic indices in ternary plot: (a) oy; (b) 0.

Based on these observations, we can select the parameter combination that achieves the
relatively optimal dexterity performance, corresponding to the coordinates marked by the
green circle in Figure 4—the 253st scale combination: d; = 0.7738, d = 0.1190, d3 = 0.1071,
L =1300 mm, e = 300 mm, & = 180 mm. This combination results in dexterity indices of
0y = 0.7157 and 0, = 0.8267. For comparison, the original configuration (blue circle) yields
oy =0.6707, 0y = 0.8007.
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3. Dynamic Analysis of the P(2PRPU)/PRPS PM
3.1. Velocity and Acceleration of Branch Chains
Taking the cross product with §; on both sides of Equation (7), we have:

01 X (Urydy) + w1y — &1 X (w X 81) =01 X0

16
i x (vyx0x) + wili — 0i(w; - 1;6;) — 0; X (w X ;) = 6; x v, (i = 2,3) (16

According to the principle of motion synthesis, the velocity vector of point C; on the
moving platform can be expressed as:

VU, =04+ w Xe; (17)

Substituting Equation (16) into Equation (17), the angular velocity of r;(i = 1, 2, 3) can

be derived as:
w; = Ia/iV

Jor = %({51 - 31@1} - 5YIY) (18)
Jowi = %({Si - Siéi] - 5X]x), i=2,3
Here é; represents the skew-symmetric matrix of the e;. Taking the time deriva-

tive of Equation (9), we can obtain angular acceleration and acceleration of the moving
platform, respectively:

6= J,Aq + VI,V Hy = ot oo hos|", Ay = [% §j 2 it B
e =J Ay + VIH,V,Hy = [ho1 T hes]”

000 0 000 0 (19)
000 0 000 0

o = s =

w2 000 0] 000 0
0 0 —s, O 0 0 ¢, O

where hy1 = hyy = hyz = he1 = 0545, 0, < denotes a u X w from zero matrix with u and w
being two arbitrary positive integers. Taking the time derivative of Equation (19), we can
obtain the angular acceleration of r; (i =1, 2, 3):

& :]wiv""]wiA/A =la S]T
. [51 —181-61 (‘U;WI)} —515yfy—515yfy—515ﬂy)11 ([81 ~b121]-b16vTy)
Jor = 2 - 2

1 1 (20)

. ([51' *51'2’,'*51'(“7;21)} *5i5xfx*5ﬂ-5x]x*3i5xfx>’i ([8; =62~ 8:0xJx ) o
Jowi = 2 - 2
1 1

5)( = 5)/ = 03><1/51' = (wi ;< (5,‘),jy = I:ngl ((w X 81) X (Sy)T],jx = [ngl ((w X 22) X 5)()T:|

Yr1

Before deducing the velocity of the mass center of 7; (i = 1, 2, 3), it is necessary to
establish some key definitions and assumptions. The branch chain r; consists of the cylinder
(connected to the base) and the piston (connected to the moving platform). Let py; (i=1, 2,
3) be the mass center of the cylinder, I; be the distance from A; to py;, pp; be the vector of py,;
in {B}, pp; can be expressed as below:

Py = lydy +1p1d1

21
Py = Ix0x + 1y;6;,i =1,2,3 @

Taking the time derivative of Equation (21), it leads to:
Uy = Uy dy + wi X Iy 01 (22)

Ui = Uyx0x + w; X 1y;d;,i=1,2,3
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where vy, is the velocity of the mass center of the cylinder, combined Equation (18) with
Equation (22), it leads to:

A~ ~ T T
Up1 = [51/ —lb151} Uwrj ] = [5y —lb15l} fy (61> %) ] l iy 1 =Jn iy ]
(23)

wl w w
T (o, T
Uy = |:5X 71;71'31} [ Z;X ‘| = |:5X *lbi‘§1:| [ ;SX‘ (61 - 5X) ] [ Z) 1 :Ibi[ ZJ ‘|

By taking the derivative of Equation (23) concerning time, the acceleration ay; of the
mass center of the cylinder is derived as follows:

ay = JA+ ],V .
. ~ 5T i X J;
Jvi = {(03x1 X dy) — Iy (wr x 51)] [ (6% 5)

wi

(24)
{5]. *lblsl] |: §wy X JV)T ((w X e;) X oy + (ei X (wf x Jf)))T :|’1' =123, j=XY

wi

Let p,; (i =1, 2, 3) be the mass center of the piston, [;; be the distance from C; to p;, psi
be the vector of p4; in {B}, then p;; can be expressed as below:

P = lydy + (Il — 1) d1

. (25)
psi = Ixox + (I — 1si)d;,i = 1,2,3
Taking the time derivative of Equation (25), it leads to:
051 = Oy Oy + 0161 — (h — La) 11 26)

Vs = V;x0x + 0rid; — (I — 1) 6w, i = 1,2,3

where vy; is the velocity of the mass center of the piston, combined Equation (18) with
Equation (26), it leads to:

[ exan) ’
Vg1 = {5}’ o1 — (11 — 151)51} 5} (81 X 51)T [ 1 =Ja [ ]
le
(27)

5X (el- X (5x)T r
_ 8 T T N v P
v = [5X 5 — (li—lsi)fSi] J3; (ei x d;) o ] —Isi[ w ] i=23

]wi -

By taking the derivative of Equation (27) concerning time, the acceleration ag; of the
mass center of the piston is derived as follows:

Asj :IsiA+ijV
| A o] (erx8)"
Ja = {(Oam x 8j) (wi % &) —05id; — (I = Isi) (w; % ‘Sf)] of (e o)
]wi
(w; x &))" ((w x ) x 8+ (e x () x 8)))"
] (i x 8)" ((w xer) x &+ (e x (w; x &))" |,i=123,j=XY

+

(28)

|:5]' o — (l,' — lsi)é

1

wl

3.2. Dynamic Model of the Proposed Mechanism

Let my, I,, fo, 1o, and G,, be the mass, inertia matrix, inertia force, inertia torque, and
the gravity of the moving platform. Let F and T be the workloads applied to the moving
platform at o. Let my;, Iy;, fri, i, and Gy; (i = 1, 2, 3) be the mass, inertia matrix, inertia
force, inertia torque, and gravity of the cylinder, respectively. Let my;, I, f;, ns;, and Gg;
(i =1, 2, 3) be the mass, inertia matrix, inertia force, inertia torque, and gravity of the piston,
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respectively. Let mj, f;, and G; (j = X, Y) be the mass, inertia force, and gravity of the moving
parts in the linear module 7;, respectively. The inertia force, torque, and the gravity can be
derived as follows:

Go = mog, f, = —moa, ny = —Ie—w x Fow}

Gpi = Mpig, fyi = —Mpifpi, Npi = —Tbiﬁbi — Wp; X Fbiwbi}

Gsi = msig, fi = —Msifsi, Nsj = —Iiesi — wgi X Fsiwbi} (29)
Gx = mxg, fxy = —mxax, Gy = myg,fy = —myay

I = CR)L(PRy) ) T = (R)L(R) Ty = (R)L(Ry)"

Ry = [6y 8y x 81 61] R; = [0x 0x x 6; 6;],i =2,3

where Wg; = Wy = Wi, & = &y = ;.
Let F; be the active force applied on branch chains. Based on the principle of virtue

work, we obtain:
v fx+Gx 05, |]x+
w + T GT oT
fy + Gy 03.4|Jy

)-o

where Fg = [fox fry fr1 fr2 fr3]', Ii = Ui Jwil s Jsi = Usi Jwil ' From Equation (30), the
actuation force matrix of the branch chains can be expressed as:

+[FT+f + Gl T 401

0
S

“ } (30)

O+ [+ 6L ]

3
+'Zl ( {f; + GE,‘ "gi]]Bi
i

F,=DA+HV+G+E (31)

3 JLTvimei + 5T simsi + TL, <sz‘ +Tsi)1wi+
where D = (ID) IBigl UX 02X6]T[]X 02><6]mx+
[01x6 Jy O1x6)" [O1x6 Jy O1x6)my + ]
TETimei + 5T imsi + L, (Tbi +Tsi)l¢ui+
Y [ e
— D T .
= [lee Ty leé} [lee Ty 01><6] -
JL; ( (Tbi +Tsz'> wi)]wi +Jr
T
G = —(Jp)'Jt i IEimbigHsTimsi]ng Umx O2x6] mxg+
i=1\ [01x6Jy O1x6] myg+]Js

T F moEzx3 0 O6x6
E=— -1 T , _ 0 3><3~ 3%x3 , _ g
(ID ) IB( T ) Jo [ 0505 I, Jr _(IOW)IOE
Js = [mog 00 01", Jro = [Esxs 03x3], Jor = [03x3 E3x3)
From Equation (31), the actuation forces of five branch chains can be solved. Validation

of the analytical dynamic model of P(2PRPU)/PRPS PM is necessary before evaluating the
dynamic performance. Here, an Adams simulation is carried out to verify the dynamic
model, as shown in Figure 5. In the simulation model of Figure 5, the structural parameters
of P(2PRPU)/PRPS PM are L = 1300 mm, e = 300 mm, and / = 180 mm. The mechanism
mass and inertia parameters are extracted from Adams, and the specific values are shown
in Table 1. The motion of the end-effector is given as x = 800 + 200sint mm, y = 200cost mm,
z =1000 + 10t mm, « = 7isint/9 rad, B = mcost /9 rad.
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(a) (b)
Figure 5. Simulation model of P(2PRPU)/PRPS PM: (a) SolidWorks; (b) Adams.

Table 1. Mass properties and moment of inertia of the P(2PRPU)/PRPS PM.

Symbol Mass (kg) Local Inertial Matrix (kg-mm?)
m, 17.83 diag(367,124 191,975 181,594)
mMp1, My, My3 25.42 diag(1,437,939 1,375,778 97,592)
msy 2.85 diag(118,804, 117,521 1,849)
Mgy, Ms3 3.79 diag(173,612, 172,451 2,340)
myx 33.57 diag(5,541,785 5,528,349 88,156)
my 4.55 diag(8,732 7,620 7,522)

The numerical results of the forces exerted by the five actuators under the specified
motion trajectory are obtained and presented in Figure 6 through theoretical analysis
and simulation. The computational results demonstrate a strong agreement between
the analytical dynamic and Adams models regarding magnitude and variation trends.
Therefore, it is verified that all derived theoretical formulae of kinematics and dynamics
are correct.
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<] 9
= o
5 2
= 0 2 200t i
g 2
£-100 Simulation Result Z Of g
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(e) )

Figure 6. Results of numerical simulations and errors: (a) f,x; (b) fry; () fr1; (d) fi2; (e) fr3; (f) force error.
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3.3. Dynamic Performance Analysis
3.3.1. Dynamic Manipulability of the P(2PRPU)/PRPS PM

This section investigates the dynamic performance of the P(2PRPU)/PRPS PM us-
ing the dynamic model in Equation (31). The Dynamic Manipulability Ellipsoid (DME)
is adopted to evaluate the uniformity of the PM’s ability to change the MP’s posi-
tion/orientation under the stated driving forces. Subsequently, the distribution and
characteristics of the DME index within the workspace of the P(2PRPU)/PRPS PM
are investigated.

Substituting Equation (9) into Equation (31), the dynamic equation can be derived as:

F, = DJgA, + (DjB + H]B) V,+G+E (32)

In investigating the acceleration/deceleration characteristics of parallel manipulators,
where acceleration-dependent terms dominate the dynamic model, Equation (32) can be
appropriately simplified by neglecting the centrifugal, Coriolis, and gravitational items for
the time being:

M; = DJ, Aq = [ar ag]" )

Here ar represents the translational acceleration, ay is the rotational acceleration. The
DME of P(2PRPU)/PRPS PM is separated into the rotation and translation parts by dividing
the matrix Mg to evaluate the dynamic performance. Based on Equation (33), the driving
forces Fq can be reformulated as [32]:

Pq = FqT + PqR = MqTaT +MqRaR (34)

where F, represents the driving forces caused by the translational acceleration, and F;r
represents the driving forces caused by the rotational acceleration. M, represents the
matrix composed of the first three columns of matrix M, and Mg is the matrix composed
of the last two columns of the matrix M.

This section evaluates the dynamic performance of the P(2PRPU)/PRPS parallel
manipulator (PM) using the maximum singular values ((TquaX and O'quaX) of matrices
M, and MR at specified poses, where smaller values indicate better dynamic performance.
Figure 7 presents the spatial distribution of both rotational and translational dynamic
performance indices across the P(2PRPU)/PRPS PM’s workspace. The results demonstrate
that all performance metrics exhibit perfect symmetry about the X = 0 plane, reflecting
the inherent structural symmetry of the P(2PRPU)/PRPS PM. Moreover, the dynamic
performance is optimal near the initial region of the workspace, while both the rotational
and translational manipulability indices gradually increase as the X-coordinate grows,
indicating progressively worse dynamic performance.

3.3.2. Coupling Property of the P(2PRPU)/PRPS PM

In the motion of PMs, each actuated branched chain is influenced by its inertia and
coupled inertial effects from other branched chains, affecting the system’s overall dynamic
performance. In order to study the coupling properties among active branched chains of
the P(2PRPU)/PRPS PV, it is necessary to transform the dynamic model into the joint
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500

space. From Equation (31), the dynamic model of the P2PRPU)/PRPS PM in the joint
space can be expressed as:

F;=M;V, +H;V, + G+E

M; = DJg]p! (35)
—1 .

H) = (DIBID + (DJg + HIB)IDl)

A monotonically increasing logarithmic function evaluates the inertial coupling inten-
sity between actuated branched chains. The coupling intensity index kci, (i = X, Y, 1, 2, 3)
for each branch can be expressed as:

5
L [[My|
Keim 1o, A= A
ehi [ My

(36)

The inertia matrix of the PMs has the property that the diagonal elements dominate
so that A; is always in the range of [0, 1], so the value of the inertia coupling strength
evaluation index kci is defined in the interval [0, 1]. When the index approaches 1, the
inertia coupling strength of the branched chain becomes more significant, whereas when
the index approaches zero, the inertia coupling strength of the branched chain decreases.
The larger the coupling strength index, the greater the influence of other branched chains’
inertia on a given branched chain.

O gTmax
q 500 0 gRmax
10.25 _ | 600
1000 | ¢
10.2 E " 500
N
10.15 1500 400
1600
600 <+ 600

7 1100

0 50 0
N 2 0o 600y o

~600
(a) (b)

Figure 7. Distribution of DME in the workspace: (a) 0 Tmax; (b) 0grmax-

Figure 8 shows that the inertia coupling strength of each branched chain of the
P(2PRPU)/PRPS PM changes with the motion attitude of the moving platform, the blue
arrows indicate the movement directions of the corresponding side chains. The coupling
intensity indices of branched chains kcX, kcY, and kc; are symmetrical about the Y = 0 plane,
consistent with the mechanism’s structural characteristics, while limbs kc, and kcs exhibit
identical variation trends in opposite directions.

As can be seen from Figure 8, the coupling intensity of each branch is proportional
to the length of the branch. When the moving platform t moves in the direction away
from one of the branched chains, the inertia coupling strength index of this branched
chain will gradually increase. By comparing Figure 8a,f, as well as Figure 8b,e, it can
be observed that for the P(2PRPU)/PRPS PM, the first-stage driving branches of the
dual-driven limbs PRPS and PRPU exhibit significantly lower coupling intensity than the
second-stage driving branches.
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Figure 8. Distribution of coupling strength in the workspace: (a) kcX; (b) kc1; (c) keX (Y = 0 plane);
(d) kc1 (Y = 0 plane); (e) kcY; (f) kc2; (g) kc3.
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According to the distribution law of branched chains’ inertia coupling strength in the
workspace, the coupling between the branch chains is inevitable, but the motion trajectory
of PMs can be rationally planned to reduce the influence of inertia coupling.

Through the analysis of the kinematics and dynamics of the mechanism, it can be
noted that this mechanism has significant advantages in structural design and performance
optimization, and has strong potential for engineering applications. In the future, this
type of mechanism can be widely applied in high-end equipment fields such as five-
axis machining of large aerospace components, precision polishing systems for high-
accuracy optical elements, fine pointing adjustment platforms for space telescopes, and
mold machining platforms for large wind turbine blades.

4. Conclusions

This paper proposes a novel 5-DOF PM with two double-driven chains. This mech-
anism features only three kinematic branches, which help reduce interference between
branches. The PM exhibits approximate axial symmetry and adopts a rational constraint
strategy along with a double-driven joint design, significantly enhancing the flexibility of
the moving platform. The main conclusions of this work are summarized as follows:

Firstly, a novel P(2PRPU)/PRPS PM is proposed based on double-driven limbs. While
maintaining the required DOF, the mechanism reduces the number of branches, simplifies
the overall structure, and minimizes mutual interference between branches. The mobility
of the mechanism is analyzed using screw theory, and the results confirm that it possesses
five independent degrees of freedom.

Secondly, based on the geometric characteristics of the mechanism, its kinematic model
is derived, and its kinematic performance is analyzed. The atlas method is employed to
carry out the kinematic optimization design of the proposed parallel mechanism.

Furthermore, based on screw theory, an inverse dynamic model of the P(2PRPU)/PRPS
PM is established with concise expressions and clear physical interpretations. The rotational
dynamic motion evaluation index (O'quaX) and translational dynamic motion evaluation
index (0;rmax) are adopted to assess the dynamic performance of the PM. The evaluation
results indicate that the mechanism performs optimally in most workspace regions.

Finally, based on the dynamic model, an evaluation model is developed to quantify
the inertial coupling strength of the active branches. The results reveal that the inertial
coupling strength of each active branch is inversely proportional to its length and increases
as the moving platform deviates from the corresponding branch chain’s layout direction.

Future research will focus on stiffness modeling and analysis to further facilitate the
practical application of the proposed 5-DOF PM in engineering.
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