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Abstract— This paper introduces a novel design for a robotic
hand based on parallel mechanisms. The proposed hand uses
a triple-symmetric Bricard linkage as its reconfigurable palm,
enhancing adaptability to objects of varying shapes and sizes.
Through topological and dimensional synthesis, the mechanism
achieves a well-balanced degree of freedom and link configura-
tion suitable for reconfigurable palm motion, balancing dexter-
ity, stability, and load capacity. Furthermore, kinematic analysis
is performed using screw theory and closed-loop constraints,
and performance is evaluated based on workspace, stiffness,
and motion/force transmission efficiency. Finally, a prototype is
developed and tested through a series of grasping experiments,
demonstrating the ability to perform stable and efficient ma-
nipulation across a wide range of objects. The results validate
the effectiveness of the design in improving grasping versatility
and operational precision, offering a promising solution for
advanced robotic manipulation tasks.

I. INTRODUCTION

Dexterous robotic manipulators have emerged as a new
class of robotic end-effectors with vast potential applications.
Their multi-degree-of-freedom (DOF) structures, combined
with multi-sensory capabilities, excellent adaptability, and
diverse grasping modes, make them a key research focus in
industrial robotics. Over the past few decades, the design of
dexterous manipulators has progressed steadily [1], [2]. Most
dexterous grippers utilize anthropomorphic layouts where
serial rotary joints are driven by tendons or cables, often
incorporating springs or other compliant elements to achieve
underactuated behavior [3], [4], [5], [6]. However, the rigidity
of conventional structures limits their adaptability to objects
with varying geometry, scale, and surface properties.

Multi-fingered dexterous hands demonstrate excellent
adaptability. Compared to series-linked structures, dexterous
hands employing parallel mechanisms (PM) exhibit superior
rigidity and stability, enabling higher precision and flexibility
in complex grasping tasks while enhancing the manipu-
lator’s load-bearing capacity [7]. These advantages enable
parallel-structured dexterous hands to perform grasping and
pinching tasks with rapid response and high positioning
accuracy. In 2002, Lee and Tsai [8] introduced PM theory
into the synthesis of dexterous hands, although their fingers
remained serial. Under fingertip grasping, multi-DOF hands
are kinematically equivalent to PMs—the object behaves as
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a moving platform and the fingers as kinematic limbs. This
viewpoint subsequently promoted translational motion as an
effective basis for high-precision, high-payload dexterous
manipulators [9], [10], [11].

In recent years, Dai et al. [12] designed a multi-finger
dexterous hand with a reconfigurable palm. This design
employs a reconfigurable mechanism as the palm, not only
expanding the dexterous hand’s workspace but also enhanc-
ing its dexterity, thereby offering a novel solution to the
fixed-palm problem. However, current research on dexterous
gripper palms primarily focuses on structural design and
control optimization, often neglecting the role of the palm’s
own posture and shape during grasping. Consequently, some
scholars have initiated studies on palms using reconfig-
urable mechanisms [13], [14]. For examples, Patricia et al.
[15] designed a modular, 2-DOF deformable palm. Without
adding extra motors, a soft cooperative drive mechanism
synchronized palm and finger movements, improving the
workspace and grasping adaptability. Lu et al. [16] designed
a reconfigurable underactuated dexterous hand with three
underactuated fingers and a reconfigurable palm, enabling
precise palm manipulation of diverse objects. Wei et al.
[17] proposed a geometric design and dimensional synthesis
method for a reconfigurable dexterous hand, investigating the
impact of design parameters on the working space of the
palm and fingers.

However, current research on dexterous robotic hands
primarily focuses on structural design and control optimiza-
tion, neglecting the role of the palm’s own posture and
shape during grasping. When grasping diverse objects in
complex environments, factors such as palm posture, palm
shape, and finger angles significantly impact grasping suc-
cess rates. This research project aims to design a generalized
parallel reconfigurable dexterous hand capable of multiple
motion modes and adjustable palm posture. The structure
is organized as follows: Section 2 establishes a topological
analysis framework by discussing loop closure and contrac-
tion graphs (CGs). Section 3 performs kinematic analysis
of the dexterous hand. Section 4 completes performance
analysis, including workspace, Jacobian matrix, motion/force
transmission analysis, and stability/stiffness analysis. Sec-
tion 5 conducts experimental testing and analysis of the
reconfigurable dexterous hand. Finally, Section 6 summarizes
research findings and proposes future research directions.

II. GRAPH SYNTHESIS AND STRUCTURAL DESIGN

Following the design requirements identified in Section I,
this section focuses on the structural synthesis of a closed-
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TABLE I: Combinations of Basic Links for V' =1/2/3/4.

VvV No no ns T4 ns ‘ V  No. no ns n4 ns
1 1 5+ ¢ 0 0 0 \ 1 9 14+ 6 0 0
2 2 8+ & 2 0 0|2 10 154+% 4 1 0
2 3 94 & 0 1 0 2 11 16+® 3 0 1
2 4 11+ 4 0 012 12 164+% 2 2 0
2 5 12+ 2 1 0|2 13 174% 2 0 1
2 6 1340 1 0 1 3 14 174+ 1 1 0
3 7 13+% 0 2 o3 15 17+® 0 3 0
3 8§ 14+ 0 0 1 3 16 184+@ O 1 1
4 - - - - - \ 4 17 184+ 0 0 2

loop mechanism suitable for a reconfigurable palm.

A. Loops and DOF of the Dexterous Hand

For spatial PMs, the mobility can be calculated by the
modified Griibler-Kutzbach formula [18]:

g
M=6(n-—g-—1)+> fi+v—¢ (1)
i=1
where M represents represents the DOF of the mechanism,
n is the total number of links, g is the number of kinematic
pairs, and f; is the DOF of the i-th pair. v is the number of
passive DOFs, and ( is the redundant constraints.
To simplify topological synthesis, we introduce basic
links, where ny is the count of basic links with k£ kinematic
pairs. The total links n and kinematic pairs g are then:

m m

g
n:an, g:Zfi:%ank- 2
k=2 i=1 k=2

The number of independent loops V' of the mechanism
can be calculated using Euler’s formula [19]:

1
V:g—n—|—1:§(n3+2n4+3n5+~--)+1. 3)

Substituting the above equations yields the number of
binary links ns, which is a key parameter defining the
mechanism topology:

ny =5V =Y n+, 4)
k=3
where & = M + ( — v — 1. Compliant topological structures
are synthesized by building CGs from basic link combina-
tions, as listed in Table I.

B. Topological Graph and Isomorphism Identification

Although configurations with V. = 2 or V > 4 are
theoretically feasible, V' = 2 provides insufficient structural
complexity for spatial reconfiguration, while higher values of
V' significantly increase mechanical complexity and reduce
stiffness. Therefore, V' = 3 is selected as a compromise
between reconfigurability, symmetry, and structural robust-
ness.A topological graph uses nodes for joints and edges
for links to show their connections. To achieve a balance of
high flexibility and load capacity, the dexterous hand design

1 1 1
2@4 2©4 2©4
3 3 3

12 13 14 23 24 34 12 14 14 23 23 34 1212 1423 34 34
4-1 42 4.3

Fig. 1: Topological graphs and connection arrays.
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(a) Planar topological
graph

(b) Isomorphic (c) Spatial topological
transformation graph

=+ O

(d) Decomposition of the spatial topological graph

Fig. 2: Transformation and Decomposition of the Graph.

requires a trade-off between stiffness, dexterity, and com-
plexity. This design sets V' = 3 and uses configuration No. 4
from Table I, which has four ternary links (T) and (11 + @)
binary links. With four ternary links forming the core, there
is only one circumferential arrangement (17777, resulting
in three valid topological graphs [20], [21]. Isomorphism
identification is necessary to avoid redundancy from different
graphical representations.By numbering the basic links, each
connection is converted into a mathematical array, as shown
in Fig. 1.

This study applies the Node Response Method (NRM) for
analysis [22]. The NRM verifies isomorphism by simulating
layer-by-layer response transmissions and comparing output
sequences from different initial nodes. This process yielded
two non-isomorphic graphs with design potential: 4-1 and
4-2.

Symmetrical structures are preferred in mechanism design
for easier analysis, manufacturing, and maintenance. CG 4-1
has a triple-symmetrical spatial topology, with three identical
branches connected to one vertex. This symmetry improves
the load capacity and stability. Consequently, CG 4-1 was
selected, with its various forms shown in Fig. 2.

C. Structural Design Based on the Topological Graph

Deconstructing the CG 4-1 spatial topology shows three
branches, each with a ternary link (1, 2, or 3). One kinematic
pair on each branch attaches to the base (4), while the
other two connect the branches serially. Leveraging this triple
symmetry, we designed a three-fingered symmetrical hand.
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(a) Planar six-bar (b) Spherical six-bar (c) Bricard

Fig. 3: Symmetrical six-bar mechanisms

(a) Link configuration (b) Contracted state (c) Overall structure

Fig. 4: Structural design of the triple-symmetric Bricard mechanism

This creates a six-bar closed-loop, with fingers on the binary
links between ternary links 1, 2, and 3.

Among symmetrical six-bar options, the Bricard mecha-
nism [23] was chosen for the morphing palm, as its spatial
deployability offers superior palm flexibility and adaptability,
as shown in Fig. 3. This structure offers a wider range
of motion possibilities and expandability, making it widely
applicable.

After choosing a triple-symmetrical Bricard variant, two
three-dimensional models were designed, as sketched in
Fig. 4. Model 4(a) is simple but less precise due to manu-
facturing variance. Model 4(b) is more complex and ensures
higher precision via positioning holes, which adopts the
precise Fig. 4(b) configuration, with the final structure shown
in Fig. 4(c).

III. KINEMATIC ANALYSIS OF THE MECHANISM
A. Structural Analysis of the Dexterous Hand

Depending on the number and configuration of its links,
the Bricard mechanism exhibits diverse structural charac-
teristics. According to Denavit-Hartenberg (DH) [23], the
mobility of a single-loop mechanism is gained if and only

if the ordered product of all homogeneous transformation
matrices around the loop equal to the identity, namely,

HTi(i—i-l) =1 ®)
i=1

where T(; ;1) denotes the transfer matrix between links.
This mechanism features triple plane and rotational symme-
try, with its geometric conditions shown in Fig. 5(a) and met
as follows:

a12 = 23 = a34 = Q45 = 56 = ag1 = [

] = Q03 =05 =W

g =y = Qg = 2T — W (6)

Pr=pP3=p0s=0
M=7=7=7

y(rad)

7 _x/3 73 =&

S(rad)

(b)

Fig. 5: (a) Triple-symmetric Bricard mechanism, where 8 and ~
denote the rotation angles of adjacent revolute joints as defined in
the local link frames; (b) corresponding curves of 8 and v with
w = 27/3.

As shown in Fig. 5(a), the triple-symmetric Bricard mecha-
nism possesses three symmetry planes, combining rotational
and planar symmetries. Hence, it is adopted as the dexterous
hand palm. Based on the DH closed-loop condition (5)
and the geometric parameters (6), the motion coordination
equation of the mechanism is derived as

2 w(cos B + cosy) + (1 4 cos® w) cos B cos y

7
2w —2coswsin fsiny = 0 M

sin
4+ cos

In (7), w denotes the angle between adjacent joints,while
£ and ~yare link rotation variables. The continuous motion
is ensured by setting w = 27/3, maximizing workspace and
avoiding interference.

Choosing [ as input, the feasible domain is restricted
to § € (0,7) and v € (27/3,7) to eliminate bifurcation
ambiguity. Therefore, each 8 corresponds to a unique -,
Ilustrated by the red curve in Fig. 5(b). the relationship is:

5cosfBcosy+4sinSsiny +3cosf+3cosy+1=0 (8)

Given w and the admissible ranges of 5 and +, the
schematic configuration of the triple-symmetric Bricard
mechanism is illustrated in Fig. 6(a). In this mechanism, each
pair of non-adjacent revolute joints intersects at a common
point (indicated by the red lines), and the centers of these
revolute joints form two parallel equilateral triangles (green
lines). The line connecting the two intersection points is
perpendicular to both triangular planes, which guarantees the
geometric symmetry of the mechanism.

As depicted in Fig. 6(b), M; and N; (i = 1,2,3) denote
the centers of the revolute joints connecting the palm to the
kinematic chains and fingers, respectively. Each link of the
mechanism is represented by M; N;. Owing to the triple sym-
metry, AM;MyMs and ANy N9 N3 are parallel equilateral
triangles, forming the fundamental geometric structure of the
mechanism.

A reference frame {O,,} : Oy — Ty Ym 2m is established
on the plane of AM; My Ms, with the origin O,,, located at
its centroid. The x,,-axis connects O,, to M, the z,,-axis
is perpendicular to the plane A M MyMs, and the y,,-axis
is determined by the right-hand rule. Point G is defined as
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(a) (b)

Fig. 6: (a) Schematic diagram of the triple-symmetric Bricard
mechanism; (b) corresponding screw system representation.

the centroid of AN;NsN3. The motion screws at M; and
N; are denoted by Sjs, and Sy, respectively, where 3 is
the input angle and -y is the passive angle.

The length of the Bricard is represented by L. For calcu-
lation convenience, let O,, M1 = O,,Ms = O,, M3 = L,
GN; = GN3y = GN3 = Ly and O,,,G = L3. The parameters
Ly, Lo and L3 can be expressed in terms of L, /3, and 7.

_2V3 g
Ly =g Leos g,
LQ:%\/chosg, 9

L3:L\/17§COSQ%7%COSQ§+§COS%COS§

B. Forward kinematic analysis

In the proposed dexterous hand model, we designate L, as
the input variable and L3 as the output variable to describe
the position of the moving platform in the coordinate system,
thereby establishing the forward kinematics. By combining
equation (8), (9), and the double-angle formula, and elimi-
nating 8 and ~, the constraint equation between L, and Lo
is obtained as

ASL3L3 — 12L%(L3 + L3) + 48L*L1 LoV AVB = 0. (10)

where A = 1 —3L%/4L? and B = 1 — 3L3/4L? Based
on equation (10), the constraint relationship between L
and Lo can be visualized, as shown in Fig. 7(a). Since
B € (0,7), v € (2m/3, ), it follows that Ly € (0,+/3L/3),
Ly € (0,2v/3L/3), which leads to the condition L; < Lo.
Under this condition, the palm exhibits greater extension ca-
pability, resulting in an enlarged workspace for finger motion
and thus enhanced dexterity of the hand. Consequently, the
relationship between L; and Lo is represented by the red
curve in Fig. 7(a), indicating that within this interval, for
any Lo, there exists a unique corresponding L.

Let U = L3/L? V = L3%/L? move the root term
and square it, and after organizing, simplify and obtain the
quadratic equation about V' as shown as

A(UV? 4+ B(U)V 4+ C(U) = 0. (11)

Where A(U) = 16 + 72U + 81U, B(U) = —224U +
7202, and C(U) = 16U2. By applying the quadratic

TABLE 1I: Structural Parameters of the Dexterous Hand

Parameter Value Parameter Value
L/mm 120 wirad 2m/3
Ly/mm (0,70) Blrad (0,m)
La/mm (0,140) ~/rad (27/3,m)
L3/mm (0,120) - -

formula, the value of L, can be obtained. Therefore, the
final expression is given by Eq. (12):

1121212 — 36L% + 3212 L/12L7 — 9L
LQ_L\/ 212 _ 36L4 + 32020/ L

16L4 + 7203 L2 4+ 81L3

Therefore, given the value of L, Lo can be uniquely
determined from Eq. (12), and subsequently L3 can be
uniquely obtained from Eq. (13). In this way, the forward
kinematics of the proposed mechanism is fully established.

Ly = \/L2 — (L2 4+ L2) + L1 L, (13)

C. Inverse kinematics analysis

In the inverse kinematics analysis, L3 is selected as the
independent variable, the transformation relationship of L
with respect to Ls is derived. From Eq. (13), it can be
rearranged into a quadratic form in terms of L.

L —LiLy+ (L2 +L3—-L*=0 (14)
Similarly, the solution Ly can be derived:
L 412 — 3L2 — 412
L-bty R (15)

2

By combining Egs. (12) and (15), a constraint equation
depending only on L; and L3 is obtained. Within the interval
Ly € (0,4/3L/3) and L3 € (0, L) for any given L;, there
exists a unique corresponding Ls. The functional relationship
will be presented in Section 4.1 on workspace analysis.
Hence, the inverse kinematics of the proposed mechanism
is established.

IV. PERFORMANCE ANALYSIS OF THE DEXTEROUS
HAND

Performance analysis supports the design and optimization
of mechanical systems. Using the established kinematic
models and constraints, the dexterous hand is evaluated
in terms of workspace, motion/force transmission, stability,
and stiffness to ensure accuracy and reliability for practical
application.

A. Workspace analysis

Workspace characterizes the reachable positions of a
mechanism and reflects its input—output capability. For the
dexterous hand, inverse kinematics is solved under motion
constraints and link parameters to obtain feasible inputs and
determine the accessible workspace. The structural parame-
ters are listed in Table II.
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Fig. 7: (a) L1 and L2 (b) L1, L2 and L3 with respect to .

Considering the application scenarios of the dexterous
hand, the following constraints are imposed to avoid me-
chanical interference during motion: L; € (0,v/3L/3),
Ly € (0,2v/3L/3) and L3 € (0,L). Then, the reachable
workspace of both the forward and inverse solutions is
determined, along with the variation trends of L;, Lo and
L3 with respect to v, as shown in Fig. 7(b).

B. Jacobian Analysis

The Jacobian maps joint velocities to end-effector veloc-
ities, enabling analysis of motion transmission, force distri-
bution, singularities, and dexterity. For the dexterous hand, J
is obtained by differentiating the kinematic constraints with
respect to the independent variables:

p=J(q)q (16)

Here, p € R™ denotes the Cartesian position of the end-
effector (or a vector parameterizing both position and orien-
tation), and ¢ € R™ represents the actuated joint variables.
The vectors p and ¢ denote the end-effector velocity and
joint velocity, respectively. From Eqgs. (10) and (13), the
relationship between the input variable L; and the output
variable L3 is obtained. Accordingly, the Jacobian matrix of
the proposed mechanism can be expressed as:

J:*2L1+L2_*2L2+L1&
2L3 2L3 Dl’
Ny = 90L, L2 — 24L%L; + 48L°%L55, S,
Sy
—36L3Ly ==
1 2517
Dy =90Ly L7 — 24L° Loy 4 48L%L1 5,5, (17
S
—36L3L, =
2 1525
[ 3L
=4/1-2
Sl 4L27
[ 3L3
So=1/1 -2
2 412

Based on the geometric relationship in Eq. (10), the
Jacobian matrix can be numerically evaluated. Furthermore,
the analytical expression of the Jacobian derived in Eq. (17)

Jacobian Comparison

 Stiffness Transfer( [, > 5 )

3

~
M5
L 4
)
£ 3
& 2
21
: S o
010 20 30 40 50 60 10 20 30 40 50 60
Ly (cm) L1
(a) (b)

Fig. 8: (a) Jacobian Comparison (b) Relation between K, and L.

enables the visualization of its distribution. The correspond-
ing results are illustrated in Fig. 8(a).

C. Stability and Stiffness Analysis

Stiffness reflects a system’s resistance to external dis-
turbances, directly affecting stability and accuracy. High
stiffness reduces deformation, while low or negative stiff-
ness may cause buckling or oscillation. The proposed palm
mechanism operates as a single-degree-of-freedom system
during reconfiguration. For the single-degree-of-freedom re-
configuration motion, the Jacobian J is a scalar given by J =
dL3/dL,. Given the input stiffness K7, , the output stiffness
K, is obtained via the stiffness transmission relation:

K
K%:LE

Stiffness describes how output displacement is amplified
or attenuated relative to input via the Jacobian. A small
Jacobian yields high stiffness, i.e., rigid response, while a
large Jacobian reduces stiffness, i.e., compliant response.
Thus, positive stiffness ensures stability, whereas near-zero
or negative stiffness may induce instability. The variation of
K, with respect to Ly is shown in Fig. 8(b). The dexterous
hand exhibits positive stiffness throughout its workspace,
demonstrating stable kinematic behavior and effective resis-
tance to external disturbances.

(18)

D. Motion/Force Transmission Analysis

For non-redundant manipulators, the Local Transmission
Index (LTI) [24] can be used as a performance metric for
motion/force transmission, which is defined as:

k=min{{;,0;} (i=1,2,...,n) (19)

where k represents the local transmission index, (; refers
to the input transmission efficiency of branch ¢, while o;
indicates the output transmission efficiency of branch q.
Both values range within (0, 1), signifying the efficiency of
energy transfer from the actuators to the branch and from the
branch to the end-effector, respectively. A value approaching
1 suggests enhanced transmission performance. The formal
definitions of these indices are as follows:
{Ci = |STi © sz| / |STi © Sfilmax

(20)
g; = |ST7 [e] SO7| / |ST7 @] SOZ

max
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In Eq. (16), S, represents the transmission wrench screw
(TWS) of branch 4, Sy, denotes the input twist screw (ITS),
and S, refers to the output twist screw (OTS). The transmis-
sion wrench screw is defined such that its reciprocal product
with all passive joints in the branch equals zero, ensuring
consistency with the kinematic constraints. The computation
of the denominator’s maximum value can be referred to [25].
In the reference coordinate frame {O,,} : O — T YmZm.
the coordinates of points M; and N; can be expressed explic-
itly. From these coordinates, the vectors corresponding to the
revolute joints of each link can be obtained. By computing
the cross products of these vectors, the unit vectors of the
motion screws s;, ¢ = My, My, M3, N7, Ny, N3 can be
determined. Accordingly, the motion screw system of the
triple-symmetric Bricard mechanism can be expressed as:

Si = [Si SOi]T = [81 r; X Si]T (21)

Finally, the motion screw system of the tri-symmetric
Bricard mechanism can be expressed as:

Finally, the motion screw system of the tri-symmetric
Bricard mechanism can be expressed as:

3Ly L
5 YLela 0 my 0 —2ms0
My V3LaL3y 3LoLg
SM2 7% W ms \/§m5 ms 0
V3LoLs  3LoLg
Sns _ 2m1 2m, 3 V3ms ms 0 22)
Sy Bhils 0 my 0 —2me0
Sn. 3LyLs 3LiL
2 _% # my \/gme me 0
SN ¢§2"2L 37Ln2L
_V3LiLz _ 3LiLs _
2ms 2ma mMa \/gmﬁ me 0

Where, mq-mg is a function of Ly, Lo and L3, with its
explicit expression provided as follows:

my = \/3L3L3 + BL3L3 — 3LL3 + 3L3/4

my = \/BL3L3 + BLIL3 — BL3Ly + 3L4/4
ms = V/3LyLy/my — V/3L2/(2my)

my = V3L1Ly/my — V/3L2/(2my)

ms = Limg/2

me = —Lamy/2 — V3L L2/ (2myg)

Through the analysis, it is found that the Bricard mech-
anism consists of six kinematic branches. Due to its triple-
symmetric property, only two representative branches need
to be analyzed. For convenience, Branches M1 N and M1 N3
are selected, where the input twist is aligned with the
xy,-axis and the output twist is aligned with the z,,-axis,
corresponding to linear velocities screw S; = (L1 00;0 0 0),
S, = (0 0 L3;0 0 0). Since branches M; Ny and M N3
are symmetric with respect to the x,,0,,z,-plane, only
the transmission analysis of branch M;Ns is required. In
this branch, S, denotes the driving joint screw and Sy,
represents the passive joint screw, from which the transmis-
sion wrench screw (TWS) St, can be derived. Finally, the
variation of (;, 0;, k with respect to parameter L, is plotted,
as shown in Fig. 9.

(23)

Transmission Indices of M| N, Chian Minimum transmission index

L1 0.6
1
% 0.6 ¢ 91
X 03
Té 04 / o () 0.2
- o (output
50217 e 01
“ ol
0 0
0 20 40 60 0 20 40 60
L (cm) L, (cm)
(a) (b)
Fig. 9: The relationship between (;, 0, ~ and L.
/—\ servo motor

spring

)
slide rail

Fig. 10: Dexterous hand model structural overview.

tendon

V. MODEL CONSTRUCTION AND EXPERIMENT

Based on the preceding design and analysis, this section
details the dexterous hand experiment through the prototype.
It elaborates on the prototyping process and experimental
validation for the universal parallel dexterous hand, system-
atically evaluating its actual performance.

A. Design of the Dexterous Hand Model

The dexterous hand employs an underactuated tendon-
driven mechanism. Each finger consists of three sections—
fingertip, middle phalanx, and base—connected by bearing-
supported revolute joints. Finger flexion is achieved through
tendon actuation, while torsion springs embedded in the
joints provide passive restoring forces. The finger assemblies
are mounted on the Bricard palm via mechanical connectors,
with their motion constrained by the Bricard linkage.

To reduce friction during palm motion, the Bricard palm
is connected to the base through a low-friction linear guide
rail. The hand structure is fabricated from high-carbon steel,
and all components undergo sandblasting and oxidation
treatments to improve strength and wear resistance.

The hand is actuated by a cable-driven transmission sys-
tem powered by six independent Feelech servo motors, each
driving a single cable to avoid motion coupling. Three motors
actuate the fingers, and the remaining three control palm
opening and closing. All servos are controlled by an Arduino
Nano with a URT-1 interface. Thin-film pressure sensors
(RP-C7.6-ST) embedded at the fingertips provide real-time
contact force feedback during grasping. The gripping test
validates the gripper’s ability to grasp objects and highlights
how its configurability expands the range of graspable items.
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Fig. 11: Grasping comparison in different palm positions.

TABLE III: Grasping Results

Objects Close Partially close Open
160mm 0/3 0/3 3/3
120mm 0/3 3/3 3/3
80mm 0/3 3/3 3/3
40mm 3/3 3/3 3/3
Mouse 0/3 3/3 3/3
Plates 0/3 0/3 3/3
Cylinders 3/3 3/3 3/3
Plush toys 3/3 3/3 3/3
Handles 0/3 3/3 3/3
Banana 3/3 3/3 3/3
Apple 173 3/3 1/3
Jujubes 3/3 3/3 3/3
Orange 3/3 3/3 3/3
Small bottles 3/3 3/3 3/3
Medium bottles 3/3 3/3 3/3
Large bottles 3/3 1/3 1/3

The Bricard palm achieves different configurations by adjust-
ing the clamping angle between linkages. In retracted mode,
the end-effector size is minimized for grasping small objects
in confined spaces. The semi-retracted mode suits medium-
sized objects, while the fully extended palm provides a larger
workspace for closed-grip manipulation of a broader variety
of objects. The grasping performance is illustrated in Fig. 12.

B. Experiment and Grasping results

To evaluate the grasping efficiency of finger structures
across different object shapes, sizes, and weights, a series of
standardized grasping tasks were designed. These validated
the gripper’s grasping capabilities, testing items ranging in
size from 17 mm to 180 mm [26]. The selected grasping test
objects are shown in Fig. 11. Figure 13 illustrates some
grasping results from the experimental process. First, the
hand moves to the correct grasping position, and the fingers
close to grasp the object. The gripper is then lifted 30
centimeters and held in that position for 3 seconds. Next,
the gripper is controlled to move along the z-axis, followed
by lowering the gripper to place the object down. If the object
remains in a non-dropped state throughout the entire grasping
process, the grasp is deemed successful [27].

To ensure grasping robustness, three grasping experiments
were conducted for each object. Table III documents grasping
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Fig. 12: Objects for evaluating gripper handling operations.
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Fig. 13: Grasping results from the experimental process.

outcomes for various objects under different palm states.
The numbers in the table represent the number of successful
captures.

As shown in the grasping results, the dexterous hand
achieves optimal grasping performance in the fully extended
state, though its efficiency is lower for small yet heavy
objects. The retracted state demonstrates superior grasping
for small-volume objects and cylindrical items. The semi-
retracted state exhibits distinct advantages when handling
medium-to-small-volume objects with significant weight.

Furthermore, the dexterous hand can not only grasp objects
horizontally but also manipulate objects in space. Fig. 13
illustrates some grasping results from the experimental pro-
cess.

The integration of end-effector pressure sensors enables
the selection of the most suitable gripper configuration for
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different grasping tasks based on pressure readings. Fig. 14
illustrates the pressure sensor data recorded during the entire
date palm grasping task performed with fingers. From top to
bottom, the palm positions are fully closed, partially closed,
and fully open. It is evident that during the task of grasping,
the pressure sensor readings are lowest in the fully closed
position, indicating the lowest energy consumption. This
preliminary finding suggests that adopting a fully closed
palm position is the optimal choice for small object grasping
tasks.

VI. CONCLUSIONS

In this study, a novel reconfigurable dexterous hand based
on a triple-symmetric Bricard mechanism has been proposed,
designed, and validated. The integration of a reconfigurable
parallel palm structure significantly enhances the hand’s
adaptability and workspace, allowing it to accommodate a
diverse range of object geometries. Comprehensive kinematic
and performance analyses confirm the motion characteristics,
force transmission efficiency, and structural stability. Exper-
imental results further demonstrate the prototype’s effective-
ness in executing reliable grasps under various configura-
tions. Future work will focus on optimizing actuator integra-
tion, improving real-time control strategies, and extending
the design to multi-finger configurations for more complex
manipulation tasks.

REFERENCES

[1] D.-H. Lee, J.-H. Park, S.-W. Park, M.-H. Baeg, and J.-H. Bae, “Kitech-
hand: A highly dexterous and modularized robotic hand,” IEEE/ASME
Transactions on Mechatronics, vol. 22, no. 2, pp. 876-887, 2016.

[2] J. Martin and M. Grossard, “Design of a fully modular and backdriv-
able dexterous hand,” The International Journal of Robotics Research,
vol. 33, no. 5, pp. 783-798, 2014.

[31 A.M. Dollar and R. D. Howe, “The highly adaptive sdm hand: Design
and performance evaluation,” The International Journal of Robotics
Research, vol. 29, no. 5, pp. 585-597, 2010.

[4] R.R. Ma and A. M. Dollar, “Linkage-based analysis and optimization
of an underactuated planar manipulator for in-hand manipulation,”
Journal of Mechanisms and Robotics, vol. 6, no. 1, p. 011002, 2014.

[5] B. Belzile and L. Birglen, “Optimal design of self-adaptive fingers for
proprioceptive tactile sensing,” Journal of Mechanisms and Robotics,
vol. 9, no. 5, p. 051004, 2017.

[6] W. Chen and C. Xiong, “On adaptive grasp with underactuated
anthropomorphic hands,” Journal of Bionic Engineering, vol. 13, no. 1,
pp. 59-72, 2016.

[7] L. Wang, J. W. Zhang, and D. Zhang, “A review on reconfigurable
parallel mechanisms: Design, analysis and challenge,” Engineering,
2024, published online 2024/10/22.

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

16867

J.-J. Lee and L.-W. Tsai, “Structural synthesis of multi-fingered
hands,” Journal of Mechanical Design, vol. 124, no. 2, pp. 272-276,
2002.

J. Borras and A. M. Dollar, “Dimensional synthesis of three-fingered
robot hands for maximal precision manipulation workspace,” The
International Journal of Robotics Research, vol. 34, no. 14, pp. 1731-
1746, 2015.

R. R. Ma, N. Rojas, and A. M. Dollar, “Spherical hands: Toward
underactuated, in-hand manipulation invariant to object size and grasp
location,” Journal of Mechanisms and Robotics, vol. 8, no. 6, p.
061021, 2016.

J. Borras and A. M. Dollar, “Analyzing dexterous hands using a
parallel robots framework,” Autonomous Robots, vol. 36, pp. 169—180,
2014.

J. S. Dai, W. Delun, and L. Cui, “Orientation and workspace analysis
of the multifingered metamorphic hand—metahand,” IEEE Transac-
tions on Robotics, vol. 25, no. 4, pp. 942-947, 2009.

X.Jin, Y. Fang, D. Zhang, and H. Zhang, “Synthesis of 3-[p][s] parallel
mechanism-inspired multimode dexterous hands with parallel finger
structure,” Journal of Mechanical Design, vol. 142, no. 8, p. 083301,
2020, 2020-08-01.

C. Tian and D. Zhang, “Design and analysis of novel kinematically
redundant reconfigurable generalized parallel manipulators,” Mecha-
nism and Machine Theory, vol. 166, p. 104481, 2021, december 1,
2021.

P. Capsi Morales, G. Grioli, C. Piazza, A. Bicchi, and M. G. Cata-
lano, “Exploring the role of palm concavity and adaptability in soft
synergistic robotic hands,” IEEE Robotics and Automation Letters, pp.
1-1, 2020.

Q. Lu, N. Baron, A. B. Clark, and N. Rojas, “Systematic object-
invariant in-hand manipulation via reconfigurable underactuation: In-
troducing the ruth gripper,” The International Journal of Robotics
Research, vol. 40, no. 12-14, pp. 1402-1418, 2021.

W. An, J. Wei, X. Lu, J. S. Dai, and Y. Li, “Geometric design-based
dimensional synthesis of a novel metamorphic multi-fingered hand
with maximal workspace,” Chinese Journal of Mechanical Engineer-
ing, vol. 34, no. 1, 2021.

Z. Huang, J. Liu, and Y. Li, On the Freedom of Mechanisms. Beijng:
Science Press, 2011.

K. H. Hunt, “Kinematic geometry of mechanisms,” 1978, (No Title).
C. Tian, Y. Fang, and Q. J. Ge, “Design and analysis of a partially de-
coupled generalized parallel mechanism for 3tlr motion,” Mechanism
and Machine Theory, vol. 140, pp. 211-232, 2019, 10/2019.

——, “Structural synthesis of parallel manipulators with coupling sub-
chains,” Mechanism and Machine Theory, vol. 118, pp. 84-99, 2017,
12/2017.

Z. Xia, D. Zhang, Y. Chen, C. Tian, J. Liu, and C. Wu, “A novel
6 dofs generalized parallel manipulator design and analysis based on
humanoid leg,” Mechanism and Machine Theory, vol. 176, p. 105029,
2022.

Y. Chen, Z. You, and T. Tarnai, “Threefold-symmetric bricard link-
ages for deployable structures,” International Journal of Solids and
Structures, vol. 42, no. 8, pp. 2287-2301, 2005.

L. Li, C. Tian, Z. Xia, and D. Zhang, “Optimal design of a generalized
single-loop parallel manipulator with rcm characteristic considering
motion/force transmissibility,” Robotica, pp. 1-17, 2025.

T. Zhang, Y. Cao, and G. Ma, “Indices to evaluate the performance of
force transmission and constraint for parallel mechanisms,” Strojniski
vestnik - Journal of Mechanical Engineering, vol. 68, no. 6, pp. 411—
423, 2022.

B. Ward-Cherrier, N. Rojas, and N. F. Lepora, “Model-free precise in-
hand manipulation with a 3d-printed tactile gripper,” IEEE Robotics
and Automation Letters, vol. 2, no. 4, pp. 2056-2063, 2017.

J. Wang, Q. Lu, A. B. Clark, and N. Rojas, “A passively compliant
idler mechanism for underactuated dexterous grippers with dynamic
tendon routing,” in Towards Autonomous Robotic Systems (TAROS
2020), 2020.



