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Abstract
Gripper is one of the most important parts of robot because of contacting with workpieces directly and has attracted
lots of research interests. However, the existing grippers are either simple in function or complex in structure. In this
paper, we will propose a one-DOF gripper based on a compliant mechanism with four identical twofold-symmetric
Bricard linkages. A mobile network with four identical twofold-symmetric Bricard linkages with particular design
parameters is constructed at first. Kinematics, such as mobility, singularity, and folding performance, is then
analyzed to show the potential of realizing the function of grasping. The result is demonstrated with a physical
prototype. To simplify the fabricating process, a compliant mechanism of the network is designed and fabricated
with a single polypropylene board, and the grasping function is realized by a cable-driven scheme. Some grasping
experiments are carried out on different types of objects which shows that the proposed and fabricated four-figure
gripper is simple in structure and has a great grasping function. The work provides a new idea for the design of
grippers with low cost, simple structure, and rich functions.

1. Introduction
In robot, gripperis one of the most commonly used end effectors since it can grasp different types of
objects tightly for potential applications and hence have attracted many research interests while being
widely used in practical applications [1–3]. Among the design and realization of grippers, there are two
of the most important issues. The first one is to let the grippers fit different rigidity, and the second one
is to fit different shapes.

For the first issue, some adaptive control algorithms are introduced. For instance, Maggi et al. [4]
proposed a novel adaptive underactuated vacuum gripper. Zhou et al. [5] developed an observer-based
adaptive boundary iterative learning control method. Yang et al. [6] proposed an extreme learning
machine based control scheme for uncertain robot manipulation or stopping performing tactile recog-
nition. Mukherjee et al. [7] worked on a grasp optimization algorithm, for minimizing the net energy
utilized by a five-fingered humanoid robotic hand for securing a precise grasp.

For the second issue, some flexible grippers with foldable and bionic structures were proposed in
recent years [8]. For example, Abondance et al. [9] proposed a dexterous three-fingered soft robotic
hand that can perform hand manipulations robustly in the presence of uncertainty. Park et al. [10] devel-
oped a hybrid gripper that combines soft and rigid components to simultaneously improve fingertip
force and actuation speed. Zhang and Oseyemi [11] presented a new SPA with a herringbone chamber
design, capable of combined longitudinal and transverse bending deformations that allow for improved
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Figure 1. The twofold-symmetric Bricard linkage.

conformality in soft gripping. In the field of medicine, grippers with adjustable stiffness were also devel-
oped, such as a variable-stiffness robotic gripper by Cardin-Catalan et al. [12] and a foldable manipulator
for minimally invasive surgery by Shang et al. [13]. Meanwhile, some origami patterns were adopted
in the design of adaptive grippers due to the foldability with multi-DOF [14–17]. Moreover, underac-
tuation is an important approach for simplified designs. Hota and Kumar [18] present a study on the
effect of design parameters of an underactuated hand on its grasp performance. Su et al. [19] proposed a
novel self-adaptive underactuated robot hand with rigid-flexible coupling fingers. Furthermore, Marwan
et al. [20] presented a comprehensive review devoted to the techniques related to reaching and grasping
objects in different workplaces.

However, these grippers are either assembled of many parts or require a complex-driven system,
which is not conducive to reducing cost and ensuring reliability as well as stability. Fortunately, spa-
tial overconstrained mechanisms [21] have the advantages of simple structure and good rigidity, which
always provide solutions for simplified designs with large rigidity. Among the spatial overconstrained
mechanisms, those with symmetric properties, such as Myard 5R linkage [22], line-symmetric 6R
linkage [23], plane-symmetric Bricard 6R linkage [24], twofold-symmetric 6R linkage [25], threefold-
symmetric 6R linkage [26], are preferred to be chosen in applications. Meanwhile, cable-driven is a
convenient way to drive manipulators with simple structures [27]. Therefore, in this paper, we will
choose a typical overconstrained linkage with great symmetric properties, twofold-symmetric Bricard
6R linkages [28] being easy to be fabricated in the compliant form, to construct a mobile network and
to design a conceptual one-DOF compliant gripper.

The paper is organized as follows. In Section 2, the geometric conditions and characteristics of the
twofold-symmetric Bricard 6R linkage are introduced. Section 3 is to construct the network with four
identical twofold-symmetric Bricard 6R linkages, whose grasping potential is demonstrated by kine-
matic analysis and a physical prototype. In Section 4, a compliant gripper based on the proposed network
is constructed, and the grasping function is realized with the help of a set of designed driven devices.
Conclusions are drawn in Section 5.

2. Twofold-symmetric bricard linkage
Figure 1 shows a twofold-symmetric Bricard linkage, which is both plane-symmetric and line-symmetric
one with six links and six revolute joints (R-joints). There are two symmetric planes, 1 and 2, for these
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Figure 2. The prototype with parameters α= 5π

3
, γ = π

3
, a = 60 mm, r = 25 mm at (a) twofold-

symmetric 6R, (b) plane-symmetric 6R, (c) spherical 4R, and (d) two-bar modes.

links and joints. The geometric conditions are

α61 = α34 = α, α23 = α56 = β = 2π − α, α12 = 2π − α45 = γ , (1a)

a12 = a45 = 0, a23 = a34 = a56 = a61 = a, (1b)

R1 = R4 = r, R2 = R5 = −r

(|BP| = |CP| = |EQ| = |FQ| = r) . (1c)

The coordinate frames are set up by the D−H notation [29], where zi is along the revolute axis of
joint i; xi is the common normal direction pointing from zi−1 to zi; ai(i+1) is the normal distance between zi

and zi+1; αi(i+1) is the angle of rotation from zi to zi+1 about axis xi+1; Ri is the normal distance between xi

and xi+1; and θi is the angle of rotation from xi and xi+1 about axis zi. Here, a, r, α, γ are the geometrical
parameters of the linkage, θi is the kinematic variable to show instantaneous configurations.

There are four possible motion modes for the linkage, i.e., twofold-symmetric 6R motion mode,
plane-symmetric 6R motion mode, spherical 4R motion mode and two-bar mode, as shown in Fig. 2,
and their kinematic equations [25] are as follows.

1. Twofold-symmetric 6R motion mode

θ5 = θ3, θ6 = θ2, θ4 = θ1, θ3 = θ2 + π, tan
θ1

2
= D

E
. (2)

2. Plane-symmetric 6R motion mode

θ5 = θ3, θ6 = θ2, tan
θ3

2
= C

F
, tan

θ1

2
= G

H
, tan

θ4

2
= I

J
. (3)

3. Spherical 4R motion mode

sin φ23 sin φ35 cos φ35 cos (θ2 −ψ)− (sin φ23 cos φ35 + cos φ23 sin φ35 cos (θ2 −ψ)) L1

− sin φ35 sin (θ2 −ψ) L2 − cos φ23 cos2 φ35 + cos φ23 = 0
, (4a)

θ5 = θ2 + π or θ5 = 2ψ − θ2 + π, (4b)
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sin φ35 sin φ23 cos φ23 cos (θ2 −ψ)+ (
sin φ23 cos φ23 sin2 φ23 cot φ35 cos (θ2 −ψ)

)
M1

+ sin2
φ23

sin φ35

sin (θ2 −ψ)M2 − cos φ35 cos2 φ23 + cos φ35 = 0
. (4c)

in which C, D, E, F, G, H, I , J, φ23, φ35, ψ , L1, L2, M1, and M2 can be found in [22].

4. Two-bar mode

When α ∈
(

3π

2
, 2π

)
and 2α − γ = π + 2l1π, l1 ∈ Z,

θ1 = θ4 = q5, θ2 = θ6 = π, θ3 = θ5 = 0, q5 ∈ [−π, π] . (5)

When α ∈
(

π,
3π

2

)
and 2α+ γ = π + 2l2π, l2 ∈ Z,

θ1 = θ4 = q6, θ2 = θ6 = 0, θ3 = θ5 = π, q6 ∈ [−π, π] . (6)

When α = 3π

2
, γ ∈ (0, π ) , r �= 0, a ∈ ∀, there is no two-bar mode.

Kinematic equations of twofold-symmetric 6R motion mode and two-bar mode show that the
kinematic relationships are related to α and γ , while a and r do not affect the folding properties.

3. The network of four identical twofold-symmetric bricard linkages
3.1. Construction of the network
The target of this paper is to design a compliant gripper mechanism [30] that does not need compli-
cated assemblies. Milling polypropylene (PP) board, which always exhibits the property of good fatigue
strength, is a common way to fabricate compliant mechanisms. Therefore, the directions of R-joints in
complaint mechanisms are expected to be either parallel to the workpiece plane or perpendicular to the

plane to facilitate manufacturing, see hinge D, F in Fig. 3(a). Then,
π

2
and

3π

2
are preferred to be chosen

as the twist angles in the linkage.
Figure 3(a) shows a physical prototype of a twofold-symmetric Bricard linkage with twist angles

α = 3π

2
and γ = π

2
, whose schematic diagram is shown in Fig. 3(b). Due to the great symmetric property

of the linkage, a network can be constructed by taking four identical units, distributing them as a 2 × 2
array, as shown in Fig. 3(c).

In this assembly, there are 17 links connected with 12 single R-joints, e.g., joints B, C, K, L, E, F,
G, H, N, P, Q, and T, and four compound R-joints, e.g., joint A, D, J, and M. For a single R-joint, it
can be realized easily by milling a thin strip, as shown in Fig. 3(a). However, for compound R-joints,
it is difficult to manufacture since three thin strips, see three tm in Fig. 3(d), could not coincide at one
common position.

To facilitate the manufacturing of compliant compound R-joints, the network was modified by offset-
ting the adjacent Bricard units at A, D, J, and M with a distance w, as shown in Fig. 4(a). According to
the folding and unfolding characteristics of the network, the mechanism realizes the functions of unfold-
ing and grasping through the cooperation of four Bricard mechanisms, among which a, b, c, and d on
links 13, 14, 15, and 16 are 4 grasping points, the link 17 is the frame.

To evaluate the property of the mechanism, mobility and kinematics will be studied to show the
potential as a gripper.

3.2. Mobility analysis
Figure 5(a) gives the topological graph of the proposed network [31], as shown in Fig. 4(a), by taking
links as vertices, and joints as edges. There are four kinematic loops, I, II, III, and IV. Among them, the
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Figure 3. The construction of a network by (a) milling PP board to form a compliant linkage showing
with (b) its schematic diagram. (c) The network is obtained by four units containing four (d) compound
R-joints.

vertices (links) are labeled with numbers, and the edges (joints) with A, B, C, . . ., T. The directed graph
is given in Fig. 5(b) to show the four kinematic loops.

The global coordinate system O-XYZ is established at the center of link 17 to evaluate its kinematic
behaviors, where X axis directs along

−→BK, Y axis directs along
−→CL, and Z axis is determined by the

right-hand rule, as shown in Fig. 4(a). Therefore, the coordinate values of all points are

A1 =
(
−n3, − w

2
, 0
)T

A4 =
(
−n3,

w

2
, 0
)T

B = (−n2, 0, 0)T C = (0, −n2, 0)T

D1 =
(
−w

2
, −n3, 0

)T
D2 =

(w

2
, −n3, 0

)T
E = (−n1, −n3, 0)T F = (−n3, −n1, 0)T

G = (n1, −n3, 0)T H = (n3, −n1, 0)T J2 =
(

n3, −w

2
, 0
)T

J3 =
(

n3,
w

2
, 0
)T

K = (n2, 0, 0)T L = (0, n2, 0)T M3 =
(w

2
, n3, 0

)T
M4 =

(
−w

2
, n3, 0

)T

N = (n1, n3, 0)T P = (n3, n1, 0)T Q = (−n1, n3, 0)T T = (−n3, n1, 0)T

, (7)

where n1 = a + w

2
, n2 = r + w

2
, n3 = a + r + w

2
.
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Figure 4. The compliant mechanism to construct a four-finger gripper with (a) structure diagram was
manufactured with one PP board (a) at the plane configuration, (b) at the middle folding process, and
(c) at the fully folded configuration.

At the planar configuration, the unit direction vectors of all joints are s1 = (1, 0, 0)T, s2 =
(0, 1, 0)T, s3 = (1, 0, 0)T, where s3 is the direction vectors of joints A1, A4, D1, D2, J2, J3, M3, and M4, s2

is that of joints B, E, G, K, N, and Q, s1 is for C, F, H, L, P, and T. According to the definition of the
screw [32]

���S =
(

si

r × si

)
, (8)

the screws of the R-joints are,

���SA1 = (s3, w/2, −n3, 0)T ���SF = (s1, 0, 0, −n1)
T ���SM3 = (s3, −n3, w/2, 0)T

���SA4 = (s3, −w/2, −n3, 0)T ���SG = (s2, 0, 0, −n1)
T ���SM4 = (s3, −n3, −w/2, 0)T

���SB = (s2, 0, 0, n2)
T ���SH = (s1, 0, 0, −n1)

T ���SN = (s2, 0, 0, −n1)
T

���SC = (s1, 0, 0, −n2)
T ���SJ2 = (s3, w/2, n3, 0)T ���SP = (s1, 0, 0, n1)

T

���SD1 = (s3, n3, −w/2, 0)T ���SJ3 = (s3, −w/2, n3, 0)T ���SQ = (s2, 0, 0, n1)
T

,
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Figure 5. The topological graph of the proposed network by (a) taking links as vertices, joints as edges,
and (b) its directed graph to show four kinematic loops.

���SD2 = (s3, n3, w/2, 0)T ���SK = (s2, 0, 0, −n2)
T ���ST = (s1, 0, 0, n1)

T

���SE = (s2, 0, 0, n1)
T ���SL = (s1, 0, 0, n2)

T
(9)

According to [31], the kinematic constraints are

ωA1���SA1 +ωB���SB +ωC���SC +ωD1���SD1 +ωE���SE +ωF���SF = 0

−ωC���SC +ωD2���SD2 +ωG���SG +ωH���SH +ωJ2���SJ2 +ωK���SK = 0

ωJ3���SJ3 −ωK���SK +ωL���SL +ωM3���SM3 +ωN���SN +ωP���SP = 0

ωA4���SA4 −ωB���SB −ωL���SL +ωM4���SM4 +ωQ���SQ +ωT���ST = 0

, (10)

where ωi represents the angular velocity of R-joint i.
The equations can be written in the matrix form

K24×20 · ω20×1 = 0, (11)

where ω is the collection of velocities with a vector, K24×20 is a coefficient matrix composed with screw
values from Eqs. (11).

ω = [
ωA1 ,ωA4 ,ωB,ωC,ωD1 ,ωD2 ,ωE,ωF,ωG,ωH ,ωJ2 ,ωJ3 ,ωK ,ωL,ωM3 ,ωM4 ,ωN ,ωP,ωQ,ωT

]T

K24×20 =

⎡
⎢⎢⎢⎢⎢⎣

���SA1 , 0, ���SB, ���SC, ���SD1 , 0, ���SE, ���SF, �01×12;

�01×3, −���SC, 0, ���SD2 , 0, 0, ���SG, ���SH , ���SJ2 , 0, ���SK , �01×7;

�01×11, ���SJ3 , −���SK , ���SL, ���SM3 , 0, ���SN , ���SP, 0, 0;

0, ���SA4 , −���SB, �01×10, −���SL, ���SM4 , �01×3, ���SQ, ���ST ;

⎤
⎥⎥⎥⎥⎥⎦ (12)

The mobility of the mechanism M should equal the dimension of the nullspace of K24×20.

M = 20 − rank (K24×20)= 20 − 19 = 1. (13)

Therefore, the degree of freedom of the mechanism is one at this configuration.

https://doi.org/10.1017/S0263574722001503 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574722001503


Robotica 1105

Figure 6. The truss form of the mechanism.

Since the unit of the mechanism, twofold-symmetric Bricard linkage, owns four possible motion
modes being reconfigurable with some bifurcation points. The mobility and singularity analysis along
the whole motion period will be analyzed in the following part.

3.3. Singularity analysis
The mechanism is equivalently transformed into the truss form by the truss-transformation method
[33], see Fig. 6. In the proposed network, there are four types of links, e.g., BCKL, A1A4B, A1F, and
EF. They can be transformed as spatial polyhedron A0A1E0E1J0J1N0N1U0, polyhedron A0A1B0B1T0T1,
tetrahedron B0B1C0C1, and plane triangle C0C1C2, respectively.

For the truss, there are b = 110 bars and j = 34 joints and its equilibrium equations [34] can be
established conveniently by coordinate values of all vertices.

H · t = f , (14)

where H is the equilibrium matrix with dimensions 102 × 110 and can be obtained by Matlab according
to ref. [34], t is the inner tensions along all bars, and f is the external force on all vertices. Here, we
only consider the truss without external forces, i.e. f = 0, Then Eq. (15a) becomes a set of homogenous
linear equations

H · t = 0, (15)

The instantaneous mobility is then obtained by the rank of H [34].

M = 3j − rank(H)− 6. (16)

Meanwhile, the singular value decomposition (SVD) method is a convenient way to calculate the
rank of a matrix. By a predictor and corrector strategy through SVD [35], the motion process of the
truss form is obtained. The singularity property can be obtained by recording the singular values, as
shown in Fig. 7(a). It can be found that the possible singular positions only occurred in the situations
of physical interference illustrated with curves with gray on the left sides. To evaluate the potential of
grasping further, the distances among four fingers, ab, bc, cd, da, ac, and bd are calculated in Fig. 7(b).
It can be found that when θ I

2 approaches θ I
2f1 = −0.03π and θ I

2f2 = −0.97π, the distances are both close
https://doi.org/10.1017/S0263574722001503 Published online by Cambridge University Press
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(a) (b)

(c) (d)

(e)

Figure 7. Kinematics of four-finger gripper. (a) singular-value curves. (b) the distances among fingers.
(c) θ I

i and θ III
i (i = 1, 2, 3, 4, 5, 6) v.s. θ I

2. (d) θ II
i and θ IV

i (i = 1, 2, 3, 4, 5, 6) v.s. θ I
2. (e) schematic diagram

of joint variables.

https://doi.org/10.1017/S0263574722001503 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574722001503


Robotica 1107

Figure 8. The folding sequence of a rigid gripper prototype.

Figure 9. Structure diagram of the compliant gripper.

to zero, which indicates that the mechanism is grasping the target object tightly. When θ I
2 approaches

θ I
2d = 0.5π, the distance among gripping points is the maximum, which indicates that the mechanism

returns to the plane state. Further, kinematics equations of each Bricard linkage can be obtained as
shown in Fig. 7(c)−7(e). Finally, a prototype was fabricated by 3D printing, where the design parameters

are α= 3π

2
, γ = π

2
, a = 54mm, r = 35mm, w = 20mm. The folding process, see Fig. 8, shows that the

mechanism can work with the ability to grasp.

4. A conceptual four-finger gripper
In the previous sections, the grasping possibility of the proposed network was shown by the kinematic
study and the prototype of the network. To confirm the ability to grasp different shapes of objects and to
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Table I. Flexure hinge variable level value.

Level Factor Level-1 (mm) Level-2 (mm) Level-3 (mm) Level-4 (mm)
R 1 1.5 2 2.5
t 0.2 0.25 0.3 0.35
h 5 6 7 8
w 7 8 9 10

Table II. The arrangement of experiment schemes.

Scheme R(mm) t(mm) h(mm) w(mm) Scheme R(mm) t(mm) h(mm) w(mm)
1 1 0.2 5 7 9 2 0.2 7 10
2 1 0.25 6 8 10 2 0.25 8 9
3 1 0.3 7 9 11 2 0.3 5 8
4 1 0.35 8 10 12 2 0.35 6 7
5 1.5 0.2 6 9 13 2.5 0.2 8 8
6 1.5 0.25 5 10 14 2.5 0.25 7 7
7 1.5 0.3 8 7 15 2.5 0.3 6 10
8 1.5 0.35 7 8 16 2.5 0.35 5 9

Table III. Pressure values for simulations in ABAQUS.

Stressed Force Pressure Stressed Force Pressure
Scheme area (mm2) (N) (MPa) Scheme (mm2) (N) (MPa)
1 1764 24.5 0.0139 9 2240 24.5 0.0109
2 1920 24.5 0.0128 10 1980 24.5 0.0124
3 2052 24.5 0.0119 11 1984 24.5 0.0123
4 2160 24.5 0.0113 12 1708 24.5 0.0143
5 2124 24.5 0.0115 13 1792 24.5 0.0137
6 2400 24.5 0.0102 14 1652 24.5 0.0148
7 1596 24.5 0.0154 15 2320 24.5 0.0106
8 1856 24.5 0.0132 16 2196 24.5 0.0112

Figure 10. Static simulation of the compliant mechanism from (a) its planar configuration to (b) a
middle folding process, and then to (c) the fully folded configuration.
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Table IV. Experimental records from Minitab.

Scheme σ max_S1 (MPa) σ max_S2 (MPa) σ max_S3 (MPa) σ max_S4 (MPa) σ max (MPa)
1 37.413 39.741 41.129 38.818 41.129
2 31.755 38.431 39.765 39.299 39.765
3 28.674 37.939 40.013 38.83 40.013
4 30.464 42.611 40.992 39.657 42.611
5 33.19 38.803 40.792 38.791 40.792
6 32.636 40.951 42.88 39.095 42.880
9 37.513 37.513 49.765 36.692 49.765
10 34.199 37.45 43.015 41.732 43.015
11 35.417 38.129 41.767 41.437 41.767
12 34.413 40.114 47.768 44.011 47.768
13 37.436 38.206 51.117 50.375 51.117
14 36.128 39.769 51.499 50.746 51.499
15 35.465 37.721 48.429 46.398 48.429

Figure 11. The result of the DOE Taguchi experiments.

show its advantage, the network will be realized with a compliant one as the skeleton of a gripper, and
then the structural design, design parameters, and driven schemes will be discussed as follows.

4.1. The compliant mechanism
Based on the rigid gripper mechanism with the advantage of twist angle, this section adopts the rigid
body replacement method [36] to transform the linkage into a compliant four-finger gripper mechanism,
as shown in Fig. 9. The key to realize the design lies in the design of flexure hinges. Here, circular
flexure hinges, which are easy to be manufactured, are adopted. According to the direction of the hinges
in the mechanisms, there are two types, horizontal circular hinges and vertical circular ones, see A1, A2
in Fig. 9.
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S1 S2

S3 S4

Mise (MPa) Mise (MPa) 

Mise (MPa) Mise (MPa)

(a) (b)

(c) (d)

Figure 12. Stress situations of the optimized flexure hinge.

Figure 13. Schematic diagram of the cable-driven device.

In twofold-symmetric Bricard linkage, parameters a and r will affect the grasping range and do not
affect the kinematics, here a = 54 mm and r = 35 mm are adopted. The arc radius R1 of the horizon-
tal circular hinge and its thickness t1, the arc radius R2 of the vertical circular hinge and its thickness
t2, the thickness of the plate h, and the distance of the adjacent Bricard linkage w are the design vari-
ables. Meanwhile, l = 2h, R1 = R2 = R, t1 = t2 = t are satisfied to simplify the design and avoid physical
interference, see Fig. 9.

4.2. Parameters of the flexible hinges
To obtain a set of reasonable parameters, DOE experiments are adopted based on static simulation. Here,
R is set to the tool radius available on the market to facilitate future fabrication. Generally, t is located
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Figure 14. Grasping process of the compliant gripper.

0.05R ≤ t ≤ 0.8R [37]. Therefore, the DOE is set with four horizontal parameters listed in Table I, and
then a group of 16 Taguchi experimental schemes with four factors is assigned in Table II.

PP plate, which exhibits great flexural fatigue resistance, with the density of 0.92 g/cm3, elastic mod-
ulus with 1620 MPa, and Poisson’s ratio with 0.4203, bending strength limit σb = 56 MPa is adopted,
and simulations are performed in the implicit statics module of ABAQUS. Surface P is viewed as the
fixed frame, and pressures are loaded on surfaces a, b, c, and d, see Fig. 9, whose values are listed in
Table III to ensure the consistency of the driven forces.

After the simulations in ABAQUS, the results show that most schemes, except schemes 7, 8, and 16,
could move from the plane configuration to the fully folded one under the action of the applied load to
realize the grasping function, such as the result of scheme 3 in Fig. 10 as an example. The Mises stresses
on hinge surfaces S1, S2, S3, and S4, whose locations are labeled in Fig. 9, are taken as the optimized
metrics.

The Mises stresses of 13 groups of experiments are obtained from the results of the finite element
analysis (FEA) in Table IV. Then, the analysis of experiment results was carried out in Minitab, and the
influence of each parameter on the maximum stress value, σmax, is obtained, as shown in Fig. 11.

Therefore, the DOE experiment predicts that the compliant mechanism with R = 1 mm, t = 0.3 mm,
h = 5 mm, w = 9 mm, will own smaller stresses, which is also verified by a further simulation with this
set of parameters, as shown in Fig. 12. Meanwhile, the maximum stresses of the four hinge surfaces are
σmax _S1 = 31.182 MPa, σmax _S2 = 38.433 MPa, σmax _S3 = 39.923 MPa, σmax _S4 = 39.016 MPa, all of which
are smaller than the allowable stress by taking the safety factor nb = 1.3,

[σb] = σb

nb
= 56

1.3
≈ 43.08 MPa. (17)

Hereby, a set of parameters a = 45 mm, r = 20 mm, R = 1 mm, t = 0.3 mm, h = 5 mm, and w = 9 mm
is determined, then a ball-end mill with a diameter of 2 mm and a flat-end cutter with a diameter of 2 mm
were chosen to process the horizontal circular hinge and vertical circular hinge by an engraving machine,
respectively.

4.3. Driven scheme
To cooperate with the proposed compliant mechanism, a cable-driven device, composed of four tension
springs, a prismatic pair device and four pulling wires, is designed, as shown in Fig. 13.

A draw-bar and a linear bearing are used in the prismatic pair device, and the axial movement of
the draw-bar is controlled by the handle to drive the gripper. One end of each tension spring is fixed
to the bolted connection of the fixed base in the prismatic pair device, and the other end connects the
compliant gripper with bolts. Wires are used to transmit the driven force by connecting the draw hook
and the compliant mechanism. A cable-driven device was finally fabricated by 3D printing, and it can
realize the grasping function by adjusting the height of the handle, see Fig. 14.
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Figure 15. Grasping test of the compliant gripper.

To verify the grasping efficiency of the compliant gripper mechanism, some different shapes of
objects, such as square-, cylinder-, spherical, and irregular bodies are selected for the grasping test,
as shown in Fig. 15. It can be seen that the gripper has the advantages of simple structure, large working
range and strong adaptability, and can grasp different types of articles.

5. Conclusions
In this paper, a novel gripper mechanism based on a compliant network with four identical twofold-
symmetrical 6R linkages was proposed. The mobility is analyzed by the topological theory, and shows
that the proposed network is with one DOF. The grasping potential was demonstrated with the folding
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performance by the truss-transformation method, and the results are verified by a physical prototype.
By the rigid body replacement method, a compliant four-finger gripper was designed and fabricated.
Finally, the function of the compliant four-finger gripper was realized by a cable-driven scheme.

Compared with the existing grippers that can grasp objects with complex shapes, such as five-fingered
humanoid robotic hand [7], underactuated robotic hand [18], SAU-RFC hand [19], etc., the compliant
gripper proposed in this paper has the advantages of compact structure, single degree of freedom and
low manufacturing cost, and owns lower stiffness due to the usage of compliant joints.

In the future, the design parameters of the flexure hinges will be optimized by the pseudo-rigid-body-
model [30] to reduce the deformation stress. Due to the property of compliance, the deformation energy
on compliant joints should be considered in the evaluation of grasping performance, and the grasping
indices, such as G.I. index, C.I. index, and so forth [38], will be modified to fit compliant grippers.

Supplementary material. To view supplementary material for this article, please visit https://doi.org/10.1017/
S0263574722001503.
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