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Abstract—Various sensorized grippers have been developed
to handle delicate objects safely. These grippers have sensors
mounted on their fingers’ surface that provide direct force
measurements. However, multiple sensors are often required on
one finger, leading to significant sensor placement and wire
routing complexity. Finger-based sensors are limited to sensing
external gripping force, and fingers cannot be easily replaced to
meet the requirements of objects with specific geometries. To
overcome the complexity and limitations of finger surface
sensors, this paper proposes a force-controlled two-fingered
gripper that relies on the deformation sensing of elastic elements
in the drivetrain to obtain finger force. By using a minimum
number of optical encoders placed in the drivetrain, accurate
position and force sensing can be achieved at any location of
each finger. When gripping an object, the size and stiffness of
the object can thus be accurately measured. Simulation and

experimental results demonstrate the proposed gripper’s merits.

We expect this new gripper to provide a more competitive
solution for robots that need to manipulate objects and check
their mechanical qualities at the same time.

Index Terms—Force-controlled gripper, object size and
stiffness, planar spring, optical encoder, repeatability.

[. INTRODUCTION

A gripper has been widely used for object manipulation to
minimize human labor costs. Industrial applications, such as
bin picking, primarily necessitate two-fingered grippers due
to their structural simplicity. Replaceable fingers can be used
to grip objects of various sizes or objects in hard-to-reach
locations. Pneumatic grippers (e.g., [1]) or electric grippers
with drivetrains of high gear ratios are employed to reduce the
payload to a robot arm without compromising the gripping
force. Unlike pneumatic grippers which can only be
controlled at a fully open or closed finger position, the finger
position of electric grippers can be continuously controlled to
meet different object requirements.

Existing research on grippers has focused on designing the
fingers’ structure to enable stable handling of objects of
various sizes and characteristics. Grippers with compliant
fingers [2-5] have been developed to adapt to objects with
irregular sizes and shapes. While compliant fingers are
inherently safe and back-drivable, they have relatively low
stiffness in all directions, making it challenging to control
finger motion accurately. Placing sensors on highly
deformable fingers to achieve gripping force sensing and
control is also wunreliable. Consequently, self-sensing
actuators [6] and vision-based deformation sensing
techniques [7] have been developed for grippers with
compliant fingers to achieve indirect gripping force sensing
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and control. To meet the demand for low cost and mechanical
reliability, passive grippers with force regulation mechanisms
[8] have been developed that do not require sensors. These
passive grippers can provide a constant gripping force within
a specific range of object size variation.

Direct gripping force measurement and control are
necessary for the safe handling of delicate objects. Various
types of sensors have been placed on the fingers to ensure
direct gripping force measurement. Among them, tactile
sensors [9-10], pressure sensors [11], and strain gauges [12]
have been used. These types of sensors can provide accurate
gripping force sensing. However, the sensor placement and
wire routing can cause significant complexity, making
grippers unsuitable for use in stringent environments. In
particular, tactile sensors are popular but limited to force
sensing on the inner side of the finger where they are placed.
Additionally, only fingers with flat surfaces can be used to
mount tactile sensors. The fingers are not easily replaceable to
meet the gripping requirements of non-flat objects.

In addition to controlling the gripping force, sensorized
grippers that can identify and recognize the shape of an object
have also been investigated [13-15]. Object shape
identification allows the gripper to select a stable grasp mode
to handle the object with the least uncertainty. However,
grippers that can measure mechanical properties of an object
are rarely explored. Mechanical properties of an object
include its size, stiffness, and compression strength. Unlike
the identification of an object shape that does not require very
accurate sensors, measurements of an object’s mechanical
properties require the gripper to have accurate force and
position sensing capabilities at the fingers. The size and
stiffness measurements of an object can be used for quality
checking when the gripper is transferring the object. Thus,
additional measuring devices are not required, which leads to
a reduction in time and cost in the automation industry. In
addition, the measurement of the compression strength of an
object can be used to determine the proper gripping force for
an unknown fragile object.

This paper aims to develop a force-controlled gripper that
can be used to grasp an object and simultaneously measure its
mechanical properties. Figs. 1(a) and 1(b) depict the gripper
for object size and stiffness measurements, respectively.
Using optical encoders to estimate the deformation of the
planar springs placed in the drivetrain, gripping force sensing
can be achieved at any location of each finger. To minimize
the complexity of force sensing and increase the reliability of
gripper operation, we place a minimum number of encoders
in the drivetrain rather than on the finger surface. In what
follows, the prototype of the suggested force-controlled
gripper is presented in Sec. II. Sec. III elaborates on the
models for finger position and gripping force, which are
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Fig. 1 (a) Object internal and external size measurement
(b) Object stiffness measurement
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Fig. 2 (a) Prototype of the force-controlled gripper (b) Top
view (c) Bottom view

required for determining the gripper dimensions.
Additionally, the design and analysis of the planar springs are
presented. Using the prototype as an illustration, Sec. IV
presents finite element analyses to verify the force-sensing

performance of each finger. Experiments are presented in Sec.

V to demonstrate that the gripper can be used to accurately
obtain the sizes and stiffnesses of various objects. Finally,
conclusions are made in Sec. VI.

II. DESIGN CONCEPT AND PROTOTYPE OF THE
FORCE-CONTROLLED GRIPPER

Fig. 2(a) shows a prototype of the proposed
force-controlled gripper with dimensions of 113x58x66 mm?.
Figs. 2(b) and 2(c) depict partially exploded top and bottom
views, respectively. The gripper is actuated by a stepper
motor (PKP214, Oriental Motors) capable of producing a
maximum continuous output torque of 0.04 Nm. The motor,
located on the bottom side of the gripper, is connected to a
ball screw on the top side via a belt drive with a speed ratio of
Np. The ball screw has a pitch of p and a diameter of 4 mm.
The ball screw nut is connected to two input sliders on either
side of the screw. Each input slider is linked to an output

Fig. 3 Symmetric right half of the force-controlled gripper

slider through a planar spring. The movements of the input
and output sliders are constrained by the same linear guide.
The output slider is further connected to a crank via a coupler,
and the crank’s rotation serves as input for a parallel four-bar
mechanism that provides translational motion for the finger.
Finally, the two parallel fingers generate the gripping motion.
To minimize friction and clearance during gripping, a journal
bearing is used for each revolute joint.

In Fig. 2(c), three identical 15-bit incremental optical
encoders are on the bottom side of the gripper. Each encoder
has a size of ¢20x13 mm?>. One of the encoders is the motor
encoder, while the other two are the crank encoders used to
measure the rotations of the two cranks. These encoders have
a resolution of 0.01°, enabling precise sensing and control of
finger position. Furthermore, as the encoders are situated in
the drivetrain and no sensors are placed on the finger surface,
custom-made fingers can be easily mounted on the parallel
four-bar mechanisms to handle application-specific objects.

The planar springs on each side of the drivetrain function
as force-sensing elements, with their deformation providing
information on the finger contact forces in the +x and +z
directions. The motor encoder and crank encoder on each side
are used to obtain the deformation of each spring. Despite the
use of rigid fingers, the inclusion of springs in the drivetrain
makes the gripper inherently compliant with an equivalent
stiffness perceived at the fingers. Consequently, the proposed
compliant gripper can mitigate unexpected impact forces, in
contrast to grippers that solely comprise rigid components.

Encoders have been used in rotary joints to estimate the
joint torque (e.g., [16-18]). This paper uses optical encoders
to measure and control the position and force of gripper
fingers. The proposed gripper allows the use of multiple
optical encoders in the drivetrain. In contrast to analog
sensors that rely on voltage or current measurements [19-20],
optical encoders are more immune to electrical noise
interference. Additionally, they are smaller and more
cost-effective than grippers that depend on six-axis
force/torque sensors.

III. FORCE AND POSITION MODELING OF THE GRIPPER

3.1 Finger gripping force modeling

Fig. 3 shows a schematic of the symmetric right half of the
gripper. The motor torque 7,, is evenly distributed to the input
force F), on each input slider as follows.

F =N, /p )]
where N, is the speed ratio of the belt drive and p is the pitch
of the ball screw. The displacements of the input and output
sliders are denoted as z,, and z4, respectively. The input spring
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placed between the two sliders has a stiffness ki. The input
force F, can be related to the input spring deformation as
F =k(z,-2z,) )
Multiplying the motor rotation 6,, by p/2nNs, the input slider
displacement z, can be obtained. The output slider
displacement z4 can be related to the rotation 6; of line
segment EG as follows.
Z, =T, —1sing, +rsinf, 3)
where 6, is the rotation of the coupler that can be expressed as
0, = cos™[(ry cos 6, =1,)/1; ] @)
In Eq. (3), 740 is the distance between points E and A4 in the g
direction when the rotation 87 of the crank is 0°. When 67 =0°,
we also have z, =z4 = 0. The rotation 65 is further related to 6;
by the following.
6, =6,-6, ®)
where 6. is the angle between line segments EG and EF.

The fingertip is subjected to external forces F in the x
direction. When holding an object as shown in Fig. 3, F\ is
used to denote the gripping force from the object to each
finger. Through a standard static analysis of the links, the
force Fx can be expressed as follows.

F =-F rsin(6,-6,)/(r,sind, sinG,) (6)
Given the values of z,, and 6, from the encoders, the force F
can be solved. It can be observed in Eq. (6) that F, only
depends on the deformation of the planar spring. Hence, the
gripping force is irrelevant to the object’s size and stiffness.
Due to the symmetry of the gripper, the crank rotation 6;
should be the same for both fingers.

In Fig. 3, the position of point J can be expressed as

X, =rcos6, —J, (7)
where J is the relative distance from point D to J in the x
direction. The object’s size is twice the position of point J.

So = 2xl (8)
The deformation of the object can be further expressed as
x, =—2r,(cos @, —cosb,,) 9)

In Eq. (9), 6 is the angle of the crank when the finger first
contacts the object. The value of 87 can be obtained at the
instant when the values of z,, and z; no longer match. Given
the gripping force in Eq. (6) and object deformation in Eq. (9),
the stiffness of the object can be expressed as

Table 1 Parameters of the proposed gripper
Ny=2,p=1mm, r =-0.48 mm, r=152.3 mm, r3 =10.16 mm,
r40 = 55.87 mm, 7 = 30 mm, 6. = 25.05°, k1 = 79.25 N/mm,
Jo=22.58 mm
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Fig. 5 (a) Original and deformed shapes of the planar spring
(b) Prototype of the planar spring
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Table 2 Specifications of the planar spring

Specification Value
Size (mm?) 24x27.6x4
Mass (g) 14.4
Stiffness (N/mm) 79.25
Max. deformation (mm) +2
Max. equivalent stress (MPa) 1081.2

k, = dF, | d, (10)
The object stiffness may not be constant and depends on the
magnitude of object deformation.

3.2 Workspace analysis

Table 1 lists the parameters required in Egs. (1)-(10). To
make the gripper compact, the r1, 12, r3, 77, and 6. values were
chosen to be small enough without causing drivetrain
interference. Considering a drivetrain efficiency of 0.6, the
maximum motor torque of 0.04 Nm can be used to deliver an
input force of 150 N to each input slider. Fig. 4(a) shows the
workspace of the gripper, which has a width of 32 mm and a
depth of 27 mm. The workspace corresponds to the range of
6; from 0° to 62°. Fig. 4(b) shows the effect of »; on the
workspace width and maximum gripping force. When the
value of 77 is doubled, the workspace width increases to 92
mm and the maximum gripping force slightly decreases from
168 to 132 N.

3.3 Planar spring design and analysis

As Sec. 3.1 indicates, the deformation measurements of
the planar springs are used to obtain the finger gripping force.
Elastic elements have been installed in compliant grippers
[21-22] and use their deformation to conform to the object
shape or estimate the gripper force. The elastic elements used
in previous work were mainly coil springs. The size of the
coil springs cannot be easily minimized. In this paper, we
propose the use of planar springs as the elastic elements. The
specifications of the planar spring are listed in Table 2. Fig.
5(a) shows the original and 2-mm extended shapes of the
planar spring, whereas Fig. 5(b) shows the prototype of the
planar spring. The holes at the four corners of the spring are
used to connect the input and output sliders. The spring has a
thin and planar structure that can be easily accommodated in
the drivetrain. The shape of the spring is winded such that the
spring achieves a reaction force of nearly 150 N when the
maximum extension of 2 mm is applied. Meanwhile, the
maximum equivalent stress is minimized. The Generalized
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Fig. 7 Finite element model of the gripping force simulation

Multiple Shooting Method [23] was used to facilitate the
design of the spring shape.

Heat-treated plastic mold steel (S-STAR-A) is used as the
material for the planar springs. The planar spring is fabricated
using wire electrical discharge machining. When the
maximum deformation of the planar spring is reached, the
maximum equivalent stress is 1081.2 MPa for the planar
spring. The maximum equivalent stress is smaller than the
yield stress of the material (1540 MPa).

IV. VERIFICATION OF THE FINGER POSITION AND FORCE

4.1 Finger position and force resolution analysis

The finger position and force sensing resolutions in the x
direction depend on the resolutions of the motor and crank
encoders. For the 15-bit motor encoder, a motor rotation step
of 0.01° converts to a crank rotation of 0.000245°, which is
very small. Hence, the finger position and force sensing
resolutions mainly depend on the resolution of the crank
encoder. Using a step of 0.01° for the crank rotation, the
finger position resolution can be obtained using Eq. (7). The
right vertical axis of Fig. 6 shows the finger position
resolution in the x direction. The resolution depends on the
crank angle and the maximum resolution value is 4.5 um
when the crank angle is at 60°. Hence, the fingers have very
high position resolution, which is required to achieve accurate
measurement of an object’s mechanical properties.

The finger force resolution can also be obtained similarly.
A rotation step of 0.01° is given to the crank such that 8; = 6;
+0.01°. Based on Eq. (6), the increment of the gripping force
is denoted as AF. The magnitude of AF, can be viewed as the
finger force resolution in the x direction. The left vertical axis
of Fig. 6 shows the finger force resolution in the x direction.
The gripping force resolution is less than 0.25 N for a crank
angle larger than 10°, which accounts for only 0.15% of the
maximum gripping force. When the crank angle is less than
10°, the force resolution drastically increases due to the force
singularity at 6; = 0°. Hence, the gripper should be operated
away from 67 = 0°.

4.2 Finite element verification of gripping force sensing
The solid model in Fig. 2(a) was imported into ANSYS to
verify the sensing of finger gripping force with a rigid object.

150 | ' ' "o ANSYS

2 —+— Analytical (Eq.(6))

L.».,"' 100 | 1
50 t . . . ! b
0 10 20 30 40 50 60

05 )
Fig. 8 Comparison of analytical and simulation results of
gripping force Fi

Fig. 7 illustrates the finite element model in ANSYS where
the crank angle is at 87; = 30°. To accurately account for the
deformation of the planar spring, a large deflection analysis
was used. All other links in the gripper were treated as rigid.
All the revolute and sliding joints were assumed frictionless.
The input slider on each side of the gripper was given a force
of F,, = 158.5 N, which was used to emulate the maximum
force the motor can provide. This maximum force
corresponds to the input spring deformation of 2 mm. The
reaction force from the rigid object was obtained. Fig. 8
shows the curves of gripping force with respect to different
crank angles. The analytical curve is obtained using Eq. (6).
The maximum difference between the ANSY'S results and the
analytical curve is less than 1%. According to the comparison
of Eq. (6) and ANSY'S simulation, the gripping force is valid
regardless of the location of the object in the z direction.

The analytical curve shown in Fig. 8 also represents the
maximum gripping force with respect to the initial crank
angle. It can be observed that the maximum gripping force
increases with the decrease of #7. The maximum gripping
force is 168 N when 67; is nearly 0°. When 6;; = 60°, the
maximum gripping force can still achieve 44 N.

4.3 Gripping force controller

Based on Eq. (6), the gripping force is indirectly controlled
by controlling the input force F,,. Using Eq. (2), a position
controller is developed to control the relative displacement
between z,, and z4 to control F,. The controller gains were
tuned to ensure gripping stability. Similar controllers can be
found in our previous work on series elastic actuators [24-25].

V. EXPERIMENTAL VALIDATIONS

5.1 Finger position and force repeatability tests

Fig. 9(a) shows a prototype of the gripper. The total mass
of the gripper is 0.75 kg. The size of the gripper is 113x58%x66
mm?. Finger position repeatability is important for grippers
that need to measure the size and stiffness of an object. Fig.
9(b) shows the experimental setup of the finger position
repeatability. Two laser displacement sensors (FASTUS
CD22-15) with a sensitivity of 1 um were used to measure the
position variations of one finger in the x and z directions. The
other finger was temporarily removed to avoid measurement
interference. The gripper was controlled to move periodically
between 67 = 15° to 6; = 50°. The distance between the two
points is 9.70 mm. The finger position variations in the x and
z directions at 6; = 50° were recorded. A total of 30 cycles
were tested. Fig. 10 shows the values of the finger x and z
positions. In each direction, the average of the position values
is subtracted from the position values to clearly compare the
variation. According to the formulas defined in the ISO 9283
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Fig. 9 (a) Prototype of the gripper (b) Experimental setup of
finger position repeatability
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Fig. 11 Experimental results of finger gripping force
repeatability (67 = 45°)
standard [26], the repeatability of the finger position is 0.012
mm in the x direction and 0.012 mm in the z direction. Hence,
the use of compliance in the drivetrain of our gripper does not
affect the positioning repeatability of the finger.

A similar experiment was conducted to measure the force
control repeatability of the proposed gripper. A loadcell
(Futek LLB250) was placed in the middle of the two fingers
to measure the gripping force F,. The readings from the
loadcell were used as the ground truth to verify the force
calculated using Eq. (6). A closed-loop controller was
developed for the motor to give the input slider a
displacement of 4z, = 1 mm with a constant speed of 1.5
mm/s. After 1.5 s, the input slider returned to 4z, = 0 mm to
complete one cycle. Fig. 11 shows the experimental results of
30 cycles based on the loadcell values. The average value of
F is 35.65 N from the loadcell sensing. According to ISO
9283 [26], the repeatability of the gripping force control is
0.16 N.

5.2 Object size measuring test

Fig. 12(a) illustrates the gripper grasping a bearing and
simultaneously measuring its outer diameter. An experiment
has been conducted to verify the accuracy and precision of the
gripper’s ability to measure the size of an object. Bearings of
three different sizes were used for the experiment. Fig. 12(b)
shows the sizes of the bearings. Table 3 lists the outer
diameter of each bearing for gripping. Three measurements
were made for each bearing. To ensure the accuracy of size
measurement, the gripping force was controlled at 4 N for

Bearing I | Bearing II |Bearing I1I
Nominal outer diameter 19.00 16.00 13.00
1st measurement 19.02 15.96 13.03
2nd measurement 19.02 15.96 13.03
3rd measurement 19.02 15.96 13.03

each bearing. The size of the bearing is obtained using Eq. (8).
For all bearings, the maximum measurement error is 0.04 mm,
which is smaller than the reading error of metric Vernier
calipers. The three measurements for each bearing are the
same, indicating the precision of object size measurements
using the proposed gripper is less than 0.01 mm. Additional
tests can be made to measure the inner diameter of each
bearing. To measure the inner diameter accurately, the finger
jaws should be replaced by those that can geometrically fit the
inner ring of a bearing.

5.3 Object stiffness measuring test

Fig. 13(a) illustrates the gripper grasping an object and
simultaneously measuring its stiffness. An experiment has
been conducted to demonstrate the gripper’s ability to
measure the stiffness of an object. As shown in Fig. 13(a) and
listed in Table 4, objects of four different hardness values
were used in the experiment. The sizes of the objects are all
30x20x10 mm?. Fig. 14 shows the measured stiffness curves
when a force of 20 N is given to deform each object. Objects |
and II have high stiffness values and their stiffness curves are
linear. Objects III and IV have low stiffness values and their
stiffness curves begin with a nonlinear segment and gradually
become linear in the large-deformation range. A linear fitting
line is obtained for each stiffness curve in Fig. 14. The slope
of each fitting line represents the stiffness of the associated
object and is listed in Table 4. The proposed gripper has a
wide stiffness measuring range from 5 to 332 N/mm. By
measuring the stiffness, it is possible to identify the material
of the object.

5.4 Demonstration of testing and gripping fragile objects
The proposed gripper can sense and control the gripping
force on objects of different shapes and stiffnesses. A cookie
as shown in Fig. 15(a) is used as a fragile object for gripping
demonstration. The fracturing force of the cookie is not
known in advance. Hence, it is difficult to determine the force
that can stably grip the cookie without fracture. Fig. 15(b)
shows the curve of gripping force to object deformation for
the cookie in Fig. 15(a). This curve was obtained by using the
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Table 4 Results of object stiffness measurements Crank length (mm) 30 55 574
Material Measured stiffness Crank rotation (°) 62 50 45
Object I | Aluminum alloy 6061 332.11 N/mm Position resolution (mm) 0.005 0.1 04
Object 1I Urethane (A30) 31.22 N/mm P051t_10n repeatability (mm) 0.01 0.1 0.05
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deformation and gripping force. In Zone I of Fig. 15(b), the
curve is linear with a slope of 15.77 N/mm. The slope
represents the stiffness of the cookie in its elastic region. In
Zone 11, the curve flattens, indicating that the cookie starts to
fracture. The fracturing force can be defined as the maximum
gripping force in Zone II, which is 11.47 N. Fig. 15(c) shows
the fractured cookie. In Zone III, the cookie starts to collapse
so that the gripping force reduces to zero. The proposed
gripper can be used to accurately obtain the stiffness and
fracturing force of a fragile object, which helps in
determining the suitable gripping force. A gripping force in
Zone I can be used to avoid fracturing the cookie. As an
example, Fig. 15(d) shows the result of controlling the
gripping force at 2.67 N. The cookie can be stably gripped.
The measured stiffness can also be used to assess the quality
variation among different objects.

5.5 Merits of the proposed force-controlled gripper

Based on the parameters in Table 1, Table 5 lists the
specifications of the proposed gripper. Except for the
specifications of mass and dimension, all other specifications
refer to the performance of one finger. The position and force
resolutions are verified in Sec. 4.1. The maximum force is
verified in Sec. 4.2. The position and force repeatability
values are verified in Sec. 5.1.

Comparisons with commercial grippers capable of finger
force sensing are made in Table 5. The two-fingered gripper
in [27] is based on a six-axis force sensor placed on the inner
side of each fingertip so that both forces in the x and z

directions can be sensed. The gripper in [28] is based on
motor current sensing. Hence, only the gripping force can be
sensed and controlled. Although the proposed gripper is
compliant and the grippers in [27-28] are rigid, the proposed
gripper can provide much better finger position resolution and
repeatability than those in [27-28] due to the use of
high-resolution encoders and a drivetrain of low backlash.
The force sensing range, resolution, and repeatability of our
proposed gripper are also superior to those in [27-28] due to
the use of planar springs in the drivetrain.

VI. CONCLUSIONS

This paper has presented a force-controlled two-fingered
gripper capable of measuring mechanical properties of an
object. By using three optical encoders to measure the
deformations of the planar springs in the drivetrain and
rotations of the cranks, the gripping force and object
deformation can be independently estimated. The planar
springs are specifically designed to be compact. Compared
with commercially available sensorized grippers, the design
of the proposed gripper significantly reduces the complexity
of finger force sensing. Additionally, fingers can be easily
replaced to meet specific gripping requirements. The
experimental results show that the size and stiffness of an
object can be accurately measured while grasping the object.
It is expected that this gripper can be applied to facilitate the
manipulation and quality check of different objects.
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