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ABSTRACT Sizes and stiffness variations of actively deformable objects pose significant challenges on
the design of compliant constant-force gripper. This paper presents a curved-beam based constant force
compliant gripper which is composed of the constant force module, the bistable module, the preloading
module and the linear guide. A curved-beam constant force mechanism is designed to generate constant
force output, the non-constant force motion range of which is further eliminated via curved-based bistable
mechanism and preloading module. After a formulation to find the optimal gripper configuration, the design
is verified through comparison with simulation results. Finally, a prototype of the proposed gripper is tested
to demonstrate its grasping capacity.

INDEX TERMS Compliant gripper, constant force mechanism, force-sensitive manipulation, actively

deformable object.

I. INTRODUCTION
Force-sensitive manipulation has emerged as one of the key
enabling technologies in many advanced engineering areas
such as robotic surgical devices [1], [2] and cell microinjec-
tion [3]. Maintaining a proper grasping force is a significant
concern during the manipulating process [4], [5]. In par-
ticular, actively deformable objects, such as animals, living
organs (heart, blood vessels), pose significant challenges
on the design of compliant grippers with large operating
ranges and adjustable jaw clearance [6]. Compliant grippers
equipped with force and displacement sensors are usually
utilized to minimize the possibility of damaging the objects,
resulting in higher cost and system complexity [7], [8], [9].
Compliant constant force grippers can deliver precise force
output independent on complex control algorithms and struc-
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tures [10] and thus are perfect candidates for handling and
manipulating delicate objects with various sizes and stiff-
ness [11], [12]. Grippers based on constant force mechanisms
have been developed, where representative results include
two-stage microgripper [13], bi-directionally adjustable grip-
per [14], force-sensing microinjector [15], apple picking
actuator [16], 3D-printed gripper [17], 2-DOF gripper [18],
[19], multi-mode gripper [20], [21].

A major issue for manipulating actively deformable objects
is the sizes and stiffness variations. Proper grasping force is
necessary for safe grasping in its deformation range. How-
ever, the nonlinear deformation behavior of thin leaf beam
results in a relatively small stroke and additional challenges
on manufacturability and cost [15]. Due to manufacturing
errors, prototypes of well-designed constant force mechanism
are prone to negative stiffness characteristics in its large
deformation, which is detrimental to the reliability of force-
sensitive manipulation [17]. In addition, the clearance of the
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FIGURE 1. Schematic diagram of the constant force compliant gripper.

jaws is often not adjustable. As a result, the grasping capacity
remains limited within a small range [22], [23].

This paper presents a curved-beam based constant force
compliant gripper for grasping actively deformable objects,
which is configurable with appropriate arc-elements to
achieve constant force output with a large motion stroke.
A curved-based bistable mechanism is fused to eliminate
the non-constant force motion range of the constant force
mechanism. The rest of this paper is organized as follows.
The design concept, working principle of the proposed grip-
per are introduced in Section II. An analytical modeling is
derived in Section III. Parameter optimization and simulation
verification are conducted in Section IV. In Section V, the
mechanism prototype is manufactured and tested. Finally,
some concluding remarks are made in Section VI.

Il. MECHANISM DESIGN
The mechanical structure of the developed compliant gripper
is illustrated in Figure 1. The proposed gripper consists of a
pair of jaws, a constant force module (CFM), a bistable mod-
ule (BM), a preloading module and a linear guide module.
Considering the compactness, the jaws compose of a passive
constant-force jaw and an active jaw. A four-arc curved-
beam based compliant constant structure is employed in this
gripper to obtain constant gripping force output [24]. Note
that preshaped bistable beams with both ends fixed are widely
used because they are easy to fabricate and do not require
external forces or hinged boundaries to induce buckling [25].
To facilitate fabrication and analysis of the gripper, we select
a curved-beam based compliant mechanism as the bistable
structure, which is connected with the CFM and the left jaw in
series. The preloading module fixed on the BM is connected
with the right end of the CFM to eliminate the non-constant
force motion range of the CFM. The right jaw, the CFM and
the BM are connected with linear guide rail via ball bearing
piece to constrain the degrees of freedom in other directions.
Considering the large working stroke, direct drive units, such
as voice coil motors, can be used to drive the gripper.

The working principle of the developed gripper is
described in Figure 2. The configuration of the gripper and
the corresponding force-displacement curve are shown in
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Figure 2(a). Fopj, Sobj, Kopj 1s the desired constant force,
motion range and the stiffness of the gripper, respectively.
S1, 82, k1, ko are the stroke and stiffness of non-constant
and constant force stage of CFM, respectively. As shown in
Figure 2(b), a; is the distance between CFM and BM, which
can be set via the preloading module. a; is the stroke of the
BM between its two steady states.

When no preloading is applied to the constant force mecha-
nism, the BM is in the left stable state position. There is a slow
force growth process (AB) before entering the constant force
stage (BC), which usually indicates low gripping efficiency.
When the BM is in the right stable state position, a preloading
displacement a; (> S;) is applied to the constant force
mechanism, the gripper generate constant force output imme-
diately when displacement is applied. Fix the BM and apply
displacement to the linear guide rail, the jaw moves along
linear guide, accompanied by a nearly constant force output
over a large range. An expected constant gripping force can
then be obtained by optimizing the structure parameters.

Ill. MODELING OF THE GRIPPER

In order to obtain the gripper with expected force out-
put, it is necessary to appropriately configure the bistable
behavior of the bistable module (BM) and the constant
force property of the constant force module (CFM). For this
purpose, the theoretical models are established to predict
the force-displacement relationships of the BM and CFM,
respectively.

A. FORCE-DISPLACEMENT EQUATIONS OF CURVE BEAM
The kinetostatic model of the gripper is derived by Chained
Beam Constraint Model (CBCM) [26]. The load—deflection
equations are recalled as follows [27]:
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FIGURE 2. Working principle of the compliant gripper.

where all the parameters are normalized with respect to the
dimensions L; of an element as

PiL?
pPi= H,
FiL?
= EI )
M;L;
mi=——,
EI
4= L
I — le (2)
ki = KiL;,
A;
Ai=—,
L;
A;
§i=—,
L;
al = ah
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where P;, F;, M;, A;, A;, T;, K; are axial force, trans-
verse force, moment, axial deflections, transverse deflections,
beam thickness and curvature, respectively. p;, fi, mi, Ai, 6, ti,
k; are the corresponding normalized parameters, respectively.
«; is the end slope. L; is the nominal length of each element
and can be calculated as

L; = Ly;cos B; + Ly; sin B;, 3)

where §; is the end slope of node i, and L,; and L,; are the
length components of each element along x- and y-axis. They
can be calculated by

Lyi = Xiy1 — Xi, (4)
Ly = Yit+1 — Yis
where (x;, y;) and (x;j+1, yi+1) are the coordinates of node i
and node i + 1, respectively.
The static equilibrium equations between the i-th and first
element can be expressed as [28]

ALY
. L?
COS @; sin @; 0 fi L,
— sin g; ; 0 | =| Pk
% COS @; pi | = — )
I+x) —(@05k+38) 1 m; L
mi—1L;
| L1
(5)
P1EI
P,=P = 7
f
1
Fo=F =12 ©
g EI
M, =My = "N
Ly

where E and I are Young’s modulus and moment of inertia,
respectively.
The geometric constraint equations are recalled as [28]
N
Z [(1 4 A;) Li cos 0; — (0.5k; + 8;) L sin6;] = X,

i=1
N

> L1+ 2) Lisin®; + (0.5 + ) Licos 6] = ¥,  (7)

i=1

N
Byii+ Y ai=06,

i=1

where 6; is the rotation angle of i-th element’s coordinate
frame to the global coordinate frame that can be directly
expressed by

01 =0,
i-1

Oi=pi+ Y ai=2.3.....N).

k=1

®

Equations (1) - (8) form the governing equations of CBCM.
By simultaneously solving them, the kinetostatic behaviors of
the beam can be obtained.
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B. MODELING OF CFM

Considering the symmetry, a half of the mechanism was
chosen to derive an analytical model based on chained beam
constraint model (CBCM) as shown in Figure 3. To facilitate
the calculation, the starting point of the curved-beam coin-
cides with the origin O of the coordinate system. Radial force
F,1, tangential force P,; and moment M, are applied at the
right end, receptively.

The multi-sectional circular curved-beam is determined
by ten design parameters, namely, ¢;, R; (i € {1, 2,3,4}),
Ty, Wi, where R; and ¢; is radius and central angle of
each segment, 77 and W are the in-plane and out-of-plane
thickness, respectively. The adjacent segments are tangent at
the intersections. To facilitate manufacturing and modeling,
the thickness 71 and Wy are assumed to be uniform along the
direction of the curved-beam.

Geometric equations of the multi-sectional circular curved-
beam is first derived. According to the parametric equation of
the circular arc, the coordinates of point (x,, y,) on the n-th
(n e {1, 2, 3, 4}) arc can be expressed as [24]

{xn = Xo, + R,cos(ty), ©)

Yn = Yon + Rysin(ty),
where Xo,,, Yo,, R, are center coordinate and radius of the
n-th arc, respectively. In (9), Xo,, Yo, and #,, can be deduced
from the curve shape. Geometric relationship of center coor-
dinates between neighboring arcs can be calculated from the
central angle ¢; and radius R; of the circular arc by using the
following equations

Xo1 = Xoyg,

Yo = Yoo,

Xoy = Xo1 + (R) + Ry) cos (¢1) ,
Yo, = Yo — (R) + Ry) sin (¢1) ,

(10)
Xo3 = Xoy — (Ra + R3) cos (91 — ¢2) ,
Yoz = Yoy + (R2 + R3) sin (g1 — ¢2) ,
Xog = Xo3 + (R3 + Ra) cos (p1 — 92 + ¢3)
Yoy = Yo3 — (R3 + Rq) sin (91 — 2 + ¢3) ,
where the range of parameter #, can be obtained by
= (07 Qol)»
= ) - )
2= (1 + 7,91+ 7 —¢2) (11

13 = (@1 + 27, @1 + 27 + ¢3),
t4 = (1 + 37 + @3, o1 + 37 + @3 — @4).

Assume that the j-th circular arc is divided into n; ele-
ments with equal central angle 7, = min(g;/n;). The discrete
parameter #; can be obtained by dividing #, with interval ¢,.
The discrete curve coordinates at the corresponding discrete
points (x; ;, y1,;) can be calculated by recalling (9) - (11). The
slope B1.; and curvature K ; of the curve at discrete points
(x1,i, y1,i) are then obtained by

Bi1.i = arctan (12)

1
tan(t;)’
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FIGURE 3. The schematic diagram of the CFM.

and

K sinz(t,-) — cosz(t,-)

Li=——F =% 1 -
U ()3sind (1)

tan(t;)

(13)

For a given displacement Aj in global coordinate sys-
tem, the corresponding tip coordinates and tip slope can be
expressed as follows according to external geometric con-
straints

Xo1 = X1 — Ay,
Y, = Y1, (14)
901 = 0,

where X1, Y] are calculated by (9) - (10). Then P, and F,
can be obtained by solving (1) - (8) with fsolve function in
MATLAB. The force required to actuate the CFM is calcu-
lated by

Fcfm = -2 Por1. (15)

C. MODELING OF BM
Figure 4 shows the illustration of the unit cell of the
bistable mechanism. The unit cell can be simplified into a
cosine-shaped beam and some stiffening walls. The param-
eters that determined the layout of the cosine-shaped beam
are marked in Figure 4, where 7>, W, H, and L, are the
thickness, width, height, and span of the cosine-shaped beam,
respectively.

The configuration of the neutral axis of the curved beam
can be predicted by [29]

H 1+ 2mwx n T>
= — cos | — —,
) I 2

For the noncircular beam, it is convenient to divide the beam
into N; elements at nodes O; along X -axis with approximately

x €[0,Lp] (16)
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equal lengths [28]. The coordinates of node i is
L2 .
xi=i—, 1€[0,Nz] A7)
Ny

and the corresponding coordinates along the Y-axis is

H 2 ; T
»i== [1 + cos <%>} + ?2 x €[0,Lx] (18)

The slope B2,; and curvature K> ; of the curve at discrete
points (x ;, y2.;) are then obtained by

27 x0,;

2nH
Bo.i = arctan(— 7 sin( )) (19)
and
4’H 27 xp.i
7 cos( *
Kyj= —2 = (20)

2H2 . 5 2mxin S
1+ 4—72251 smz(—zz’" )2

For a given displacement A; in global coordinate sys-
tem, the corresponding tip coordinates and tip slope can be
expressed as follows according to external geometric con-
straints

X =Xo,
Yoo =Y2 — Ay, 21
902 = Os

where X3, Y; are calculated by (17) - (18). Then P,, and F,
can also be obtained by solving (1) - (8) with fsolve function
in MATLAB. The force required to actuate the BM is

Fpm = —4 Fpp. (22)

For the whole gripper, the input displacement of jaw A, the
displacement of CFM A1, the displacement of BM A,, and
corresponding force satisfy the following constraints

A=A+ Ay,

(23)
F =Fey — uM = Fpyy — M.

VOLUME 10, 2022

where u and M are the friction coefficient of the linear guide
and the mass of the objects, respectively.

The force-displacement characteristics of the gripper can
be obtained by giving different input displacements A. The
desired output force F,p; (Figure 2(a)) is expressed as

Fp+Fc
s
where Fp and F¢ are output forces at point B and C, respec-
tively. The position of point B is specified according to the
desired constant force range S,p;. The desired stiffness in the
second stage 7 (> 0) is expressed as
Fc—Fp

Sy
where S1 and S are the stroke in the first stage and the stroke
in the second stage of the CFM, respectively.

Fopj = (24)

Kobj = (25)

IV. PARAMETER OPTIMIZATION AND SIMULATION
VERIFICATION
A. PARAMETERS OPTIMIZATION
On the basis of the established kinetostatic model, parameter
optimization of the proposed gripper is conducted in this
section. To obtain constant output force, a specific output
force and small positive stiffness are expected at the same
time. Hence, a multiobjective optimization problem are spec-
ified by
.| Fopj(R1, R2, R3, L)
i [ Kobj(R1, Rz, R3, L) :|
S.t. Rmin < R < Rmax, i=1,2,3,
L2,min < L2 =< L2,max- (26)

Set the goal [8, 0.005] and weight [0.001, 0.003], and
solve the goal attainment problem starting at [30, 30, 90,
20]. To make the objective function as near as possible to
a goal value (that is, neither greater than nor less than),
the EqualityGoalCount’ option is set to 2. The in-plane
thickness 77 and T, are set to 1 mm to facilitate additive
manufacturing. To obtain bistable response, it is suggested
that H/T, > 3.33 [29]. In addition, it is also suggested
that 2H > S, to switch working mode. Hence, H is set to
4 mm. The polymeric material nylon (Young’s modulus E =
2320 MPa, Poisson’s ratio . = 0.394 and yield strength S, =
46 MPa) is considered as the material in view of additive
manufacturing of the developed gripper. The radius R; is set
to 10 mm-90 mm and ¢; is set to 45°. By multiobjective goal
attainment method, an optimized grasping forces of 8.06 N is
obtained with the parameters listed in Table 1.

B. SIMULATION VERIFICATION
On top of the optimization results, the mechanical perfor-
mance of the CFM and BM is validated by finite element
analysis (FEA) through the software ANSYS.

The constant force characteristics of the CFM is first inves-
tigated. As illustrated in Figure 5, the CFM produce a near
constant output force of 8.06 N in a large range of 18 mm,
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TABLE 1. Key structure parameters of the compliant gripper.

Parameter Value Parameter Value
Vs 45° R3 22.46 mm
Rq 6121 mm Ry 22.46 mm
Ry 2033 mm T 1 mm
15 1 mm H 4 mm
Lo 2995 mm W, 10 mm
Wy 10 mm
10
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FIGURE 5. Simulation verification of the CFM.

which coincides with the theoretical value with an error less
than 1.33%. The maximum stress, 42.22 MPa, is within the
allowable stress range of the material.

The bistable characteristics of the BM is then investigated,
as demonstrated in Figure 6. The simulation results coincide
with the theoretical value with an error less than 3.3%. The
maximum stress is 30.90 MPa,which is within the allowable
stress range of the material.

The FEA model of the developed gripper is shown in Fig-
ure 7. The force behavior is then simulated during gripping
manipulations, as depicted in Figure 8. A stroke of 17.8 mm
and 11.9 mm is generated by the gripper in unpreloaded and
preloaded status, respectively. It can be seen that simula-
tion results and theoretical results show good consistency,
which confirms the performance of the proposed gripper. The
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FIGURE 6. Simulation verification of the BM.
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FIGURE 7. FEA model of the gripper.

discrepancies between the model prediction and the finite
element analysis in the present work are mainly contributed
by the numerical configurations such as the mesh type and
size.

V. EXPERIMENTS
In this section, a prototype is fabricated and tested to verify
its performance.

The experimental setup established to measure actual
force-displacement curve is illustrated in Figure 9. A proto-
type of the developed compliant gripper is fabricated through
fused deposition modeling (FDM)-based 3D printing tech-
nology, of which the dimensions are described in Table 1. The
support platform of the prototypes is fixed with the loading
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FIGURE 9. Experimental setup of the compliant gripper.

unit and the base by bolts. The force sensor is mounted on
the moving platform, which is driven by a stepper motor
to incrementally move along its travel direction. The other
end of the sensor is in contact with the active jaw of the
prototype, where the force data is recorded through a data
acquisition card. An air compressor (TYW-500, from Suzhou
Tongyi Co. Ltd)and a pressure regulator (SR200, from AirTac
International Group) are used to inflate the heart model.

Without losing generality, a silicone heart model is fabri-
cated as the grasping object, of which the overall dimension
is 60 mm x 60 mm x 95 mm. Air is periodically inflated to
the heart model to simulate the active deformation.

The mechanical behavior of the developed gripper proto-
type is first investigated using the heart model under different
inflating pressures. Before each experiment, the heart model
is first inflated to a specified pressure via pressure regulator.
Then, adjust the jaws gap along the guide rail to make it
slightly larger than the heart model. The left jaw driven by
a stepper motor moves along its travel direction, where the
reaction force and displacement data were recorded when the

VOLUME 10, 2022
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FIGURE 10. Grasping force variation of the heart model with different
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TABLE 2. Measured results of the compliant gripper.

Item Object size (mm) Force (N) Stiffness (N/mm)
1 43.40 8.10 0.0184
2 47.50 8.15 0.0182
3 51.30 8.10 0.0185

jaws were in contact with the heart model. Figure 10 and
Table. 2 demonstrate the experimental results of the force-
displacement relationships. A constant force of 8.12 N with a
stiffness of 0.0184 N/mm is observed under different inflat-
ing pressures. The relative error of output force is 0.98 %.
The proposed gripper exhibits good robustness to changes in
size and stiffness of the objects. As the pressure increases,
a smaller input displacement is required before achieving
the desired constant force stage. Note that the curve shape
is mainly determined by the relative stiffness of the gripper
and the heart model. When the stiffness of the heart model is
less than that of the gripper, the heart model deforms more
easily than gripper, resulting in non-constant force output.
When the stiffness of the heart model is larger than that of
the gripper, the gripper deforms more easily than the heart
model, resulting in constant force output. It is also noting that
the stiffness of the heart model (soft material) is affected by its
deformation and inflating pressures. At a pressure of 100 kPa
and 300 kPa, the initial stiffness of the heart model is less than
that of the gripper. As the deformation increases, the stiffness
of the heart model increases until it is greater than the stiffness
of the gripper. At a pressure of 500 kPa, the initial stiffness of
the heart model is larger than that of the gripper, resulting in
a constant force output at contact.

The mechanical behavior of the developed gripper proto-
type is then investigated using the heart model under slowly
increasing and periodically inflating pressure. As shown
in Figure 11, the grasping force remains almost constant

102707



IEEE Access

Q. Zhang et al.: Design and Test of a Curved-Beam Based Compliant Gripper for Manipulations

10
sl ]
z | ’
Q — -
2 0r s
=t 8.1 ]
£ 0 808y
&4 806t ]
§ [ 8w ‘ ‘ ‘ ‘ |
oL 500 550 600 650 700 750 ]
07\ P PR Y PR P ‘*
500 550 600 650 700 750

Pressure (kPa)

FIGURE 11. Grasping force variation of the heart model under slowly
increasing inflating pressure.

800

) I B

ot
[en)
(==}

Pressure (kPa)

400

300

200 ! ! ! !

o
N
e~
(=}
oo
=
o

Time (s)
(a) Pressure variation

8.4 : :

AF=035N
83k ————-

8.2

8.1

Grasping force (N)

Time (s)

(b) Grasping force variation

FIGURE 12. Grasping force variation of the heart model under
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(8.00N - 8.06N) when the inflating pressure increases
slowly from 525kPa - 728 kPa. The maximum fluctuation
of the output force is 0.11 N with a relative error of 1.36 %.
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Further, fluctuate air pressure is inflated to the heart model
at a frequency of 1 Hz to simulate heartbeat, Figure 12(a),
the dimension of the heart model varies between 53 mm and
65 mm. Figure 12(b) shows the measuring results of grasping
force. It is shown that the average output force is 8.11N,
the maximum fluctuation of grasping force is 0.35N, and
the maximum relative error is 4.32 %. The error may come
from the nonlinear deformation of the silicone heart model,
manufacturing and assembly errors of the prototype. The
reader is recommended to watch the supplementary video for
more understanding of the grasping process.

Remark 1: This paper focusses on the design, analysis
and test of a conceptual gripper that is capable of manip-
ulating actively deformable objects. To focus on the work,
a manual gripper is developed as a particular case study,
where the jaws compose of a passive constant-force jaw and
an active jaw. Due to the large working stroke, direct drive
units, such as voice coil motors, can be used to drive the
gripper. In this work, the gripper is driven by stepper motor
to demonstrate the grasping experiments. Further efforts on
miniaturized design and integration with appropriate drive
units and multi-DOF motion platform or robot arm are still
needed to fulfill practical engineering tasks.

VI. CONCLUSION

In this paper, a constant force compliant gripper for grasping
actively deformable objects was developed. The constant
force in a large range was obtained by curved-beam compliant
mechanism. The non-constant force motion range was elimi-
nated via curved-beam bistable mechanism. According to the
CBCM, theoretical models were further established to predict
the mechanical behavior of the CFM and BM, for purpose of
parameter optimizations. Comprehensive experiments on an
additive manufactured prototype were investigated to verify
the performance of the developed gripper. Results shows that
the maximum fluctuation of grasping force is 0.35 N when the
size of the heart model varied periodically between 53 mm
and 65 mm at a frequency of 1 Hz, which demonstrates the
feasibility of the design of the gripper. We will further explore
the application of the proposed gripper to bioengineering
manipulation.
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