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issues in traditional grippers. In addition, CMs can be easily
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a b s t r a c t

There are precision issues with traditional rigid-body grippers due to their nature in

presence of joints' backlash and friction. This paper presents a macroscale compliant

gripper to eliminate these issues for the applications in handing delicate/brittle materials

such as powder granular or manipulating sub-millimetre objects such as optical fibre and

micro-lens. The compliant gripper is obtained from a 2-PRRP (P: prismatic; R: revolute)

kinematic mechanism, and uses distributed-compliance joints for avoiding stress-concen-

tration and enabling large range of motion. A very compact design is achieved by using a

position space principle. The compliant gripper is modelled, fabricated, followed by com-

prehensive testing for characterising relationships between the input displacement/force

and output displacement and between the input displacement and displacement amplifi-

cation ratio, and for analysing hysteresis during loading and unloading. The experimental

results are compared with finite element analysis (FEA) model and linear analytical model.

The testing results have suggested good performance characteristics of this compliant

gripper such as a nearly linear relationship between the input and output, a nearly constant

amplification ratio for closing the jaw, and negligible hysteresis error.
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rights reserved.
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1. Introduction

Traditional rigid-body grippers often suffer from issues of poor
resolution and repeatability associated with backlash and
friction inherent in their joints [1], which are thus not suitable
for handing delicate/brittle materials such as powder granular
or manipulating sub-millimetre objects such as optical fibre
and micro-lens. Compliant mechanisms (CMs), aka flexure
mechanisms, transfer and transform motion, load and energy
by deformation of their flexible members (materials) [2–4],
which are good candidates to remove the above mentioned
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miniaturised, can reduce the number of parts (thereby raising
the system reliability) and are free of assembly by a monolithic
fabrication. CM-based grippers (compliant gripper) have been
successfully used in the applications of precision robotic
manipulation, biomedical devices and microelectromechani-
cal systems (MEMS) [5–15].

There are mainly two methods to design a compliant
gripper: structure optimisation method [12,14,15], and kine-
matics-based substitution method [5–10,13]. The former
design approach is to re-consider the design task as an
optimal material distribution problem so that the resulting
an & Partner Sp. z o.o. All rights reserved.
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structure can fulfil the specified motion requirements. The
optimisation approach based design involves three aspects: (a)
topology, i.e. the connectivity of material, (b) size, i.e. the cross-
sectional area of each segment, and (c) geometry, i.e. the
orientations of the connecting segments and locations of the
junctions [12]. For example, Zhu et al. [15] conducted topology
optimisation of hinge-free compliant mechanisms with multi-
ple outputs using a level set method. However, this optimisation
approach generates compliant mechanisms that can be highly
sensitive to manufacture error. The latter design approach is the
one that we intend to use in this paper due to the well-known
simplicity and clear kinematic meaning. The general procedure
to use this approach to design a gripper can be shown as follows:

(a) Selecting a proper rigid-body kinematic mechanism with/
without an input amplification mechanism;

(b) Choosing proper compliant joints to replace traditional
joints in the rigid-body kinematic mechanism;

(c) Arranging relative positions of adjacent compliant joints if
possible for most compact design;

(d) Check if the final compliant gripper meets the design
requirements. If not, repeat the above steps.

Using the kinematics-based substitution method, lumped-
compliance joints (or flexure hinges) [5–10] are often chosen
since they enable to directly replace their rigid-body counter-
parts in the traditional parallelogram mechanisms, slider-crank
mechanisms, and straight-line linkages [5–10], in order to
design a compliant gripper. For example, Ref. [10] reported an
asymmetric flexible micro-gripper mechanism based on flexure
hinges, where the parallelogram mechanism is employed to
guide motion of one jaw with the input displacement amplified
by a lever mechanism. However, lumped-compliance leads to
limited motion range, and can cause stress-concentration
issues and especially requires a large actuation force. The large
actuation force is able to be offered by piezoelectric (PZT)
actuators with high-precision [5–10]. The use of a PZT actuator
requires pre-stressing and particularly needs a displacement
amplification mechanism [5–10,16] to amplify the input
displacement since the PZT actuator only produces tiny
displacements. Despite the merit, the introduction of a
displacement amplification mechanism adversely degrades
the resolution of the actuator. Due to the hysteresis issue from
the PZT actuator [17], an open-loop control is not feasible.
Moreover, it is still a challenging open issue to design a very
compact compliant gripper since the compliant gripper's
configuration is usually limited by its rigid-body kinematic
mechanism when using the lumped-compliance joints.

Based on the above advances, there is a necessity in this
paper to design a new and simple macroscale compliant
gripper based on the following desired design specifications,
which enables more selections of compliant grippers in
different application requirements.

� Linear output in horizontal direction only for each jaw: This
requires an output linear guiding mechanism to connect
with each jaw so that sliding motion between the gripped
object and the jaw can be maximally avoided, and also an
even distribution of the gripping force over the manipulated
sample can be achieved.
� One linear input only: This is required due to the fact that most
high-precision linear actuators such as voice coil (VC)
actuator are linear ones and cannot tolerate transverse
displacements/loads. This demands an input linear guiding
mechanism to control jaws simultaneously. Usually, it is
desired to have the whole gripper with smaller size in the
horizontal direction and therefore the linear actuator is
better to be arranged in the vertical direction.

� Large range of motion: This desired characteristic refers to the
large motion of the jaw to accommodate the large diameter
change of grasped objects, which requires the use of
distributed-compliance joints/modules when designing a
gripper. Distributed compliance can avoid stress-concentra-
tion as well as large actuation force. The use of distributed-
compliance joints enables the use of high-precision actua-
tors with low force but large displacement output such as a
VC actuator to be selected in this paper without needing an
amplification mechanism (no resolution degrading). The
large range of motion requires a symmetric design to enable
both jaws to move as opposed to an asymmetric design in
[10]. It is noted that the use of a VC actuator also requires a
symmetric design for alleviating thermal sensitivity.

� Compactness of mechanisms: This means that the resulting
gripper should have a large ratio of motion range to the
mechanism's overall dimension. It is therefore desired to
consider the embedded arrangements for adjacent compliant
joints. If compliant revolute joints are to be selected, these
with remote rotation centres should be given priority since
they may reduce the mechanism footprint significantly.

The remainder of this paper is organised as follows. Section
2 elaborates the design of a compact large-range compliant
gripper followed by a linear analytical kinetostatic modelling.
Fabrication, testing and result comparison and analysis are
provided in Section 3. Finally, conclusions are drawn.

2. Design of a compact large-range gripper

Based on the first two design specifications mentioned above, a
simple 1-DOF (degree of freedom) 2-PRRP (P: prismatic, and R:
revolute) kinematic mechanism (Fig. 1) is a good solution to be
used as the traditional kinematic mechanism for designing a
compliant gripper. Each PRRP mechanism is a double slider
mechanism [18] and it can act as a displacement amplification
or reduction mechanism without assistance of other mecha-
nisms. This PRRP mechanism is a more general representation
of other motion amplification or reduction mechanisms such as
the bridge-type flexure mechanism [16]. The kinematic princi-
ple and all geometrical parameters are indicated in Fig. 1. Here,
uR1and uR2 are the rotational angle of the two R joints, and dP1and
dP2 is the translational displacement of the two P joints. din = dP1

is the input motion from the linear actuator, and dout = dP2 is the
motion of each jaw, which is the output of the gripper.

In order to achieve a large range of motion, two distributed-
compliance joints [2] (Fig. 2) are selected to replace the traditional
P and R joints in Fig. 1 where each compliant P joint is a basic
parallelogram mechanism and each compliant R joint is an
isosceles trapezoidal flexure mechanism with a remote rotation
centre. The two compliant P joints (or compliant R joints) are
identical in the compliant gripper.



Clo sure of jaws

Actuation

R1

P1

P2

R2

(a) 2-PRR P mechanism

d1−δin

δin=δP1

d1

α0

α
β

β0

δout=δP2d2

d2+δout

Initia l position

L Instantane ous 
centre of 
velocity

(b) PRR P mechanism

Fig. 1 – A 2-PRRP rigid-body kinematic mechanism.

λLR

(λ>1)

LR

2γ
LP

2W Ld

P joint

R joint

Remote 
centre

Fig. 2 – Compliant joints (all beams' in-plane thickness: T;
beam out-of-plane thickness: U; Young's modulus: E).

a r c h i v e s o f c i v i l a n d m e c h a n i c a l e n g i n e e r i n g 1 6 ( 2 0 1 6 ) 7 0 8 – 7 1 6710
Furthermore, based on the position space principle as
reported in [19–21] all compliant joints can be arranged
appropriately to lead to a most compact compliant gripper
as shown in Fig. 3. Here, each compliant P joint can rotate
about its translational direction, and each compliant R joint
can rotate about its remote centre so that each PR or RP joint
can be in an embedded layout (Fig. 3(a)). The position space of a
compliant module is the combination of all permitted
Fig. 3 – A compact large-ra
positions in a mechanism where the constraint of this
compliant module in the mechanism remains unchanged
when the position of the compliant module changes relative to
its adjacent compliant module rather than being considered in
isolation. The position space can be identified using the screw
theory [19,20], which is not only useful for gripper design but
also for more general compliant mechanism design [20,21].

The linear kinetostatic model of the compliant gripper is
detailed below, which is to be used to compare with the finite
element analysis (FEA) model and experimental testing result
in the next section.

The primary motion of each compliant joint associated
with the input motion can be firstly derived based on the
kinematic principle in Fig. 1 as below

uR1 ¼ a�a0 ¼ arccos
d1�din

L

� �
�a0

uR2 ¼ b0�b ¼ b0�arcsin
d1�din

L

� �

dP1 ¼ din

dP2 ¼ dout ¼ Lsin arccos
d1�din

L

� �� �
�d2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�ðd1�dinÞ2

q
�d2

8>>>>>>>><
>>>>>>>>:

(1)
nge compliant gripper.
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where all symbols are explained in Fig. 1. a0+ b0 = a + b = p/2 ;
and d21 þ d22 ¼ ðd1�dinÞ2 þ ðd2 þ doutÞ2 ¼ L2: The primary motion
of each compliant joint is much smaller than the other pa-
rameters due to the nature of flexure motion. The input and
output displacements are defined to be positive for closing the
jaws, corresponding to the extension testing in the experiment
section.

Using Eq. (1), the amplification ratio between the output
displacement and the input displacement is obtained as:

dout

din
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�ðd1�dinÞ2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�d21

q
din

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�ðd1�dinÞ2

q
�d2

din
(2a)

where if dout/din > 1, the PRRP kinematic mechanism is a dis-
placement amplification mechanism, otherwise, it is a dis-
placement reduction mechanism. In this paper, a
displacement amplification ratio between 1 and 2 is desired
without worsening the resolution of the VC actuator too much.
From Eq. (2a), it can be learnt that the amplification ratio is
dependent on three independent parameters, din, d1 and d2 (or
L), especially on d1 and d2 (or L). The magnitude's increase of din

will slightly decrease the displacement amplification ratio, but
the increase of d1 will largely increase the amplification ratio,
which can be seen in Fig. 4. When d1 is very close to L, the
amplification ratio is the highest.
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Fig. 4 – Displacement amplification ratio affected by the
geometrical parameter.
The instantaneous velocity ratio between the output and
the input can be derived as:

vout
vin

¼ d1�din
d2 þ dout

¼ d1�dinffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�ðd1�dinÞ2

q (2b)

where the velocity ratio is mainly determined by the ratio of d1/
d2 since the input and output motions are both very small.

The linear stiffness of each compliant joint (Fig. 2) that is
used in this paper is further represented as follows [22,23]:

KP1 ¼ KP2 ¼ 24
EðUT3=12Þ

L3P

KR1 ¼ KR2 ¼ 8ð3l2�3l þ 1ÞEðUT
3=12Þ
LR

¼ 8ð3l2�3l þ 1ÞEðUT
3=12Þ

Ld=cosg

8>>>>>>>><
>>>>>>>>:

(3)

where KP1 and KP2 are the translational stiffness of the compli-
ant P joints, and KR1 and KR2 are the rotational stiffness of the
compliant R joints. E is the Young's modulus of material. The
other symbols denote the geometrical parameters as indicated
in Fig. 2.

The motion range for each compliant joint can be obtained
[22,23] based on the strength theory as

DP ¼ 1
3
ss

E
L2P
T

DR ¼ 1
3l�1

ss

E
LR
T

8><
>: (4a)

where DP and DR are the motion range for the compliant P and
R joints, respectively. ss is the material's yield strength. Eq. (4a)
suggests that the material with larger ss/E and the geometry
with larger ratio of beam length to beam thickness can cause
larger motion range.

Therefore, for avoiding yield of material, the following
conditions should be satisfied:

uR1 < DR

uR2 < DR

dP1 < DP

dP2 < DP

8>><
>>:

(4b)

The combination of Eqs. (1) and (2) yields the potential
energy of the whole gripper system due to the joints'
deformation with regard to the input displacement:

U ¼ 2� 1
2
KP1d

2
in þ 2�1

2
KR1u

2
R1 þ 2� 1

2
KR2u

2
R2 þ 2� 1

2
KP2d

2
out

¼ KP1d
2
in þ KR1½arccos d1�din

L

� �
�a0�

2

þ KR2½b0�arcsin
d1�din

L

� �
�
2

þ KP2½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�ðd1�dinÞ2

q
�d2�

2

(5)

The input force (Fin) in terms of an input motion (din)
incorporating the given resistance output force (Fout) simulta-
neously can be derived based on the following energy balance
equation:

Finddin�2Foutddout ¼ dU (6a)
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Substituting Eq. (5) into Eq. (6a) with the help of Eq. (1), the
input force is finally obtained using the principle of virtual
work [2]:

Fin ¼ dU
ddin

þ 2Fout
ddout
ddin

¼ 2KP1din þ 2KR1

arccos d1�din
L

� �
�a0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2�ðd1�dinÞ2
q

þ 2KR2

b0�arcsin d1�din
L

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�ðd1�dinÞ2

q þ 2fKP2½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�ðd1�dinÞ2

q
�d2�

þ Foutg d1�dinffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2�ðd1�dinÞ2

q (6b)

The input and output forces as shown in Fig. 3 are also
defined to be positive, corresponding to the extension testing
in the next section. In reality, the output force Fout has a
negligible effect since it is the very small reaction force from
grasping delicate or sub-millimetre objects to produce tiny
deformation. Therefore, in the following testing, the output
force is not considered.

3. Testing and comparisons

In order to physically verify the performance characteristics of
the proposed compliant gripper (Fig. 3), a realistic prototype
was designed. The prototype geometrical sizes are determined
as shown in Fig. 5 with material of AL6082 (Young's modulus
E = 69 GPa, Poisson ratio n = 0.33 and Yield stress ss = 276 MPa).
Fig. 5 – Prototype geometrical sizes (all dimension
This material is commonly used in precision engineering due
to its good performances. A prototype was monolithically
fabricated from a piece of plate using CNC milling machining
and then statically tested (Fig. 6). Two displacement gauges
(Digimatic Indicators, Mitutoyo Corporation, Japan) with
motion resolution of 0.001 mm and a very low spring force
of 0.4–0.7 N were employed to sense both input and output
displacements with measurement reference points indicated
in Fig. 6.

Since only CNC milling machining was available as a high-
precision manufacture method for the work in this paper, the
prototype was impossibly made much smaller for the same or
larger range of motion. This is due to the fabrication issues
associated with very small beam thickness (such as 0.4 mm),
leading to the fact that the beam length could not be shorter (a
slenderness ratio of 40 is used in this paper). The fabrication
issues are mainly due to the nature of the contact machining
that produces large loading to the flexible thin features. Even
through the beam thickness is 1 mm (large enough) in our
case, two supporting blocks (Fig. 7) had to be fabricated at first
to be placed between beams to assist the milling machining
process.

Before the static testing, finite element analysis (FEA) using
Comsol was conducted to obtain simulation results to
compare with the analytical model (Eq. (6b)) and testing
results. The nonlinear simulation function in Comsol is
activated and finest free meshing for beams is chosen.
Moreover, the FEA simulation can offer a good estimation of
the maximal stress to avoid material's yield so that the
maximally allowable input force/displacement in testing can
be determined. In our testing, the maximal input force
magnitude in both loading directions is set to 80 N for
s in mm, and out-of-plane thickness 20 mm).



Fig. 6 – Prototype and static testing rig (left: extension testing; right top: contraction testing; right bottom: prototype with
displacement gauges and a commercial VC actuator from BEI KIMCO MAGNETICS DIVISION with type number LA30-48-
000A).

Fig. 7 – Supporting blocks for fabricating beams.

Fig. 8 – Relationship between input displacement and input
force.
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conservative loading which has been verified for not producing
material's yield by both FEA and analytical model (using Eq. (4)
in combination with Eqs. (6b) and (1)). Based on Eq. (6b), an 80 N
input force can result in a more than �0.3 mm motion range
for each jaw, i.e., the gripper can accommodate a diameter
change of more than 1.2 mm (0.3 � 4) of the grasped object,
which is sufficient for our applications. The initial diameter of
the grasped object will decide the distance between two jaws.
In our prototype, this distance is 22 mm (Fig. 5), which may be
used to grip relatively large delicate object with at least a
diameter of 21.4 mm and at most a diameter of 22.6 mm. If the
gripper is required to grip a sub-millimetre object, two extra
rectangular solid washers can be added to the two jaws to
leave a very small gap between the two jaws.

The input–force and input–displacement relationship for
the compliant gripper is illustrated in Fig. 8. A good correlation
exists between the experimental and FEA results. The
analytical model is an approximation for the gripper, but
not an ideal representation of the mechanism's input
displacement. For example, given a positive 50 N input force,
the experimental result requires a 143 mm input displacement,
while the resulting input displacements from the analytical
and FEA models are 98.9 mm (30.84% difference) and 160.1 mm
(11.95% difference), respectively. The FEA model has a lower
error and fits the experimental result better.

The input and output displacement relationship is addi-
tionally evaluated as illustrated in Fig. 9. The displacement



Fig. 9 – Relationship between output displacement and
input force.
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analysis demonstrates a good correlation between the
experimental and FEA results again. The analytical model
noticeably deviates from the FEA and testing results. An input
displacement of �222 mm (the input motion stage will contract
and the jaws will open) defines an experimental output
displacement of �288 mm. The analytical and FEA models
show a �380 mm (31.95% difference) and a �249 mm (13.54%
difference) output displacements, respectively.

The amplification ratio relates the output displacement to
the input displacement. Fig. 10 illustrates the amplification
ratio as a function of the input displacement. The amplifica-
tion ratio changes with a change in the input displacement.
Ideal constant correlations do not exist for the theoretical
models and the experimental data. The contraction of the
gripper defines similar trends between the analytical and
experimental results where they follow the same contour at
different magnitudes. The amplification ratio increases with a
magnitude increase in the input displacement (negative)
where the analytical and experimental values, respectively,
increase by 24.1% and 11.84% from the initial value to the final
value of the analysis. The FEA model does not showcase a large
curvature in the plotting; instead a nearly linear relationship
exists between a decreasing amplification ratio and a
decreasing input displacement magnitude (0.46% decrease
in the amplification through the analysis). It can be seen in the
contraction case, the output displacement from the experi-
mental results ranges from 1.16 to 1.30 times larger than the
input displacement of the mechanism.
Fig. 10 – Relationship between amplific
Through the extension of the mechanism the amplification
ratio is nearly constant for the FEA and testing results, but the
analytical results undergo a large change over the initial
domain. The FEA model generates a linear relationship, with a
0.45% decrease in the amplification ratio through the increase
of the input displacement. The analytical amplification ratio
has an approximately exponential relationship with the input
displacement, through which a 16.1% decrease occurs over the
analysis. As the input displacement increases, the experimen-
tal amplification ratio initially increases up to an input
displacement of 114 mm (with a 1.7% increase from 1.23 to
1.25, over the range), where the amplification ratio then
slightly decreases through the remainder of the analysis. It can
be observed from both the contraction and extension testing
cases that the analytical model always predicts much higher
amplification ratio change near the zero input displacement,
which is due to the error in obtaining d2 (for calculating
amplification ratio) that only retains two digits after its
decimal point.

The gripper mechanism was also tested for both loading
and unloading cases to allow hysteresis observation. The
mechanism is incrementally loaded and unloaded during the
extension and contraction actuations. The input and output
displacements are illustrated in Fig. 11(a). Fig. 11(b) illustrates
the hysteresis error through the loading and unloading cycles.
The maximum hysteresis errors during the mechanism's
extension input displacement and output displacement are
1.76% (4 mm difference) and 2.12% (5 mm difference), respec-
tively. The maximal hysteresis errors during the mechanism's
contraction input displacement and output displacement are
2.31% (6 mm difference) and 1.74% (5 mm difference), respec-
tively. The hysteresis error is variable during contraction and
more constant during extension. The error is least during
contraction for the output displacement, where some readings
have no error. Fig. 11 also validates that the gripper deforms in
an elastic domain only, i.e., there is no yield of material for a
�80 N loading.

From the above analysis, we can see that error exists
between the prediction models and the experimental results.
The analytical model is an ideal representation of the 2-PRRP
mechanism where there are no considerations of parasitic (off
axis motion) effects of compliant joints, deformation of ideal
rigid bodies, and primary stiffness change of compliant joints
with complex loading. However, the FEA results have good
agreement with the experimental ones where no ideal rigid-
ation ratio and input displacement.



Fig. 11 – Hysteresis testing. (a) Loading and unloading testing. (b) Hysteresis error.
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body assumption is made. In addition, the experimental
results are affected by fabrication errors associated with beam
thickness and corner fillet, and by loading and sensing errors.

4. Conclusions

A compact and large-range compliant gripper has been
designed, modelled and bi-directionally tested in this paper.
Different from these existing solutions, the proposed design
stems from a 2-PRRP kinematic mechanism by using
distributed-compliance joints, with the consideration of
the most compact design based on a position space
principle.

The testing results have shown some quantitative perfor-
mance characteristics of this compliant gripper as follows:

(a) A nearly linear relationship between the input force/
displacement and the output displacement;

(b) A nearly constant amplification ratio, 1.3, especially for the
extension testing case (i.e., closing the jaw);

(c) A hysteresis error less than 2.5% for both the contraction
and extension testing cases;

(d) A �0.3 mm motion range for each jaw.
The accurate analytical modelling, dynamic testing, con-
trol, and grasping testing are to be investigated following up
the work in this paper. It is hoped that the miniaturised
version of the compact compliant gripper can be fabricated in
the near future. It is noted that the 2-PRRP mechanism can be
used to design other compliant grippers when employing
different compliant compositional modules with lumped and/
or distributed compliance.
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