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(71) We, INTERNATIONAL BUSINESS MACHINES
CORPORATION, a Corporation organized and existing under the laws of the State
of New York in the United States of America, of Armonk, New York 10504, United
States of America, do hereby declare the invention for which we pray that a patent
may be granted to us, and the method by which it is to be performed, to be
particularly described in and by the following statement:—

The present invention relates to a manipulator having a pair of gripper fingers
and a drive mechanism to drive the gripper fingers.

According to the present invention there is provided a manipulator having a
pair of gripper fingers, a drive mechanism to drive the gripper fingers, a pair of
sensor assemblies, each gripper finger being coupled to the drive mechanism
through a respective one of the sensor assemblies, there being in each sensor
assembly a plurality of force sensors disposed in series between the drive
mechanism and the respective finger and adapted to sense moments about a
plurality of orthogonal axes resulting from forces applied to the respective finger,
there being for each force sensor in one of the sensor assemblies a corresponding
force sensor in the other of the sensor assemblies to sense a moment about a
parallel orthogonal axis, the disposition of the force sensors of the one sensor
assembly relative to their respective finger being different from the disposition of
the corresponding force sensors of the other sensor assembly relative to their
respective finger, whereby like forces applied tc both fingers result in different
moments being applied to corresponding force sensors in the pair of sensor
assemblies.

The invention will now be described by way of example with reference to the
accompanying drawings in which:—

Figure 1A shows a perspective view of a computer-controlled manipulator in
accordance with this invention,

Figure 1B shows a finger drive mechanism for fingers and associated sensor
assemblies of the manipulator shown in Figure 1A,

Figure 2 shows a perspective view of the gripper fingers and associated sensor
assemblies of manipulator shown in Figure 1A,

Figure 3 shows the effect of forces applied to the right finger of Figure 2,

Figure 4 shows the effect of forces applied to the left finger of Figure 2,

Figure 5 shows the gripper fingers of Figure 2 holding a power screw driver
adjacent to a work table or fixture,

Figure 6 shows a plan view of a portion of the manipulator of Figure | and a
power screw driver,

Figure 7 shows a flow chart describing movement of the fingers in Figure 7
until they touch the screw driver of Figure 6,

Figure 8 shows a front elevation of the fingers of Figure 1 oriented vertically
above a post holding several washers,

Figure 9 shows a plan view a portion of the manipulator of Figure 1 with the
screw driver of Figure 6 between the opened fingers,

Figure 10 shows a flow chart describing the operation of the manipulator in the
position of Figure 10 to pick up the screw driver,
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Figure 11 shows graphically the output from a force sensor module of one of
the sensor assemblies shown in Figure 2, and,

Figure 12 shows a flow chart describing how to determine the contact force
between an object and a work table. . .

Figure 1A shows a manipulator controlled by a central processing unit (CPU)
44 having three mutually perpendicular X, Y and Z arm segments 38, 40 and 42 for
providing x, y and z direction of motion of the gripper. Segments 38, 40 and 42 are
slidably connected together by holder 39, 41 and 43 to provide an articulated three-
part manipulator arm. At the outboard end of the arm segment 38 is shown a
gripper 45 connected to X arm segment 38 by roll shaft 46 wrist 47, and finger drive
mechanism 48. The X arm segment 38 is slidable in holder 39 affixed to the end of Y
arm segment 40. Holder 39 carries a linear motor 50 affixed thereto including
actuators adapted for operating upon a parabolic displacement cam 53 in
accordance with United States Patent No. 3,848,515. Rack 108 drives a
potentiometer 114 by its associated pinion. .

Potentiometer 114 operates to send messages indicating X arm position data to
CPU 44 indicating the position of arm 38. Y arm segment 40 is slidable along the Y
axis in holder 41 with a similar drive motor 51 secured thereto to operate upon cam
54. Potentiometer 116 is driven by its pinion riding on rack teeth 110, as segment 40
moves by to signal Y arm position data to CPU 44. Z arm segment 42 does not move
up and down along the z axis, but instead, holder 43 is rigidiy and permanently
secured to holder 41 and holder 43 has motor 52 secured thereto to operate upon
cam 55 to raise and lower the rest of the arm including segments 38 and 40, etc. on
arm segment 42. Z axis position is sensed by potentiometer 118 and rack teeth 112.
The entire structure is rotatable about the center of arm segment 42 which is
mounted upon a rotatable disc which is driven by a rotary drive inside cylinder 56.
Potentiometer 57 driven by rack teeth 107 senses arm rotation. Still another rotary
drive turns roll shaft 46, as do motors for the yaw, and pitch axes 58 and 59 of wrist
47. The finger drive mechanism 48 moves fingers 10 and 11 of gripper 45 which can
be gpenleg or closed (moved together and apart) by means of the mechanism shown
in Fig. 1B,

As shown in Fig. 1B, the motor 74 is operatively connected by means of gears
76 to a pair of gear racks 80 for driving the finger driver blocks 23 and 24 either
toward or away from each other in unison. Gear racks 80 move longitudinally to
the left and right as shown by the arrows in Fig. 1B. A potentiometer 78 has its shaft
teeth in operative engagement with motor gears 76 so that the motor shaft angular
position is reflected in the output of the potentiometer 78 on line 86. This output on
ling §6 is therefore directly related to the separation of the finger driver blocks 23
and 24. :

Referring to Fig. 2, the gripper 45 consists of two fingers 10 and 11. A three-
degree-of-freedom force sensor assembly 12 is connected to the inboard end of the
right finger 10. Another three-degree-of-freedom force sensor assembly 13 is
connected to the inboard end of the left finger 11.

The sensor assembly 12 is composed of three I-beam sensor modules 14,15, 16
and sensor 13 is composed of similar modules 17, 18, 19. Each sensor module takes
the form of a generally I-shaped beam having two pairs of strain gauges mounted
one pair on each face of the web thereof. The beam has end portions or blocks to
adapt the force sensor at an angle of 90° to the next force sensor. The outputs of
the pairs of strain gauges are applied in a Wheatstone bridge circuit so that each
force sensor is sensitive to forces applied perpendicular to the web thereof and to
moments applied about an axis extending through the web.

The four strain gauges of each module are electrically connected in a
Wheatstone bridge circuit with the opposite connected elements in the circuit
being comprised of the pair of strain gauges on the same surface of the moldule
web. The sensor modules are enabled to sense forces in respective X, y and z axes
and for sensing moments about the x, y and z axes, thereby providing six degrees of
freedom in sensing. The general arrangement and electrical connection of the
sensor modules is more fully described in our UK Patent No. 1,489,040.

It will be noted from Figure 2 that for each sensor module in the sensor
assembly 12 there is a corresponding sensor module in the other sensor assembly
13. Thus sensor module 14 has a web disposed to be sensitive to a moment about
the z axis resulting from forces applied to the right finger 10. The module 14
corresponds to the sensor module 18 which is also sensitive to 2 moment about the
z axis resulting from forces applied to the left finger 11. Similarly the sensor module
15, sensitive to moments about the y axis, corresponds to the sensor module 17 also
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sensitive to moments about the y axis. Finally the sensor module 16, sensitive to
moments about the y axis, corresponds to the sensor module 19 sensitive to moments
about the y axis. Although none of the sensor modules is sensitive to moments
about the x axis it will be shown that the modules are sensitive to forces applied to
the fingers in the z axis and it will be shown how moments about the z axis can be
computed from the forces applied to the fingers 10 and 11. It will further be noted
that the disposition of the series of sensor modules 14, 15 and 16 relative to the
finger 10 is different from the disposition of the modules 17, 18 and 19 relative to
the finger 11. Therefore like forces applied to the two fingers 10 and 11 will result in
different moments being applied to corresponding sensor modules in the sensor
assemblies 12 and 13. In the particular arrangement shown, the order of the sensor
modules in the sensor assembly 12 is different from the order of the corresponding
sensor modules in the sensor assembly 13.

Right Finger

In Figure 3, the right finger 10 is connected at its inner end to sensor module
14, A, having a vertical web or blade as diagrammatically shown with a rectangular
surface extending up and down. Module 14, A, is connected to block 21, which
connects to sensor module 15, B, which has a horizontal web or blade with its
rectangular surface extending from side to side. Module 15, B, is connected to
elbow-block 22 which is connected to module 16, C, which has a vertical web or
blade extending normal to the planes of the blades of modules 14 and 15 with its
rectangular surface extending from side to side. Module 16, C, is connected to
driver block 23 attached to finger drive mechanism 48. If the right finger is not
holding an object, a force vector Fy applied at an arbitrary point R on the right

finger 10 can be approximately resolved into three components vectors, Fyp, Fyq

and F,, is shown in Figure 3. At point A in Figure 3, sensor 14 measures only the
moment in the direction of the moment M,. The output of force sensor 14 output at
point A can be related to the external force vector Fy by
M,=—Fyn . (Yo=Y )+F x(Xp—X,) )]
where Y, and Y, are the Y coordinates of points R and A and X, and X, are the X
coordinates of those points. In a similar manner, the sensor output at points B and
C for sensors 15 and 16, respectively provide
My=Fyn . (Zq~Zg)—Fps . (Xg—Xp) 2)
Mc=Fxn . (Zn_zc)_an . (xn—‘Xc) ( 3)

Equations (1), (2) and (3) can be written in a matrix form

FMA - (Yp-v,) (Xp=Y,) 0 F

M Z_~2Z - -
| M| | R 0 Kp=%e) || Fag

Left Finger

As shown in Fig. 4, the left finger 11 is connected at its inner end to sensor
module 17, D, having a horizontal web or blade extending laterally. Module 17, D
is connected to block 26 which is connected to module 18, E, having a vertical web
or blade extending up and down along axis of finger 11. An elbow block has a
horizontal leg 27 and a vertical leg 20 which is far longer than the vertical extent of
elbow block 22 of the right finger 10. Module 19, G, connects leg 20 to driver block
24 attached to the other end of the finger drive mechanism 48. Module 19, G, hasa
vertical web or blade extending up and down across the linkage normal to the axis
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of finger 11 in a plane parallel to that of module 16 and normal to those of modules
17, D, and 18, E. Thus module 19, G, has a substantial offset from module 16, C.
For the left finger 11, a three-degree-of-freedom force sensor is also mounted
on the inner end of the finger. However, the sensor location is different from the
corresponding sensor location for the right finger. An intentional offset distance
has been provided by leg 20 extending above elbow 21 about one or two inches.
Again, a force vector, F,, applied at point L on the left finger can be approximately
resolved into three components. F,,, F,, and F, as shown in Fig. 4. Note the
coordinates for point L in Fig. 4 may be different from those of point R in Fig. 3.
The force sensor outputs at points D, E and G on sensors 17, 18, and 19,
respectively can be related to the force vector applied at the finger by

) (2,-2p) 0 =X =Xp) Frx

e

SO -Yp) (X -Xp) 0 - Fry - ®

MG_ (XL-XG) 0 - (XL—XG) FLZ

Having described the arrangement of the manipulator of Figures 1A and 1B
and the effect of forces on the left and right fingers in the x, y and z axes, some
applications of the manipulator will now be described.

Referring to Figure 5, the pair of parallel fingers 10, 11 are holding an object,
e.g. a screw driver 28. The contact force between the screw driver 28 and a work
table 29 can always be transferred to a force vector F, applied at the centre of
gravity (point H) of the object 28, being held by fingers 10, 11. The point H has
coordinates X,,, Y, and Z,. The force vector consists of six components, Fy,, Fy,
and F,, and three moments M,,,, M, and M,,. Assume the contact point between
the object (e.g. screw driver) and the right finger 10 is point R. The contact point
between the object and the left finger 11 is point L. Taking the object as a free
body, the force equilibrium equations for this object are

Faw=Fxa+Fu (6A)
FYH=FYR+ FYL (6B)
Fp=Fp+Fy (6C)

M, =Fzp . (Yo~ Yu)+Fo . (Y —Y,)
+Fyg . (Zg=Z,)~Fy, . (Z~Z,) (6D)
My=(—Fz) . (Xg=X )+(-F,) . (X~X.,)
+(Fyp) . (Zi—ZH)+(F,) . (Z-Z,) (6E)
M;H——'(‘an) . (Y_B__YH')_'_F(_F XL) . (YL—YH)
+(Fyp) . X=X +(Fy) . (X=X (6F)
In general, there would also be a moment at the contact points between the finger
and the object. However the gripping surface has a moment isolator surface 88

composed of an elastomer on the gripping surfaces of fingers 10 and 11, so that only
a force can be translated to the finger.
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Egs. (6A to 6F) can be written in the matrix form as
— _‘ — -1 T =
F 1 0 0 ! 1 o] 0 F
XH . XR
1
Fyn 0 1 o, 0 1 0 Fyr
i
FZH 0 0 1 : 0 0 1 FZR
Myn 0 (Zp=2y)  (Yp=¥y) 0 (Z-2y) (Y=Y Py
Myp| | (Zp=2g) 0 (Xp~Xy) : (2g-2y) O - (X -Xy) FyL
1
MZH -(YR—YH) (XR-XH) 0 :—- (YL—YH) (XL-XH) 0 ] . L FZL )
L [ .
or = o~ =
F.=A .Fg o
5 Egs. (4) and (5) can be combined as 5
r= 1 -
Fyr|| |- (Yr~Ya) (Xp=%,) 0 1 My
L (Zg=2p) 0 - (Xp-Xp) 0 My
Far|~l| Zr7%c) O ~(XpXQ) | Mo
IEXL (2,-25) 0 - -xp)l-1f | M
JFYL 0 = (¥ =¥p) (K -Xp) 0 Mg
FzL (Xp-Xg) 0 (X -Xg) Mg
or - -
F.=B1.F, ®)
combining eqs. (7) and (8), we obtain
10 F,=[A].F,=[A].(B].F.=(f].F, ) 10
Eq. (9) provides the general relation between the measurement vector, Fm, (output
of the six sensors) and the force vector applied at the object being held at the
finger, F,. If one has the measurement output from the six sensors, one can
estimate the force vector applied to the fingers but one cannot directly estimate the
15 general force vector applied at the object held by the fingers. This is because 15
the sensor output is also a function of the following additional parameters:
(1) weight of the object being held by the finger (1 unknown)
(2) parts position and orientation of the object (6 unknowns)
(3) length between contact points of an object held by the fingers (1 unknown)
20 (4) contact force and moment between the finger and the object (6 unknowns). 20
In order to eliminate these additional unknowns a sequence of operations may
"be performed as follows:—
Item 1: Search for an Object with One Finger
Referring to Figure 6, the orientation of the centre line of a post in the form of
25 a screw driver 28 must be known. For example in Figure 6, the centre line of the 25
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screw driver 28 coincides with the Z axis. The chord length or diameter t, of the
screw driver 28 is stored in the computer, the exact location of the screw driver is
unknown. The flow chart for a computer program for automatically determining
the location of the screw driver is shown in Figure 7.

Referring to Figures 6 and 7, the Y motor 51 moves until the finger 10 touches
the screw driver 28. At the instant when finger 10 touches screw driver 28, the force
sensor output AM, exceeds a prescribed value E, and the Y arm segment position at
that instant is registered by potentiometer 116. The relative position between the
finger surface and Y arm segment is measured by the Y arm segment position
sensing potentiometer 114 at point M in Fig. 6. The exact position of the screw
driver can be computed by

t,
Ya=Yu+Ye—~ ? (10)

In a similar manner, the manipulator system can locate a washer 40 on washer
post 41 as shown in Fig. 8. In this case, the prior information is the thickness of the
washer, t,, and the direction of the center line of the washer post.

Item 2: Pick Up an Object with a Controlled Gripping Force

Referring to Fig. 6 once the approximate position of the object 28 (e.g. ascrew
driver) has been determined, the manipulator system can move to a position as
shown in Fig. 9. By simultaneously operating the Y motor 51 and the finger motors
as shown by the flow chart in Fig. 10, the finger 10 contacts the screw driver e.g.
point Q in Fig. 9. The Y coordinate of the contact point Q is

Yo=Yu+Yyatdq (11

where Y, and Y, are the positions of Y arm segment 40 and the finger motor
system respectively and they can be measured by potentiometer 116 and 78
respectively. Value d, is the deflection of the finger which will be described later.
After the finger 10 contacts one side of the object 28 (screw driver), the motor 74
for the fingers 10 and 11 and the Y motor system are moved simultaneously (Fig.
10) until both the right and left fingers 10 and 11 contact the object 28 (e.g., screw
driver) at points Q and H as shown in Fig. 9 with the position of left finger 11 shown
in phantom. The Y coordinate of point H is

YH=YM_YMH_dH (12)

where Y,,, is the left finger motor position and d,, is the finger deflection at point H.
If the geometry of the object is simple, e.g. a screw driver 28 as shown in Fig. 9, the
X coordinates of the contact points Q and H must be the same, (i.e. Xo=X,). The

gripping force between the object 28 and the fingers 10 and 11 can be related to the
sensor output as

MA=(—FQ) . (XO—XA) (13)
M=(Fy) . (Xy—Xo)=(-Fg) . (Xy—Xp)=(=Fp) . (Xo—X;) (14)

The coordinates X, and X, of the sensor elements A and E have been measured
previously. Therefore, the gripping force and the contact position between the
finger and the object being held by the finger can be determined from egs. (13) and
(14) from

MM,

(—Fo=—" (15)

AXE

(MA)(XA_XE)
X=Xy —————— (16)
M-~-M,)

From eqgs. 15 and 16, a controlled gripping force can be applied to the manipulator
system to pick up an object. The flow chart is shown in Fig. 10. If the gripping force
and the contact position are known, the deformation of the finger can be
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accurately determined from the structural beam equation and the screw driver
diameter or chord length, t,, can be accurately determined from egs. 11 and 12. It
should be noted that the sensor system consists of three orthogonal thin beams and
the deformation of the fingers 10 and 11 can be accurately calculated.

Item 3: Weighing an Object

The force sensor system can be employed to measure the weight of an object.
Referring to Fig. 5, at a specific position, where the Z coordinate coincides with the
gravitation force, sensors B, C, D and G are all sensitive to the weight of the object
being held by the fingers. Therefore, the weight of the object can be determined by

MM, MM,
W, + (17
Xc—xs XG_XD

where M., M,, M;, and M, are the sensor output of sensors C, B, G and D
respectively.

Item 4: Locating the Center of Gravity of an Object at the Manipulator’s Hand

Once the weight of the object has been obtained the location of the center
gravity of the object can also be determined. Referring to Fig. 5, at the specific
position where the Z axis coordinate coincides with the gravitational force, the
weight vector W, may be divided into two components, W,,, and W, . W, is the
weight that will apply to the right finger 10 and W, is the weight that will apply to
the left finger 11. From the sensor output from sensors B and C 14 and 16, one can
determine the value of W, and the X coordinate of point H. From sensor outputs
of sensors 17 and 19. D and G, one can compute the value of W, and the X
coordinate of point H. In other words, the X coordinate of the center gravity (point
H) can be either determined from right finger sensors or left finger sensors. This
provides criteria which are useful when checking the accuracy of the sensor
system.

In a similar manner, one can move the finger systems such that the Y or Z
coordinate coincides with the gravitational force to determine the Y and Z
coordinates of the center of gravity of the object (e.g. point H in Fig. 5).

Item 5: Sensor Output Due to the Weight of the Object at any Orientation

During the assembly process, the manipulator system can be rotated to any
orientation. Therefore, the sensor outputs due to the weight of the object will vary
at different orientations. Following the procedure presented in steps 3 and 4, one
can determine the weight and the center of gravity of the object being held by the
manipulator fingers. Referring to Fig. 1A, the absolute orientation of the finger
system can be computed from the output voltage of the potentiometers at the pitch,
yaw and roll motors and the vector, W, due to the weight of the object can be
obtained. The sensor output can be computed from eq. (18)

F,=({1"'W,

where [{] is defined in eq. (9). F is a vector consisting of six sensor outputs (also
defined in eq. (9)).

Item 6: Selection of the Zero Reference Point for the Sensor Output and System
Applications .

A typical force sensor output is shown in Fig. 11 (solid line). If the temperature
has been changed, then the zero reference point will be shifted from point O, to
point OQ,. The zero reference point will also be shifted if the orientatiom of the
finger system has been changed. Referring to Fig. 5, if the orientation of the finger
system has been rotated, the force vector W, due to the dead weight of the object
being held by the finger will be shifted from the solid line W, to a dotted line W, in
Fig. 5. The dead weight of the biocks between adjacent sensors, (e.g. block K
between sensor A and B) will also change the absolute voltage output of the sensor
system. Therefore, the sensor output must compensate for the weight effect
presented in step 5. An alternate calibration technique which has been
implemented in this manipulator system is based on the value of the slope as shown
in Figure 6. Then e.g. (9) can be modified as

(AF)=(AQ) . (AF,) (19
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Where (AF,) is the incremetal force vector applied at the object being held by the
finger and (AF,,) is the incremental sensor output vector. ‘ .

Once the (AQ) matrix has been obtained, it can be stored in the computer
system and will be used to determine the contact force between the object (e.g. a
screw in Figure 5) and a work table. This technique is shown in Figure 13.

With reference to Figures 3, 4 and 5 it is assumed that only forces (e.g. Fyg,
Fyg: Fzpe Fy, Fy and E,)) will be applied to the finger. However, the same
procedure will also be applied to the system where moments will also be applied to
the finger. Additional equations must be set up to include the compliance of
gripping surfaces. N

It has been shown how to measure a large number of parameters including 1)
gripping force, 2) a six-degree-of-freedom force vector applied at the object being
held by the manipulator, 3) weight of the object, 4) centre of gravity of the object,
5) approximated location and orientation of an object on a work table. Using this
system, one can perform a task such as a complex typewriter subassembly task.

This sensor system interfaces with the computer system in order to

a. determine the weight of an object held by the finger,

b. pick up an object with a controlled force,

c. search for a post,

d. locate an object with one finger, and

e. locate an object with two fingers.

The system can give an analog signal to measure the X, Y and Z force applied
at a wand system which is mounted at the finger not shown.

WHAT WE CLAIM IS:— -

1. A manipulator having a pair of gripper fingers, a drive mechanism to drive
the gripper fingers, a pair of sensor assemblies, each gripper finger being coupled to
the drive mechanism through a respective one of the sensor assemblies, there being
in each sensor assembly a plurality of force sensors disposed in series between the
drive mechanism and the respective finger and adapted to sense moments about a
plurality of orthogonal axes resulting from forces applied to the respective finger,
there being for each force sensor in one of the sensor assemblies a corresponding
force sensor in the other of the sensor assemblies to sense a moment about a
parallel orthogonal axis, the disposition of the force sensors of the one sensor
assembly relative to their respective finger being different from the disposition of
the corresponding force sensors of the other sensor assembly relative to their
respective finger, whereby like forces applied to both fingers result in different
moments being applied to corresponding force sensors in the pair of sensor
assemblies.

2. A manipulator according to Claim 1 wherein the order in which the force
sensors are disposed in the one sensor assembly is different from the order in which
the corresponding force sensors in the other sensor assembly are disposed.

3. A manipulator according to Claim I or 2 wherein each sensor assembly
includes an elbow block rigidly interconnecting a first of the force sensors in the
series thereof to the remaining force sensors in the series, the elbow block of the
one sensor assembly being of different length from the elbow block of the other
sensor assembly.

4. A manipulator according to Claim 1, 2 or 3 wherein each force sensor
comprises a generally I-shaped beam having strain gauges mounted on the web
thereof and the beam has end portions to adapt each force sensor at an angle of 90°
to the next in the series.

5. A manipulator according to any one of the preceding claims wherein there
are three force sensors in each sensor assembly. :

6. A manipulator substantially as hereinbefore described with reference to and
as shown in Figures 1A, 1B and 2 of the accompanying drawings.

FREDERICK N. BLAKEMORE,
Chartered Patent Agent,
Agent for the Applicant.

Printed for Her Majesty’s Stationery Office, by the Courier Press, Leamington Spa, 1980
Published by The Patent Office, 25 Southampton Buildings, London, WC2A 1AY, from
which copies may be obtained. -
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OPEN THE FINGERS

MOYE THE Y MOTOR AND FINGERS SUCH
THAT THE 0BJECT IS BETWEEN THE

TWO FINGERS

CLOSE FINGERS

GRIPPING FORCE
C1<|Fg|<Cz AND

Cr<|Fful<cy ?
YES N0 L
END FQ <C1, CLOSE RIGHT FINGER
Fa.>C2, OPEN RIGHT FINGER

Fg<Ct, CLOSE LEFT FINGER
Fy >C2, OPEN LEFT FINGER

SENSOR QUTPUT
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8 SHEETS

CALIBRATION
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APPLY A KNOWN FORCE VECTOR Fiy TO
THE 0BJECT BEING HELD BY THE MANIPU-
LATOR FINGERS

l

COMPLETE SPECIFICATION

This drawing is a reproduction of
the Original on a reduced scale
Sheet

0BTAIN THE_SENSOR QUTPUT
Frmi

FIG.12

APPLY AN INCREASED KNOWN FORCE _

VECTOR TO THE 0BJECT Fu
AND OBTAIN THE SENSOR
0UTPUT Fmz

l

aFye Fyz - T
Afy -sz "'-le

1

0BTAIN [ 0] MATRIX WHICH SATISFIES
[ n] = [a0] - [oFa] a0 STORE [a0]

|

-1

\ MEASURE THE SENSOR QUTPUT VECTOR Fm3 BEFORE THE SCREW

TOUGHES THE TABLE AS SHOWN IN FIG.5

APPLICATION
PROCESS

!

LINEAR INCREMENTAL MOTION OF

X,Y AND Z MOTORS AS IN FIG.1A

[ -
MEASURE THE SENSOR QUTPYT VECTOR Fm4

AT Tma "FmS

l

OBTAIN A CONTACT FORCE VECTOR

IF AFg<E, WHEREE
IS A SMALL VALUED
VECTOR, SCREW DID
NOT TOUCH THE TABLE

BETWEEN SCREW & TABLE
aFg{a0] ! [aFa]

I

IFaTg > £, THEN STOP



