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ABSTRACT

This paper describes the design of a robot’s hand with two fingers for stably grasping an unknown object, and the
development of a 3-axis force sensor for which is necessary to constructing the robot’s fingers. In order to safely grasp
an unknown object using the robot’s fingers, they should measure the forces in the gripping and in the gravity directions,
and control the measured forces. The 3-axis force sensor should be used for accurately measuring the weight of an
unknown object in the gravity direction. Thus, in this paper, the robot’s hand with two fingers for stably grasping an
unknown object is designed, and the 3-axis force sensor is newly modeled and fabricated using several paraliel-plate

beams.
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1. Introduction

Robot’s gripper has widely been studied recently. M.
Ceccarelli, et al.' made the robot’s finger with a force
sensor for only measuring the force in the grasping
direction, and performed the position and the force
control for gripping an unknown object. D. Castro, et al.?
manufactured jaw gripper using the Fx force sensor, and
carried out the force control using it. N. S. Tlale, et al’
fabricated the intelligent gripper with a contact sensor
and a control circuit. Carlos M. Valente et al.* designed a
three-finger gripper with the vision system which could
accurately found the position of an object. And, D.J.
Obrien, et al.’ fabricated the gripper with the finger that
could measure the force only in the grasping direction.

However, the above grippers can not stably grasp an
unknown object, because they do not measure the force
Fx in the x-direction (the force in the grasping direction),
the force Fy in the y-direction and the force Fz in the z-
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direction simultaneously. In order to stably grasp an
unknown object, the two robot’s fingers should measure
the forces in the grasping direction as well as in the
gravity direction, and perform the force control based on
the measured forces.

Therefore, the robot’s hand should be composed of
the fingers with a 3-axis force sensor for measuring the
forces Fx, Fy and Fz simultaneously. The accuracy of a
3-axis force sensor signifies the interference errors
because the interference error is larger than that from the
non-linearity or the repeatability®™®. In order to make the
3-axis force sensor accurately, the sensing elements of
the sensor should be designed to minimize the
interference errors, and strain distributions on the sensing
elements should also be analyzed.”"

Thus, in this paper, the robot’s hand with two fingers
for stably grasping an unknown object is designed, and
the 3-axis force sensor for measuring the forces Fx, Fy,
and Fz simultaneously is developed. The 3-axis force
sensor is newly modeled using several parallel-plate
beams, the equations for calculating the strains on each
plate beam under forces are derived. The reliability of the
derived equations is verified by performing a FEM (finite
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element method) analysis. And, the modeled 3-axis force
sensor is designed, fabricated and evaluated. Also, the
equations for calculating the weight of an unknown
object using the robot’s hand with the 3-axis force sensor
are derived.

2. Design of robot’s finger

2.1 Robot’s hand

Fig. 1 shows the robot’s hand with two fingers. Each
consists of two links, four motors and a block. The
robot’s hand with the 3-axis force sensor for measuring
the forces Fx, Fy and Fz simultaneously can stably grip
an unknown object by carrying out the position and force
control. That is, the robot’s hand with the 3-axis force
sensor does not break or drop an unknown object, and
can accurately perform next action. Each sensor
measures the force in each direction and the force in the
gravity direction is calculated by using the measured
forces. Also, the Fx sensor measures the force in the
grasping direction.

Fingert(3-axis force sensor)

/ Linkt
X
s/ Motor
Obiect/ N 2 o
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yd Block
l Link2 /

Finger2(3—axis force sensor)

Fig. 1 Robot’s hand with the two fingers

Fig. 2 shows two robot’s fingers and an unknown
object in two different Cartesian coordinates. Cartesian
coordinates of two robot’s fingers and the unknown
object are represented in x, y, z and x°, y’, z’ frames,
respectively.

The force vector F' (the weight vector of an
unknown object) in x’, y’, 2’ frame can be expressed as

F'=Fa +Fa,+Fa] (1
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F! are the force components in

z

where F,, F),
-t

each x’, y’, z’ direction, respectively, @,, @, , a, are the
unit vectors in each x’, y’, z’ direction, respectively.
Finally, the force vector F'= -mga_ , that is,
F'=-mg, where m is mass of an unknown object and

g is the gravity acceleration.

Fig. 2 Two robot’s fingers and an unknown object in
different Cartesian coordinates

The force vector F of robot’s finger in x, y, z frame
can be written as

F = anx + Eva‘y + F;Ez = E(ak (2)

where F,, F,

z direction, respectively, @, , a Y a, are the unit

is the
magnitude of the force applied to the 3-axis force sensor

F, are the force components in x, y,

z
vectors in X, y, z direction, respectively, F,

and a; is the unit vector in the force direction. The
magnitude of the force applied F}, can be represented as

F,=\F+F'+F’

Because the 3-axis sensor measures the weight of an

3

unknown object, the force vector F can be expressed as

F=Fa, =-(JF'+F'+F’)a'=-mga' (4

Thus, the weight of an unknown object mg can be
calculated by using equation (4). The force Fx is the
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measured value from the Fx sensor, whereas the forces
Fy and Fz are from the Fy and Fz sensor.

2.2 Modeling of sensing elements of finger

Fig. 3 shows the finger with 3-axis force sensor that
measures the forces Fx, Fy and Fz, simultaneously. As
shown in Fig. 3, robot’s finger is composed of a 3-axis
force sensor, two contact plates and a finger frame. The
3-axis force sensor consists of five parallel-plate beams
(PPBs). The sensing elements for measuring the forces
Fx, Fy and Fz are PPB 1 and 2, PPB 3 and 4, and PPB5,
respectively. The PPB1, PPB2, PPB3 and PPB4 is
composed of two plate beams of the same size (thickness
and length are ¢, , /). They are symmetrical in the
respect vertical center axis. Also, the PPB5 is composed
of two plate beams of the same size (thickness and length
are t, , [,). The contact plate is contacted with an
unknown object and fixed with the center block of the 3-
axis force sensor. The finger frame is fixed with both end
of the 3-axis force sensor and transfers the torque from
motor to the sensor. The strains on each plate beam are
used to design each force sensor. It is thus necessary to
analyze the strains on the plate beams through the
theoretical analysis and the finite element method.
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Fig. 3 The sensing elements of the robot’s finger (3-axis
force sensor)

2.3 Theoretical analysis of sensing elements

In order to analyze the strains on the PPB 1, PPB 2,
PPB 3, and PPB 4, the equations need to be derived only
for analyzing the strains of the PPB 3 under the force Fy,
because the PPB 1, PPB 2, PPB 3, and PPB 4 consist of
the two plate beams of the same size. Also, The
equations for analyzing the strains of the PPB 5 are
derived under the force Fz. Each size of the sensing
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elements can be determined by using the derived
equations.

2.3.1 Under the applied force Fy

Fig. 4 shows the diagram for analyzing the strains on
each plate beam when the force Fy is applied along the
y-direction central line between the PPB 3 and PPB 4.
The PPB 3 and PPB 4 are symmetrical with respect to
the center axis along which the force Fy is applied. The
plate beam 1 and beam 2(PPB 3), the plate beam 3 and
beam 4 (PPB 4) are symmetrical with respect to the
horizontal center axis. The equations for analyzing the
strains of plate beam 1 can thus be applied to the plate
beam 2, the plate beam 3 and the plate beam 4. Also, the
equations for force Fy can be used those for force Fx.

The force pry can be expressed as

Fy
F,, = T %)
where F_  is the y-direction force generated to plate

Fyy
beam due to force F, .

The moment equilibrium condition at point O
(ZMo=0) can be written as

2M, —F. 1 =0

Fyy©1

e (6)

where M is the x-direction moment generated to

plate beam due to force F) .
By substituting the equation (5) into (6), the moment
M, canbe derived as

Fl
=g ™
The moment M |, at an arbitrary point z leads to
F l
M =2 z— el 8
=) (®)

The equations &, _, and &, for calculating the
strains on the upper and lower surfaces of the plate beam
1 can be derived by substituting the equation (8) into the
bending strain equations = M,/ EZ , , as

£ Fy (z l‘) (%-a)
=ty o,k -
BV 4EZ7 2

1p
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rs = 4EZ ©b)

where E is modulus of longitudinal elasticity, Z, It

polar moment of inertia.

PPB 3 Fy epp 4
beam 1- beam 3
 bean 2 | beon_ 4
A
{1
beam 1
7 MFyu
° Z {Fryy

1§

Fig. 4 Free body diagram of plate beams for a 3-axis
force sensor under the force Fy

2.3.2 Under the force Fz

Fig. 5 shows the diagram for analyzing the strains on
each plate beam under the force Fz. The plate beams 5
and 6 (PPB 5) are symmetrical with respect to the
horizontal center axis. Thus, the equations for analyzing
the strains on plate beam 5 can be used for the plate
beam 6.
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Fig. 5 Free body diagram of plate beams for a 3-axis
force sensor under the force Fz
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In the plate beam 5 and 6, the force F._, Fg,, and
the moment M ,,, can be expressed as
12E1,
FFzz = [ ( a+t— )¢:| (10
L’
Fr, = 450 (11)
lZ
12EL,{v ,a I
M Ll —+(=+2 12
Fzy 122 I:z ( 2 3 )¢} ( )

where F,, is the z-direction force acting to plate
beam due to force F,, F, is the x-direction force
generated to plate beam due to force F,, and M is the

y-direction moment generated to plate beam due to
force F, .

The moment equilibrium condition at the point O,
2M,;=0, can be written as

aF, - 2dF,, +2M,, =0 (13)

By substituting the equations (10)~(12) into (13), the
rotation angle ¢ , and the vertical displacement V' can be

derived as

4= Q2a+1)F, : (14)

48E1, 3 2 4A Ed

( —l )+
IZ lZ
24E1,

F, - X ta+ L )¢

vE 24EI, (13)
l 2

The moment M _ at arbitrary point x leads to

{ (— 2)4

(16)

12E1

vl 2

and &, ,

12E,1x
R

2

The equations &, _, for calculating the
strains on the upper surface and lower surface of the
plate beam 5 can be derived into the following by
substituting the above equations into the bending strain
equation £ =M /EZ,, and the compression or the

tension strain equation £ = F'/ 4,(b,l,)F
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6t,x I
Epy = 23 v+(a+-2)g)
I 2

(17-a)
o v oa Lo dé
GG D]
Ers = —%;"—(v r(at %w)
(17-b)

6t, v a I, dg
+—2(-+(=+D)p)-—
L G+G+39 .

2.4 Design of sensing elements

The 3-axis force sensor for measuring the forces Fx,
Fy and Fz should be designed in consideration of the
design variables. Such as; the attachment location is
respect to the size of the strain gauge, the rated capacity,
the rated strain, the width b, and b,, the length /, and
1,, the thickness ¢, and ¢, of the plate beams, the x-
dirgction length from the contact plate to the end of plate
beam a, the x-direction length between two plate beams
ofthe PPB5 d .

In order to design the sensing elements, the rated
capacity of the Fx, Fy and the Fz sensors were
determined be 100 N, respectively. The rated strains of
the Fx sensor, the Fy sensor and the Fy sensor were
approximately determined be 1000 wgm/m . The
attaching locations of the strain gauges for the Fx sensor,
the Fy sensor and the Fz sensor were determined be 2
mm from each end point of the plate beams in the length
direction of the plate beams and at the central line in the
width direction of the plate beams.

The size of each semsor was calculated by
substituting the determined values into the derived strain
equations (9-a), (9-b), (17-a) and (17-b). It showed that
the width of plate beams b, = b, was 16 mm, the length
of plate beams [ was 12 mm, /, was 10 mm, the
thickness of plate beams ¢, was 1.46 mm, f, was 1.79
mm, @ was 10 mm, d was 12 mm. The material of the
plate beams is Al 2024-T351.

3. Finite element analysis

The sensing elements of each sensor are analyzed by
using the FEM to confirm the strains calculated from the
derived equations when the forces Fx, Fy and Fz are
applied to each sensor. In doing this, the ANSYS
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program was used. The strains on the surfaces of the
plate beams are analyzed in three dimensions. To analyze
the plate beams, the material constants of the beams
require that the modulus of the longitudinal elasticity be
70 GPa and the poison's ratio be 0.3. The plate beams
have a mesh-size of 0.5 mm in the length direction, and
the mesh size is trisected in the height direction. To
analyze the plate beams of each sensor using the FEM
analysis, the rated capacity of each sensor is applied to
the beams of each sensor : the forces Fx=Fy=Fz are 100 N.

Fig. 6 Finite element mesh and deformed shape of beams
for Fx or Fy force sensor under the force Fx or Fy

Fig. 7 Finite element mesh and deformed shape of beams
for Fz force sensor under the force Fz

Fig. 6 and Fig. 7 show the deformed shape of the
sensing elements for the Fy sensor and Fz sensor under
force Fy and Fz, respectively. The deformed shape of the
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sensing elements for the Fy sensor under the force Fy is
symmetrical with respect to the vertical center axis. Also,
the deformed shape of the sensing elements (upper and
lower plate beams) for the Fz sensor under the force Fz

shows similarity with respect to the horizontal center axis.

4. Results and Considerations

Fig. 8 shows the attachment locations of the strain
gauges for each sensor. The locations of attachment of
the strain gauges for each sensor are as follows: for the
Fx sensor S1~S84, for the Fy sensor S5~S8 and for the Fz
sensor S9~S12. The full bridge for each sensor is
constructed by using the selected strain gages for each
sensor as shown in the Fig. 9. The rated strain and the
interference strain are calculated using the equation

n "€ T &

£=& - &¢y (18)

where € is the rated strain or the interference error,
&, is the strain from the tension strain gage 7, ¢,, is
the strain from the tension strain gage T,, &, is the
strain from the compression strain gage C,, &, is the

strain from the compression strain gage C, .

{y 2
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S6

1 §x
=
| A

S9 S11 2
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Fig. 8 Attachment locations of the strain gauges for each
sensor

The strain gages were attached at the selected
attachment locations using a bond (M-bond 200, Micro-
Measurement Company).

In order to reduce the interference error, the full
bridge circuit for each sensor is constructed using strain
gages S1(C,), S2(Ty), S3(C,), S4(T,) for the Fx sensor,
S5(Cy), S6(T,), ST(C,), S8(T,) for the Fy sensor and
S9(T1), S10(C;), S11(Ty), S12(C,) for the Fz sensor.
Strain gages (N2A-13-T00IN-350, Micro-Measurement
Company) were used for making the 3-axis force sensor.
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The gage factor is 2.08, the length and the width are 1.52
mm and 2.54 mm, respectively. Fig 10 shows the 3-axis
force sensor developed.

T (]

o
©

C1 T2

Fig. 9 Full bridge circuit

Fig. 10 3-axis force sensor developed

The 3-axis force sensor developed was calibrated
using the 6-component force/moment sensor calibration
machine'?. The forces Fx, Fy and Fz of 100 N(the rated
capacity of the 3-axis force sensor) and the moments Mx,
My and Mz of 0.5 Nm were applied to the 3-axis force
sensor using the 6-component force/moment sensor
calibration machine. This is because the interference
errors may be generated from the Fx sensor, Fy sensor
and Fz sensor under the moments Mx, My and Mz.

Table 1 shows the rated strains and the interference
errors of each sensor from the theoretical analysis, the
FEM and the experiment, and Table 2 shows the
interference errors of each sensor in experiment. The
rated strains of Fx semsor are 1000 gm/m in the
theoretical analysis, 987 tom/m in the FEM and 961
pm/ min the experiment. The rated strains of Fy sensor
are 1000 gm/m in the theoretical analysis, 987
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4m/ min the FEM and 1055 zom/min the experiment.
The rated strains of Fz sensor are 1000 tm/m in the
theoretical analysis, 980 gm/min the FEM and 1048
um/m in the experiment.

Table 1 Rated strains and interference errors of each

sensor
Force Analysis Rated strain | Interference
sensor Y (um/m) error (%)
Theory 1000 0
Fx
FEM 987 0
sensor
Exper. 961 0.89
F Theory 1000 0
y FEM 987 0
sensor
Exper. 1055 0.94
F Theory 1000 0
A
FEM 980 0
sensor
Exper. 1048 0.87

Table 2 Interference errors of each sensor in experiment

Interference error (%)
Sensor [Fo160] Fy= | Fom [Mx=03[My=03|Ma=03| Mo
N 100N | 100N | Nm Nin Nm
Fx - 0.11 0.23 0.37 0.89 0.15 0.89
Fy 0.13 - 0.43 0.94 0.15 0.04 0.94
Fz 0.76 | 0.87 - 0.37 0.21 0.55 0.87

Comparing the rated strain from the theoretical
analysis with that of the FEM analysis, the rated strain
errors are obtained as follows: less han 1.3 % for Fx, Fy
sensors and 2.0 % for Fz sensor. This may have been
caused due to the numerical error of the FEM software
used for the finite element analysis. Also, comparing the
rated strain from the theoretical analysis with that of the
experiment, the rated strain errors are obtained as
follows: less than 3.9 % for the Fx sensor, the 5.5 % for
Fy sensor and 4.8 % for the Fz sensor. Thus, the
maximum error of the rated strain is less than 5.5 %.

The interference errors of the 3-axis force sensor are
as follows: for each sensor 0 % in the FEM and the
theoretical analysis, for the Fx sensor, Fy sensor and Fz
sensor 0.89 %, 0.94 % and 0.87 % in the experiment,
the of the
interference is less than 0.94 %. These errors may be

respectively. Thus, maximum error

generated due to the processing error, the error in
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attachment of strain gages, the error in the characteristic
test of the sensor, and so on.

5. Conclusions

This paper describes the design of robot’s hand with
two fingers for stably grasping an unknown object, and
the development of the 3-axis force sensor for
constructing a robot’s finger. The robot’s hand is
composed of two fingers, two links, four motors and a
block. The 3-axis force sensor was newly modeled by
five PPBs, and fabricated. Comparing the rated strain
from the theoretical analysis with that of the experiment,
the maximum error of the rated strain is less than 5.5 %.
Therefore, the derived strain equations ((9-2), (9-b), (17-
a) and (17-b)) may be used for calculating the rated
strains of the 3-axis force sensor developed in this study.
The maximum error of the interference of the 3-axis
force sensor is 0.94 % in the experiment. This is less than
the 2~10% interference error found in other sensors for
the robot’s finger.
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