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(57) Abstract: The invention relates
to a system for controlling the position
and orientation of an object (1,3). The
system comprises a measuring assembly
(6) including a first (7) and a second part
(8), wherei n the first part is adapted to
receive forces and torques from a user,
and a sensor (9) adapted to measure forces
and torques caused by changes in position
and orientation of the first part in relation
to the second part, and a data processing
unit (18) arranged to receive measured
data from said sensor and based thereon
to control the position and orientation
of the object. The sensor comprises
a semiconductor chip with integrated
sensor elements. The measuring assembly
comprises a spring arrangement (11)
mounted between the first and second
parts and mechanically connected to the
sensor, for converting forces and torques
from the user to changes in position and
orientation of said first part in relation to
said second part, and said sensor is adapted
to measure forces and torques from the
spring arrangement caused by the changes
in position and orientation of the first part.



A SYSTEM FOR CONTROLLING THE POSITION AND ORI¬
ENTATION OF AN OBJECT IN DEPENDENCE ON RE¬
CEIVED FORCES AND TORQUES FROM A USER

FIELD OF THE INVENTION

The present invention relates to a system for controlling the po

sition and orientation of an object in dependence on received
forces and torques from a user. The system is used by a human
operator to control the position and orientation of an object,
which can be a real object, for instance manipulated by an i n

dustrial robot, or a virtual object on a computer screen. The sys

tem is, for example, useful in a joystick controlling an object on
a computer screen, or for controlling a tool or a work object m a

nipulated by an industrial robot in connection with lead-through
programming of the robot. It can also be used in other applica
tions where manipulation in several degrees of freedom is nec

essary, as for example for telemetry operated robots, which are
needed in hazardous environment, in sub sea vehicles, on exca
vation machines, in surgery equipment, in space stations and
vehicles etc. Even if the invention has its main applications for
human machine interaction it can also be used for process co n

trol and supervision, for example during grinding with a robot.

PRIOR ART

Because of the complexity of robot programming, it is difficult for
small and medium sized enterprises to invest in robotics. Thus,
new programming methods are needed to facilitate for craftsmen
to transfer their skill to programs for industrial robots. Actions
suitable to be carried out by a robot are, for example, arc weld
ing, deflashing, deburring, polishing, cutting, grinding, painting,



drilling, gluing, and spraying. The manual tools used for pe r

forming these actions are provided with different types of ha n

dles, which make it possible for the craftsmen to control the po

sition and orientation of the tools, as precise as possible, and
without too large ergonomic problems. However, looking at the
tools carried by the robot and used for performing the same a c

tions, there is no aid for any interaction with the craftsman and
therefore very difficult programming must be performed using
joystick and advanced computer programs.

A gripping tool is sometimes used to hold a workpiece, which is
processed by processing tool that is fixedly arranged in the ro

bot work cell. In the manual work place, this corresponds to a
situation where a craftsman holds the work object with his
hands, while the tool is mounted on, for example, a workbench.
This way of working may take place in, for example, grinding
deburring and polishing of objects that are not too heavy for
manual handling.

In order to obtain an efficient intuitive robot programming in s i

tuations as described above, a new programming paradigm is

needed, where the craftsman can use tools similar to the manual
tools to program the robot by demonstration. This means that it
must be possible to move around the tools or work objects and
change their position and orientation in a manner that is close to
how the manual work is carried out. There have been develop
ments of programming systems where the tools have been
mounted on measurement arms or where the tools have been
equipped with light emitting diodes or reflectors to be measured
by optical measurement systems, but these solutions have not
been successful because of high cost of the measurement sys

tem and lacking robustness of the measurement system, and the
impossibility to use heavy tools or work objects on the meas
urement arm. Therefore, the only possibility is to mount the tools
or work objects on the robot during the programming.



It has been proposed to use a 6-DOF (Degrees Of Freedom)
force-torque sensor mounted between the tool and the robot-
mounting flange, making it possible for the operator to move
around the tool by means of a handle. However, a force-torque
sensor, which is able to support the force/torque levels from the
tool or work object, will not be sensitive enough, and has not the
bandwidth needed for accurate and efficient manipulation.

The patent US 458981 0 proposes a system for programming
motions of an industrial robot, the system including a handle-
grip sensor unit including a known sensor for measuring forces
and torques. The sensor is integrated in a handle, which is a t

tached to the tool carried by the robot. The handle is used by
the operator to guide the tool along a desired robot path during
programming of the robot. The sensor is arranged to measure
forces and torques exerted by a human hand on the handle. The
output from the sensor is transferred to a data processing unit,
which converts the output signals from the sensor into data co r

responding to forces and torques applied by the operator to the
handler. The data processing unit includes an algorithm which
converts the output signals from the sensor into drive commands
for the joint drives of the robot, and adjusts the system of coor
dinates of the hand-grip sensor unit to the system of coordinates
of movements of an actuator on an end-link of the robot. This
patent further proposes a robot sensor arrangement using two
force/torque sensors.

This patent proposes the use of a prior art force-torque sensor,
for example, corresponding to the sensor described in the patent
number DE 2727704, corresponding to patent US 4 178799. The
force-torque sensor disclosed is of a type that is conventionally
used in industry today. The sensor includes a three-dimensional
sensing steel structure with a first set of holes in the periphery
for mounting the sensor, for example on a robot flange, and a
second set of holes in the centre for mounting, example a tool,
on the sensor. The sensor includes an outer ring-shaped plate



and an inner essentially circular plate, and beams extending be

tween the outer and inner plate. On each beam there are
mounted at least two strain gauges. Consequently, the sensor
size is large and the sensitivity is small.

Problems with using this type of force-torque sensor are that
they are expensive to produce and too large for many applica
tions. They are expensive since the steel structure is compli
cated to be machined. Since the structure is very stiff, very
small movements are obtained, and the accuracy requirements
when machining the holes for overload protection are very high.
The at least six strain gauges on the beams must be glued with
a high precision and a great deal of work is needed to handle all
the wiring from the sensors. The smaller the sensor is, the more
difficult is the gluing of the sensors. At the small sensor size
needed for mounting in a tool control member, there is no place
for the measurement electronics, all the wirings, and the elect ri
cal contacts needed. Instead, the measurement electronics must
be disposed in a separate unit outside the sensor. The manufac-
turing methods used, such as high precision machining and high
precision assembly, are not possible to make cheap, not even at
large production volumes.

The above-mentioned US patent discloses a handle attached to
the tool on the robot. However, such a handle is difficult to use
since it may collide with other objects in the workspace and can
be difficult to reach when programming more complicated t raj ec
tories.

The patent JP 5303422 teaches the use of two force/torque se n

sors for manual control of a robot during lead-through program
ming. A first sensor is connected to a handle in order to input
moving commands to the robot and a second sensor is used for
detecting power applied to the object to be worked when an op-
erator makes the processing work on the object.



The patent DE 321 1992 also describes the use of two fo r

ce/torque sensors, but in this case these sensors are used for
control of a painting robot with both hands of the operator, one
hand for the manipulation of the position of the robot and one
for the orientation of the painting gun. Thus, this programming is
made without any contact with the work-object.

A paper with the title "Silicon Piezoresistive 6-DOF Micro Force-
Moment Sensing Chip and Application to Fluid Dynamics" writ-
ten by Dzung Viet Dao, Toshiyuki Toriyama, John Wells, and
Susumu Sugiyama, Center for Promotion of COE Program, Rit-
sumeikan University, Japan, 2001 , presents the development of
a new micro 6-DOF force-torque sensing chip utilizing piezore
sistive effect in silicon. This sensor can measure three compo-
nents of force and three components of torque independently.
The sensing structure is a silicon crossbeam with 20 conven
tional piezoresistors diffused on its upper surface. The sensing
chip has been fabricated based on silicon semiconductor proc

esses. Although, the immediate application of the proposed
sensing chip is to measure forces and torques from particles in

a turbulent water flow, it is also proposed that the developed
sensing chip could in the future be used in robotics. A problem,
which occurs when the proposed sensor is to be used in the
above mentioned lead-through programming application is that
the silicon is very stiff and fragile and thus can be easily broken
into pieces for the force ranges needed in this application.

OBJECTS AND SUMMARY OF THE INVENTION

The object of the present invention is to provide an improved
system for controlling the position and orientation of an object in

dependence on forces and torques from a user, which alleviates
the drawbacks of the prior art systems mentioned above.

This object is achieved with a system as defined in claim 1.



Such a system comprises a measuring assembly including a first
and a second part, wherein the first part is adapted to receive
forces and torques from a user, and a sensor adapted to meas
ure forces and torques caused by changes in position and orien-
tation of the first part in relation to the second part, and a data
processing unit arranged to receive measuring data from the
sensor and based thereon controlling the position and orienta
tion of the object. According to the invention, the measuring as

sembly comprises a semiconductor chip with integrated sensor
elements.

The force-torque sensor is made of a semiconductor material,
such as silicon, and is preferably produced by MEMS (Micro
Electro Mechanical System) technology. Such a sensor is ex-
tremely cheap to produce at high manufacturing volumes. The
simple mechanical structures used can easily be automatically
manufactured and assembled, even when the sensor is of minia
ture size. As it is possible to integrate the sensor elements in

the sensor, no gluing of strain gauge sensors and no wiring from
these sensors are needed. It is possible to integrate all the w ir
ing from the sensors on the chip. Accordingly, no extra room is

needed for housing wires and electrical contacts.

Further, according to the invention, the measuring assembly
comprises a spring arrangement mounted between the first and
second part and mechanically connected to the sensor, for co n

verting forces and torques from the user to changes in position
and orientation of the first part in a relation to the second part,
and the sensor is adapted to measure forces and torques from
the spring arrangement caused by the changes in positional o ri

entation of the first part. The sensor is mechanically coupled to
the spring arrangement. The spring arrangement is connected to
an overload protection arrangement that prevents overload on

the sensor. The spring arrangement transforms the forces and
torques from the user to the force and torque levels suitable for
the semiconductor sensor. The spring assembly makes the first



part compliant relative to the second part, limits the forces on
the sensor, and thereby reduces the risk of breaking the fragile
sensor.

According to an embodiment of the invention, the semiconductor
sensor includes a structure with an outer plate and an inner
plate, which are mechanically connected by at least three
beams, each provided with at least one piezoresistive sensor
element. The spring arrangement is mechanically coupled to the
outer or the inner plate of the sensor. The first part of the meas
uring assembly is mechanically connected to one of the first and
second plate of the sensor, for example via the spring arrange
ment, and the second part of the measuring assembly is co n

nected to the other plate. An advantage with this sensor is that
it is enough with one sensor in order to measure 6DOF (six De-
greases Of Freedom). If a sensor measuring 6DOF is required,
at least six piezoresistive sensor elements are needed. This is,
for example, the case if the sensor is provided with three beams
equipped with at least two sensor elements each, or the sensor
is provided with at least six beams equipped with at least one
sensor element each.

According to one embodiment of the invention, the spring a r

rangement is two-dimensional and comprises: an outer part
resiliency connected to an inner part resiliency connected to a
sensor attachment mechanically connected to the outer or inner
plate of the sensor, and an elongated element having one end
mechanically connected to the outer part, and the other end m e

chanically connected to the other plate of the sensor. In this
way, the sensor can be one-sided mounted on the spring a r

rangement, which simplifies the assembly of the sensor. Pref
erably, the outer and inner parts of the spring arrangement are
ring-shaped, and the outer part is connected to the first part of
the measuring assembly and the inner part is connected to the
second part of the measuring assembly or vice versa.



According to an embodiment of the invention, the sensor com

prises at least six beams provided with at least two piezoresis-
tive sensor elements each. Preferably, the beams are arranged
in pairs extending in orthogonal directions between the outer
and inner plates. In order to obtain high piezoresistivity, the pie-
zoresistive sensors are mounted in either of two orthogonal
crystal directions. The beams are therefore given a layout in

these crystal directions.

According to an embodiment of the invention, the spring a r

rangement comprises at least one three-dimensional spring,
such as a coil or a spiral spring, disposed between the first or
the second part of the measuring assembly and the sensor. A
three-dimensional spring is more compact than a two-
dimensional spring. This embodiment reduces the size of the
measuring assembly, and is especially suitable in cases where
force-torque sensors with small dimensions and/or for small
forces and torques are needed.

According to an embodiment of the invention, the spring a r

rangement comprises a first spring entity mounted between the
first and second parts of the measuring assembly and mechani
cally connected to the sensor, and a second spring entity a r

ranged between the first and second parts of the measuring as-
sembly to take up some of the forces and torques from the user.
The second spring entity functions as a shunting spring. The
forces and torques are distributed between the first and second
spring entities to enable a higher force measurement range.

According to an embodiment of the invention, the spring a r

rangement includes at least three springs positioned at different
locations between the first and second parts. The forces and
torques are distributed over a plurality of springs positioned at a
distance from each other, thereby enabling an isotropic sensitiv-
ity, which means that almost equal sensitivity is achieved in all
directions of the sensor.



According to an embodiment of the invention, the sensor is

mounted on a substrate with essentially the same temperature
coefficient as the sensor material. This embodiment achieves
compensation of temperature effects caused by the use of mate
rial with different temperature coefficients.

According to another embodiment, an element with lower tem
perature coefficient than the material of the measuring assem-
bly, is arranged to cancel the temperature coefficient differences
between the sensor and its surroundings.

According to an embodiment of the invention, the substrate is

attached to the measuring assembly via a metal part with a
smaller diameter than the substrate. Preferably, the metal part is

mounted in the centre of the substrate, whereby the temperature
coefficient difference between the substrate and the metal will
only give a local stress in the substrate. This local stress will
give very small stress disturbance in the sensor and thus re-
duces the temperature dependence.

According to an embodiment of the invention, an element with
the essentially the same temperature coefficient, as compared
with the sensor material, and a thickness equal to the thick-
nesses of the sensor plus the thicknesses of the substrate is a r

ranged to cancel the temperature coefficient difference between
the sensor and the rest of the measuring assembly.

According to an embodiment of the invention, the measuring as-
sembly is adapted to be mounted on an object, such as a real
tool, a dummy tool, or a work object, carried by an industrial ro

bot having a plurality of joints, and the data processing unit is

adapted to control the positions of the joints of the robot carry
ing the object. The measuring assembly, according to the pre-
sent invention, is particularly suitable for measuring forces and



torques of an operator guiding an object carried by the robot
during programming of the robot.

According to an embodiment of the invention, the object is rota-
tionally symmetrical, and the system comprises a handle me

chanically connected to the first part of the measuring assembly
and rotatably arranged around or in parallel with the symmetric
line of the object. Preferably, the handler is similar to the ha n

dler of the corresponding manual tool used by a craftsman for
carrying out the same task that is to be programmed. The idea is

to integrate the measuring assembly in the object in such a way
that a tool will follow the intentions of the robot programmer in

the same way when mounted on a robot during robot program
ming as during manual work. The handle is arranged rotatable
relative to the symmetric line of the object.

During programming, the handle is free to rotate about the
symmetric line of the object. In this way, the handle can always
be held in a convenient orientation, independently of how the
robot moves and reorientates its wrist, and thus the handle can
always be directed in the most favorable direction. One could
say that a seventh axis has been added to the robot kinematics
to give the robot programmer a degree of freedom free to use
for the handle. Preferably, the handle is attached to the object
during programming and the handle is detached when the pro

gramming is ready. If the object is a tool performing a process,
the movements of which are symmetric about the centre line of
the tool, such as drilling, deburring, grinding and polishing, the
symmetric line of the tool is the axis of rotation of the process.

According to an embodiment of the invention, the system com

prises a bearing having its rotational axis coinciding with or in

parallel with the symmetric line of the object and arranged be

tween the handle and the first part of the measuring assembly.
Preferably, the system comprises a lead-through interface
adapted to be mechanically connected to the tool and compris-



ing the bearing and the handle, which is mounted on the inter
face. Thus, the sensor is mounted on the robot side of the bear

ing and thereby the directions of the movements with
force/torque manipulation of the robot will always be the ex-
pected independently of the direction of the handle.

According to an embodiment of the invention, the system com

prises a locking mechanism, which upon activation locks the
handle in a fixed rotation angle in relation to the symmetric line
of the object. This embodiment enables locking of the handle
when a manipulation of the tool is needed around the symmetric
line.

According to an embodiment of the invention, the measuring as-
sembly is disposed in the handle. Consequently, the measuring
assembly is removed from the object when the handle is de

tached and removed from the object. This is advantageous, for
example, if the handle will be an obstacle when the robot runs in

production.

According to an embodiment of the invention, the system further
comprises a second measuring assembly including: a first and a
second part, wherein the first part is adapted to receive forces
and torques, a second spring arrangement mounted between the
first and second parts of the second measuring assembly, for
converting the forces and torques to changes in position and
orientation of the first part of the second measuring assembly in

relation to the second part of the second measuring assembly,
and a second sensor mechanically connected to the second
spring arrangement, for measuring forces and torques caused
by changes in position and orientation of the first part in relation
to the second part, the sensor comprising a semiconductor chip
with integrated sensor elements, and the data processing unit is
arranged to receive measuring data from the second sensor and
based thereon control the position and orientation of the object.



According to an embodiment of the invention, the second meas

uring assembly is adapted to measure interaction forces and
torques developed between a tool and a work object. This e m

bodiment makes it possible to control the interaction forces be-
tween the tool and work object during calibration and program
ming.

According to an embodiment of the invention, the system com

prises a second handle fixedly arranged relative to the object
and mechanically connected with the first part of the second
measuring assembly, and the data processing unit is arranged
to mainly control the position of the object based on measuring
data from the first sensor and to mainly control the orientation of
the object based on measuring data from the second sensor.
The second handle makes the movement of the object more ro

bust. The second handle does not need to be rotatable relative
the object.

According to an embodiment of the invention, the system com-
prises a second handle fixedly arranged relative to the object
and mechanically connected with the first part of said second
measuring assembly, and said data processing unit is arranged
to mainly control the position of the object based on measuring
data from said first sensor and to mainly control the orientation
of the object based on measuring data from said second sensor.

The system according to the invention is particularly suitable for
moving an object carried by an industrial robot during program
ming of the robot. Further, the invention is particularly suitable
for moving an object carried by an industrial robot during cal i
bration of the position and orientation of the object. The object
can either be a work object or a tool.

By mechanically connected should be understood that the parts
do not have to be in direct mechanical contact with each other;



the parts can also be in mechanical contact via one or more
other parts.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be explained more closely by the descrip
tion of different embodiments of the invention and with reference
to the appended figures.

Figures 1a-e show a system for controlling the position and o ri

entation of an object according to an embodiment of the inven
tion.

Figures 2a-b show the system including a handle rotatably ar-
ranged around a symmetric line of an object carried by a robot.

Figure 3 shows another embodiment of the object including a
rotatably arranged handle.

Figures 4a-b show the arrangement in figure 3 in more details.

Figure 5a shows a cross-sectional view through the rotational
arrangement and the handle in figure 3 . Figure 5b shows a n

other embodiment of the handle shown in figure 5a.

Figures 6a-b show a robot tool including two handles suitable for
grinding. Figure 6b is a cross-sectional view through the rear
handle of figure 6a.

Figure 7a shows an embodiment of the robot tool shown in f ig

ure 6a. Figure 7b shows a cross-sectional view through the front
handle of the tool shown in figures 6a and 7a.

Figures 8a-b show an example of how cables from switches
shown in figure 7a are laid out.



Figure 9a shows a manual arc-welding torch according to the
prior art. Figure 9b shows an arc-welding torch to be carried by
a robot including a measuring assembly according to an e m

bodiment of the invention.

Figure 10 shows a cross-sectional view taken along the center
line of the torch shown in figure 9b.

Figure 11a shows a manual grinding tool. Figure 11b shows an
example of a handle suitable for a grinding tool to be used by a
robot.

Figure 12 shows a cross-sectional view along a line A-A of the
tool shown in figure 11b.

Figures 13a-1 3c show an example of a measuring assembly for
measuring forces and torques.

Figure 14 shows an alternative design of the upper transducer
plate of figure 13a.

Figures 15-1 7 show another example of a measuring assembly
for measuring forces and torques.

Figures 17a-c show an alternative with respect to the mounting
of the handles for the tool shown in figure 11b.

Figures 18a-b show different configurations for mounting two
handles on a tool.

Figure 19 shows an alternative for the placement of the bearing
when using a tool with a symmetric process having a center axis
coinciding with the axis of rotation of the bearing.



Figures 20a-d show a plurality of different dummy tools including
a second measuring assembly to be used during programming of
a robot.

Figures 2 1a-b show a measuring assembly including a two-
dimensional spring arrangement.

Figures 22a-b and 23 show examples of measuring assemblies
based on capacitance measurement technology.

Figure 25 shows an alternative for the electrode configuration.

Figures 25a-b show an example of a spring arrangement that
makes it possible to mount the sensor from one side.

Figures 26a-b show another example of a spring arrangement
that makes it possible to mount the sensor on only one side.

Figure 27 shows an example of a sensor for measuring forces
and torques.

Figure 28 shows an example of a measuring assembly for mea

suring forces and torques from a user including a three-
dimensional spring arrangement.

Figures 29a-b show further examples of measuring assemblies
for measuring forces and torques including three-dimensional
spring arrangements.

Figure 30 shows the measuring assembly in figure 29a seen
from above when the spring is removed.

Figures 3 1a-b show two examples of measuring assemblies i n

cluding three springs. Figure 3 1c shows an example of a meas-
uring assembly including three springs and at least two shunting
springs.



Figure 32 shows an example of how the springs can be arranged
with an angle relative to the sensor.

Figure 33 shows an example of a measuring assembly including
a three-dimensional spring arrangement with the sensor
mounted on one side.

Figure 34 shows an example of a layout of the sensor chip and
the mounting connections to the chip.

Figure 35a-b show examples of measuring assemblies including
temperature compensation.

Figures 36a-b show an example of a situation when the operator
needs to mount the handle on a work object.

Figure 37 shows a handle arrangement that can be used to
clamp the handle at different places on the work object hold by
the robot.

Figure 38 exemplifies how a handle is clamped around a cyl in
drical part of the work object.

Figure 39 shows an alternative design of the handle and its
clamping mechanism.

Figure 40 shows how the handle in figure 3 is clamped on the
work object.

Figure 4 1 shows the same arrangement as in figure 40 but the
reference handler is replaced by a sensor mounted between the
gripper and the robot-mounting flange.



Figure 42 shows some examples of the design of handles i n

cluding bearings used for tools where the handle with the bear

ings does not need to be mounted outside a tool center.

Figure 43 shows a robot cell in which lead-through program is
used for work object calibration and process programming.

Figure 44 outlines the case when the tool shown in figure 20a is
used to measure points on the surface of an object.

Figures 45a-b show different ways of moving the tool along a
surface.

Figure 46 shows the measurement of points in the interface be-
tween two objects.

Figure 47 shows a case when the tool shown in figure 20a is
manipulated for programming of a motion using an oxy-fuel
burner.

Figure 48 exemplifies different interaction situations between
the tool and the surface of an object.

Figure 49 exemplifies the programming of deburring or deflash-
ing of an edge using the tool design according to figure 20a.

Figure 50 shows a case of stub grinding.

Figure 5 1 gives an example of another case, which corresponds
to grinding or polishing of a surface.

Figure 52 shows a case of stub grinding when a real tool is used
and the programming is made during grinding.

Figure 53 outlines a main structure of the control system for the
implementation of the lead-through programming.



Figure 54 exemplifies one possible design of a lead-through
controller.

Figure 55 shows that the output from the handle force/torque
sensor can be used to determine the direction of the movement
of the tool.

Figure 56 shows that force control surface tracking can be star-
ted when a contact is obtained between the tool and the work
object.

Figure 57 shows a direct locking module.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
OF THE INVENTION

Figure 1a shows a system used by a human operator to control
the position and orientation of an object, which can be a real ob-
ject 1 manipulated by a robot 2 , or a virtual object 3 displayed
on a computer screen 4 . The system comprises a measuring as

sembly 6 for measuring forces and torques, which includes a
first part 7 , in this example a sensor housing, adapted to receive
forces and torques from a human operator, and a second part 8 ,

in this example a sensor flange, wherein the first and second
parts are arranged movable relative to each other. The measur
ing assembly 6 further comprises a sensor unit adapted to
measure forces and torques caused by changes in position and
orientation of the first part 7 in relation to the second part 8 . The
sensor comprises a semiconductor sensor chip 9 and measuring
electronics 16 .

Figure 1b shows an example of a semiconductor sensor chip 9a
comprising an outer rectangular plate 10a and an inner rectan-
gular plate 12a, which are mechanically connected by eight
beams 14a, each equipped with at least two piezoresistive sen-



sor elements to measure the strains in the beams, strains which
are functions of the forces and torques between the inner and
outer plates of the sensor. Figure 1c shows another example of
a sensor chip 9b comprising an outer plate 10b and an inner cir-
cular plate 12b, which are mechanically connected by three
beams 14d, each provided with at least two piezoresistive se n

sor elements. The sensor elements are integrated in the beams
14a-b and cannot be seen in the figures. The sensor elements
measure forces and torques between the outer plate 10a-b and
the inner plate 12a-b of the sensor 9a-b.

The sensor elements are electrically connected to the measure
ment electronics 16 , which in turn is connected to a computer 18
including a data processing unit, which controls the robot 2 or
the graphical display 4 based on received measuring data from
the sensor 9 in such a way that the position and orientation of
the object 1, 3 is changed according to the intention of the h u

man operator.

The measuring assembly 6 further comprises a spring arrange
ment, in this embodiment a coil spring 11 mounted between the
first and second parts 7,8 and mechanically connected to the
sensor 9 , for converting forces and torques from the operator to
changes in position and orientation of the first part in relation to
the second part. The sensor 9 is adapted to measure forces and
torques from the spring 11 caused by the changes in position
and orientation of the first part. The outer plate 10 of the sensor
is mechanically connected to the second part 8 via the sensor
holder 22 and the inner plate 12 of the sensor is mechanically
connected to the first part 7 via the spring 11.

The measuring assembly further comprises a sensor mounting
part 20 arranged between the spring 11 and the sensor 9 and a
sensor holder 22 arranged between the sensor 9 and the second
part 8 . However, it is also possible that the sensor flange 8 i n

stead receives the forces and torques from the operator. Since



the first and second parts 7 , 8 are movable relative to each
other, it does not matter which one of the parts receives the
forces and torques, the measurement will still be the same. The
measuring assembly 6 and the sensor 9 can be constructed in

many different ways. In the following a plurality of different e m

bodiments of the sensor and the measuring assembly will be de

scribed.

The first part of the measuring assembly does not need to be in

direct contact with the hand of the operator. Instead, the forces
and torques from the user can be applied on a handle 30, as
shown in figure 1e , which handle is mechanically connected to
the first part 7 of the measuring assembly so that the forces and
torques from the user are transmitted to the first part. Figure 1d
shows a cross-sectional view through the handle 30. In this ex

ample the measuring assembly 6 is positioned in the handle.

Figures 2-5 show force-torque sensor integration solutions for
tools of gun-type. Figures 2a-b show a tool 1, which is geometri-
cally symmetric around a centre line C of the tool. Examples of
such processes are painting, gluing, drilling, deburring, grinding,
milling, and polishing. For these symmetric processes, a rotation
around a centre line is allowed and during programming the
handle 30 can point in any direction around the centre line C.

The handle 30 is attached to a main body 1a of the tool 1 by
means of a connection 30a during programming. The connection
30a is arranged detachable from the tool 1. The handle 30 com

prises a start/stop switch 30b and a safety switch 30c. Of
course, more process switches can be implemented on the han-
die. The safety switch 30c is, for example, a three-position
switch. The tool 1 is provided with a robot connection part 3 1 for
connection to the robot. Between the robot connection part 3 1

and the main body 1a of the tool, a measuring assembly 6 for
measuring force-torques, and one bearing 32 which can be

locked during production, are mounted.



During programming the bearing 32, with its rotation axis co in

ciding with the centre line C of the tool, is free to rotate and thus
the tool can rotate around the centre line C. In this way, the
handle 30 can always be held in a convenient orientation, inde-
pendent on how the robot moves, and can reorients its wrist and
the handle can always be directed in the most favorable direc
tion. The measuring assembly 6 is mounted on the robot side of
the bearing, and in this way the directions of the movements
with the force/torque manipulation of the robot will always be the
expected, independent of the direction of the handle 30. When
the programming is made, the bearing is locked, for example by
a pin or by a mechanical brake, and the handle is detached. Fig

ure 2b shows the tool 1 attached to the robot 2 .

In the embodiment shown in figure 2a-b, the measuring assem
bly 6 is positioned between the robot and the tool. Figure 3
shows another embodiment in which the measuring assembly is
positioned between the handle and the tool. This is a more ro

bust solution and makes the sensor sensitive enough for forces
and torques from the operator during programming and stiff
enough during production. In the embodiment shown in figure 3
the handle 30 is mounted on a cylinder 34, which is mounted to
the tool main body 1a via a bearing 35 and a sensor assembly
measuring forces and torques, not seen behind the cylinder 34,
and an attachment 36 for attaching the bearing to the tool body.
The axis of the bearing 35 should coincide, or at least be paral
lel with, the centre line of the tool, and the handle 30 can be ro

tated around the tool centre line in the same way as in figure 2 .

In order to make the movement of the gun more robust, a sec

ond handle 37 can be mounted on the cylinder 37 at a distance
from the first handle 30. The second handle 37 can also be de-
tachably arranged on the cylinder 34. Process switches can be
placed on both handles. When the programming is finished, the
handles can be detached. With this design, the bearing does not
need to be locked during production. The cylinder 34, the bear-



ing 35, the measuring assembly, and the attachment 37 const i
tute a lead-through interface to the tool.

Figure 4a shows the tool body 1a and the lead-through interface
shown in figure 3 with the handles detached. Figure 4b shows a
cross-sectional view along the line A-A of the tool body and
lead-through interface in figure 4a. The figures show the tool
body 1a , the bearing 35, and the cylinder 34 on which the ha n

dles are attached during programming. The cylinder 34 with the
handles is rotatable in relation to the main body 1a of the tool. A
measuring assembly 38 for measuring forces and torques in five
or six DOF is mounted between the bearing 35 and the tool body
1a , by means of the attachment 36 and an adapter 39. The
adapter 39 has an arrangement for the attachment to the cylin-
der 34, for example by simple screw joints.

In the figures 3 and 4a-b it is assumed that the cables to the
process switches 30b-c are laid out in a zigzag pattern between
the cylinder 34 and the tool main body 1a , as will be described
with reference to figures 8a-b, and that there is a connector in

the attachment 30a of the handle. If instead the handle is co n

nected directly to the computer 18 , which for example is a robot
controller, as a teach pendant, a design as shown in figure 5a
can be used.

Figure 5a shows an alternative embodiment in which the meas
uring assembly is disposed in the handle. In this embodiment
the measuring assembly 38a has been moved out to the handle
30 and to be able to calculate the sensor coordinate system in

relation to the tool coordinate system, an angle measuring a r

rangement 44, for example a capacity, optical, magnetic, or po

tentiometer based encoder, is introduced to measure the angle
of the handle 30 in relation to the tool body 1a when the handle
is turned around the centre line of the tool. The handle 30 com-
prises two inner tubes 46 and 47, between which the measuring
assembly 38a is mounted. The outer part of the handle 30 is an-



other tube 45 mounted on the end of the inner tube 47. The
outer tube 45 is sealed by an elastic ring 48 and contains the
safety switch 30c and the process switch 30b. The lead-through
interface further includes an inner cylinder 40 in mechanical
contact with the bearing 40.

Figure 5b shows an alternative handle design 4 1 including two
measuring assemblies 38b and 38c for measuring forces and
torques acting on the handle 30b with the benefit of improved
measurements of the operator hand forces and torques. The
measuring assemblies 38b, 38c are arranged in opposite ends
of the handle 4 1 . It is also possible to combine a handle, with a
built-in measuring assembly as shown in figure 5b, with an a r

rangement as shown in figure 4 , whereby the measuring assem-
bly 38 in figure 4b can be used to manipulate the position of the
tool, while the handle 4 1 in figure 5b is used to manipulate the
tilt angle of the tool.

Figures 6a-b, 7a-b, and figures 8a-b show lead-through inter-
faces to a grinding machine with co-liner handles. With this tool
configuration, the hand closest to the tooling mainly controls the
position of the tool, while the other hand adjusts the tilt angles.

Figure 6a shows a tool provided with a first handle 52 rotatably
arranged around the symmetric line of the tool and a second
handle 54 fixedly arranged relative to the tool. Figure 6b shows
an axial cut along the symmetric line through the second handle
54. The first handle 52 is built up in the same way as the lead-
through interface disclosed in figures 4a-b. The first handle 52
is mounted close to the tooling. The handle 54 includes only one
measuring assembly 38d, and the handle is mounted in the o p

posite end of the tool, which is closest to the robot. The first
handle 52 comprises an attachment 50 for attaching the inter
face to the tool body, a bearing 5 1 , a process switch 58a, and a
safety switch 57a. The second handle 54, which should be pos

sible to dismantle after programming, also comprises a process



switch 58b, and a safety switch 57b. Looking at the coordinate
system, the handle 52 is used to position the tool in the x-, y-,
and z-directions, and the second handle 54 is used to tilt the
tool around the y- and z-axes. Since the tool is symmetric
around the x-axis, no manipulation or rotation is made around
the x-axis. The first handle 52 also comprises a measuring as

sembly, which is not shown.

Figure 7b shows a radial cut of the handle 52 in figure 6a and
figure 7a. The bearing between the handle and the tool outlined
in figures 3-6 could be made of two bearings, one in each end of
the lead-through interface. Thus, between the bearings there will
be a space, see also figures 8 and 10 , in which a cable can be
laid out in a zigzag pattern to the process and accommodate
safety switches in order to allow rotation of the handle without
any problems with the cables. As seen in figure 7b the outer cy l

inder is divided into an outer cylinder 34a and an inner cylinder
34b arranged at a distance from each other, thereby forming a
space 59 between them, in which a cable 60 can be laid out to
the process and safety switches. The cylinders 34a-b are me

chanically connected by the bearings (not shown in the figure) at
the end of the cylinders, and between the bearings in axial d i

rection cables 60 from the switches can be laid out. The inner
cylinder 34b is mounted on the tool body 1a via two measuring
assemblies 55a, 55b. The measuring assembly 55a is mounted
between the adaption units 50a and 56a, and the second meas
uring assembly 55b is mounted between adaption units 50b and
56b.

Figure 7a also shows a measuring assembly 100a mounted be

tween the tool bodyl a and a robot attachment 10 1a . This is a
sensor, which can be used for force control grinding in produc
tion, but it will also be very helpful for the lead-through process
during programming, since it can control the force between the
tool and the object also during lead-through. With a lead-through
interface, the operator orders for example a movement towards



an object, and he continues the movement until the surface is

reached, and the process control force sensor stops the move
ment at a certain force. In this way the operator knows that he
will always have a contact between the tool and the work object
and there is no risk that the tool force will become too large.
Moreover, he can even make grinding during programming,
whereby the robot determines the grinding force, and the opera
tor the grinding movements. Thus, it will be possible to carry out
not only programming of trajectories by demonstration, but also
programming process parameters by demonstration.

Figures 8a-b show how the cables 60 from the process switches
58a, 57a are laid out between the outer and inner cylinders 35a-
b. Figure 8a is the same as the left part of figure 6a and figure
8b shows an axial cut through the tool interface in figure 8a. The
interface includes a tool attachment 50 for attachment of the i n

terface to the main body 1a of the tool, screws 82 for the a t

tachment of the tool attachment on the main body 1a of the tool,
a measuring assembly 55 including a 6DOF force-torque sensor,
a bearing 5 1 between cylinders 34a-b, a process switch 58a and
the safety switch 57a. As can be seen, the cable 60 from the
switches is laid out in a zigzag pattern between the cylinders
34a-b and is then taken out through the cylinder 34b and goes
together with the cabling from the force-torque sensor via the
tool to the robot and the robot controller.

Figures 9a-b show an arc-welding torch with a process center
line 65 for a process differing about 45 degrees from the center
line of the handle. In this case, the lead-through interface must
be manipulated with 6DOF, and the bearing 63 must be locked.
However, in order to be able to change the gripping angle w ith
out releasing the safety switch, a new switch 84 is introduced to
lock up the bearing 63 when it is necessary to change the direc
tion of the gripping.



Figure 10 shows how this can be implemented. The lead-through
interface is attached to a part 6 1 of the main body of the welding
torch. The interface includes a breaking disc 87 made as a ring,
a breaking clutch 86, and an electromagnetic part 85 for activat-
ing the break. Thus, during programming the break is on and
when a new grip angle is needed, the switch 84 is pressed and
the break makes the cylinder 34b free to rotate in relation to the
cylinder 34a and the gripping angle can be changed without
moving the fingers away from the switches 58a, 57a and 84. The
same concept can also be used in the gun case in figure 3 if a
not symmetric process is used, for example for the generation of
a rectangular glue seam. When the process is symmetric, the
arrangement of figure 9b could be used instead of a handle. In,
for example, figure 3 , this means that the cylindrical part 34 is
used directly as a handle and the switches 30b-c are mounted
on the cylindrical part 34 to be accessible by the fingers of the
operator independent of the orientation of the tool. The rest of
the figure 10 is the same as shown in figure 8b. In order to avoid
any motion of the torch during the change of the gripping angle,
the switch 84 can also be connected to the robot controller to
lock the force-torque manipulation function and run in position
controlled to keep the torch steady in place. This functionality
could also be used in the case of the gun-type design according
to figures 3-5.

Figures 11a-b show another tool configuration where the handle
is at right angles to the centre line of the motion of process pe r

formed by the tool. As in the case shown in figure 9b, the lead-
through interface must also be able to control 6DOFs and the
break arrangement in figure 10 could be used also here. How
ever, another option is to use a mechanical locking mechanism
exemplified in figure 12 , which is a cross sectional view along
the line A-A of figure 11b. As can be seen from this figure, the
inner cylinder 34b is provided with teeth 92, which will lock the
outer cylinder 34a to the inner cylinder 34b through a spring ball
coupling 90-91 . When pressing a knob 88, a level 89 will lift up a



ball 9 1 from a teeth ring 92 and the outer cylinder 34a can be

rotated relative the inner cylinder 34b when the gripping angle
must be changed. The knob 88 can simultaneously have an
electric switch to change the control strategy from force/torque
manipulation to position control.

Figures 13a-b show a possible implementation of a 6DOF force-
torque measuring assembly adapted to the lead-though inter
faces described in this document. Figure 13a shows a measur-
ing assembly including a 6DOF force-torque sensor chip 73. The
sensor 73 is mounted in a transducer, as shown in figure 13a.
The transducer transforms the forces and torques from the tool
handle to the force and torque levels, which the sensor 73 is

made for. The transducer comprises a top plate 67, a bottom
plate 72, and connectors 7 1 to mount the top plate on the bot

tom plate. The top plate 67 includes an outer ring shaped part
70 and an inner ring shaped part 68 connected to each other
with resilient parts 69. The forces and torques will take place
between the inner ring shaped part 68 and the bottom plate 72,
and because of the resilient parts 69 having certain elasticity
the inner ring shaped part 68 will move in 6DOF relative the bot

tom plate 72 when the forces and torques are introduced. These
movements are transferred as forces to the sensor 73 through a
spring arrangement 74.

The spring arrangement 74 is disclosed in more detail in figure
13b. The spring arrangement 74 comprises an outer ring 74d, an
inner ring 74e, and a plurality of springs 74a-c, in this embodi
ment three springs, arranged between the outer and inner rings
74b-e. The springs 74a-c have spring constants relative the re

silient elements 69 to obtain the desired force-torque t ransfor
mation.

Figure 13c shows the sensor 73 in more details. The sensor 73
includes an outer plate 76a and an inner plate 76b, which are
connected to each other with a plurality of beams 75, in this em-



bodiment three beams. This type of sensor is made as a mono

lithic silicon chip with integrated piezoresistive sensors on the
surface of the beams 75. A typical dimension of such a sensor
based on SENSOR technology is a thickness of 0,7 mm and a
diameter of 5 mm. The outer ring 74d of the spring arrangement
is mechanically connected to the inner ring shaped part 68 of
the top plate 67, and the inner ring 74e of the spring arrange
ment is mechanically connected to the outer plate 76a of the
sensor 73. The inner plate 76b of the sensor is in mechanical
contact with the bottom plate 72 of the transducer.

In order to obtain a more homogeneous 6DOF elasticity of the
top plate 67, the resilient parts 69 can be made as shown in f ig

ure 14.

Using the semiconductor sensor, a very small transducer can be
built at very low costs, which makes such a sensor solution ideal
for the integration into the lead-through interfaces as previously
described. Another possibility is to use a capacitive force-torque
sensor.

Figures 15 and 16 show an example of a capacitive force-torque
sensor, which can be used in lead-through interfaces. Here a
6DOF measurement is made of the motions between the trans-
ducer bottom plate 72 and the transducer top plate 67 by means
of two plates 78 and 79 with electrodes facing each other a c

cording to figures 15 and 16 . The plate upper 79 is glued to the
ring shaped inner part 70 of the transducer top plate and a plate
78 is glued to the transducer bottom plate 72. The wiring to the
electrodes on the plate 79 is available from the hole 8 1 of the
upper transducer plate 67 and measurement electronics can be

situated in this hole, bonded to the wiring 80. All the electrodes
of the lower plate can be connected to the upper plate by c a

pacitive bridges to make the manufacturing and cabling as easy
as possible.



The electronics on the downside of the upper plate 79 and on
the upside of the lower plate 78 are shown in figure 16 . There
are three electrode groups 401 , 402 and 403 on the lower plate
78 and corresponding three electrode groups 402, 405 and 406
on the upper plate 79. Each electrode group pair 401 -404, 402-
405 and 403-406 will measure changes in distance between the
plates and tangential movements between the plates, which to

gether makes the measurements of the 6DOFs. The electrode
pairs with the large surfaces, for example 401 a-404a and 401 b-
404b, are used to send/receive signals to or from the lower plate
78. The measurement electrodes are placed in such a way that
one electrode on the upper plate, for example 404e, has a ca-
pacitive coupling to two electrodes, for example 404e to 401 e
and 401 f in the lower plate. Every second of the measurement,
electrodes of the lower plate are connected, see for example the
lines 401 c and 401 d , and all the electrodes on the upper plate
are connected 404d. The plates can be mounted very close to
each other to obtain a very high sensitivity. To obtain a high
mounting accuracy, kinematic coupling can be integrated into
the plates, for example, with three grooves on both plates and
the use of a cylinder in each grow pair during mounting.

The sensor design concepts shown in figures 13-1 6 are based
on the use of plane two-dimensional spring structures and in or-
der to obtain the compliance needed, the spring plates cannot
be too miniaturized. Therefore these two-dimensional spring a r

rangements are best adapted to such lead-through designs as
shown in figures 2 , 7 , 17 and 19 .

Figures 17a-c show an alternative with respect to the mounting
of the handles for tool in figure 11b. Here the lead-through inter
face 96 is mounted with a bearing axis coinciding with the proc
ess centre line and a second lead-through interface 95 is used
for easy manipulation of the tilt angles of the tool, which means
rotation around the x-z-axis of the inserted coordinate system.
The interface 96 will be used to manipulate the tool position



x,y,z and the tool rotation around the x-axis. By having safety
switches on both lead-through interfaces 95, 96, increased
safety will be obtained. A new switch 99 has been introduced
and this is used to zero the force-torque sensor measurements
in the lead-through interfaces. This is necessary to avoid that
drift of sensor signals lead to unwanted robot motion during pro

gramming. This switch can also be used in all the other lead-
through interfaces in the previous figures.

The lead-through interface 95 has a bearing 100b mounted on
the end wall and between this bearing and the tool main body 92
there is a force-torque measuring assembly 10 1b mounted. If a
power cable must enter the tool where the interface 95 is lo

cated, an interface of the same type as the interface 96 should
be used instead, since in this interface design there is a free
centre part for cables and houses. A force-torque measuring as

sembly 97 is mounted between the tool and the robot to be used
for controlling the robot in such a way that a force between the
tool and the work object is limited during lead-through program-
ming using the lead-through interfaces 95 and 96. This concept
to use a force-torque sensor for controlling interaction forces
during lead-through programming can be used for all applica
tions when contact is needed between the tool and the work o b

ject. The force-torque measuring assembly 97 is used during
processing, but can also be used to control the tool for lead-
through programming.

In order to always be able to change the gripping direction w ith
out releasing the safety switch, the best solution is to have one
lead-through interface with integrated bearings and force-torque
measuring assemblies in each hand. There are many ways to
obtain ergonomically correct mounting of two handles on differ
ent tools dependent on the way the tool works, accessibility and
the process itself.



Figures 18a-e show main configurations for mounting two lead-
through interface handles on tools. The configurations can be
mounted in different directions in relation to the tool and there is
no distinction between up and down or orientation of the con-
figurations, only the internal relations between the handles is

taken into consideration. In figure 18a the handles are mounted
in a line after each other, or along two parallel lines after each
other, as shown in figure 6a, but can also be used for plane
grinding tools, deburring tools, and polishing tools. In figure 18b
the handles are mounted with an angle to each other, as shown
in figure 17b, but can also be used for a large number of other
tools, such as cleaning guns, band files, measurement tools,
drilling tools and welding torches. In figure 18c the handles are
also mounted with an angle to each other, but with the left han-
die pointing more or less at the centre of the right handle for
better balance between the handle forces, as in hand sawing
machines, hand-milling machines etc. In figure 18d the handles
are mounted parallel as in drilling machines with extra support
handle and polishing tools. Figure 18e shows the special case
when one handle is mounted on another handle, which in princ i
ple is the same as in 18b but here the rotation of one hand is

coupled to the movement of the other hand.

Figure 19 shows an alternative for the placement of the bearing
when using a tool with a symmetric process having a centre axis
coinciding with the rotation axis of the bearing. In these cases
the outer cylinder and the bearing 103 can be mounted on the
attachment mechanism 102 to the robot. This means that the
handle 106 will rotate the whole tool, which also was the case in

figure 2 . However, in figure 2 the force-torque measuring as

sembly is mounted on the robot attachment mechanism, while in

figure 19 a force-torque measuring assembly 105 is mounted
between the handle 106 and the tool main body 104. In order to
send a correct force-torque direction to the robot controller, an
angle sensor is needed on the bearing in this case, which was
not necessary in figure 2 . The advantage of the design in figure



19 in relation to the design in figure 2 is that the force-torque
measuring assembly does not need to take care of the load of
the tool. The advantage of the design in figure 2 is that an angle
measurement is not needed.

In figure 17b it was shown how a force-torque measuring a s

sembly 97 could be mounted between the tool and the robot to
be used for controlling the robot in such a way that a force be

tween the tool and the work object is limited during lead-through
programming. However, a force-torque sensor for the control of
the tool forces during programming and calibration can also be

mounted between the grinding disc 94 and the tool main body 92
during programming, whereby less weight is carried by the fo r
ce-torque sensor. This arrangement is especially interesting
when using dummy tools during programming.

Figures 20a-d show a plurality of different dummy tools including
a force-torque measuring assembly 113 . Here the tool main
body and the lead-through interface 110 from figure 3 is used to
exemplify the dummy tool concept. As seen from figure 20a a
dummy tool 111 is mounted on the tool main body and is used
for calibration and measurement applications. The dummy tool
has a measurement sphere 115 on the tip of a rod 114 which
can be mounted on the force-torque measuring assembly 113 .

The force-torque measuring assembly 113 , including a 6DOF
force-torque sensor, is mounted on an adaptor 112 , which is

mounted on the tool body during calibration and programming.
The force-torque measuring assembly will control the robot to
limit the force between the object and the sphere when contact
is obtained during the lead-through programming and calibra
tion. When the operator moves the sphere against an object to
measure the object surface it does not matter how much he
forces the lead-through interface to move into the object, the ro

bot controller will always limit the force and thus the robot
movement. Figure 20b shows a deflashing and deburring dummy
tool 116 . Figure 20c shows a rod 117 to simulate a jet stream



from, for example, a burner. Figure 2Od shows a disc 118 for po

lishing, grinding and milling.

Figures 2 1a-b show a more detailed drawing of the measuring
assembly 119 . Figure 2 1b shows a cross section along the line
A-A through the measuring assembly 119 shown in figure 2 1a .

The sensor chip is 9b, for example, made of silicon or other
semiconductor materials such as gallium arsenide. The sensor
chip with integrated piezoresistive sensing elements includes an
outer plate 120 connected to a central ring 135 by means of at
least three beams 134 working as spring elements. The hole in

the middle of the central sensor ring 135 is used to mount the
central part of the sensor using a cylindrical element 132 a t

tached to a bottom plate 139 of the transducer mechanism. The
square sensor plate 120 is mounted on an inner transducer ring
136 and this ring also contains a part 12 1 , which is used to
mount the measurements and communication electronics chip
142. The sensor plate 120 is bonded with wires 141 to an elec
tronics chip 142, which in turn is bonded with the wires 143 to a
contact with bonding element 144 and contact mechanics 145.
From this contact 145, a cable 146 with, for example, field bus
communication signals, are coming out from the transducer to
be connected to, for example, a robot controller.

The inner transducer ring 136 is connected to a central t rans
ducer ring 122, on which the external forces and torques are
applied. This ring is connected to a faceplate 130 of the t rans
ducer via the ring 13 1 , which could be a part of the faceplate
130 or the transducer ring 122. The central transducer ring 122
is in turn connected to an outer transducer ring 123 via a plural
ity of spring elements 128. When the force-torque levels applied
to the central ring 122 are much larger than what the sensor
chip 120, 134, 135 is designed for, the stiffness of the spring
elements 128 must be higher than the stiffness of the spring ele-
ments 126. The inner transducer ring 136 is connected to the
central ring 122 via a plurality of spring elements 126.



Simultaneously, the stiffness of the spring elements 128 must be
selected to be compliant enough for the design of the mechani
cal force-torque limiters 137 and 138. The limiter 137, 138 com-
prises three holes in the faceplate 130 and in each hole is pro

vided a cylinder 138 with a diameter that is smaller than the d i

ameter of the hole 137 to prevent faceplate 130 from moving
more than a certain maximum movement in 6DOF relative to an
outer cylinder transducer wall 124. The cylinders 138 are
mounted in the outer cylindrical transducer wall 124 and there
are three cylinder/hole pairs with 120 degrees separation around
the transducer. Between the outer transducer ring 123 and the
outer wall 124 there is a small air gap which is sealed by, for
example, a sealing ring. It should be noted that both the sensor
plate 120 and the inner sensor ring 135 are mounted from the
same side of the silicon chip. This design is made in order to
eliminate temperature-induced effects dependent on different
temperature coefficients between steel and silicon.

Figures 15 and 16 show another type of measuring assembly
including a 6DOF force-torque sensor, which is useful for the
lead-through interface. This sensor is based on capacitance
measurements, instead of resistance measurement as the
measuring assembly shown in figures 2 1a-b, which includes
pierzorestistive sensor elements. The capacitance measurement
technology can also be integrated into silicon chips, as shown in

figures 22a-b and 23. In this case, see figures 22a-b, the t rans
ducer has one outer ring 15 1 connected to an inner part 153 via
spring elements 152. At three positions around the outer ring a
semiconductor chip 147, for example a silicon chip, is mounted
to measure the distance in 2DOF, tangential and axial, between
a bottom transducer plate 156 and the outer transducer ring
15 1 . The distance is measured by at least three electrodes 16 1 ,
165 and 167 on the chip surface facing at least two electrodes
164 and 166 on an isolating plate 160 on the other side of the
air gap, over which the 2DOF measurements are made.



The chip 147 contains a hig h frequency oscillator 168 connected
to the electrode 161 and the signal is coupled to the electrodes
165 and 167 and ampl ified by amplifiers 169 and 170 on the
chi p 147. The electrodes 164 and 166 are locked on the same
insulator plate 160. The electrodes 162 , 163, 165 and 167 are
locked on the silicon chi p 147. The electrodes 162 and 163 are
guards to min imize the direct capacity of cou pling between the
electrode 16 1 and the electrodes 165 and 167. When the dis-
tance between the chip 147 and the insulator plate 160 in
creases, the sum of the signals from the amplifiers 169 and 170
will decrease and when the insulator plate 160 moves tangen-
tially relative the ch ip 147, the difference between the sig nals
from the ampl ifiers 169 and 170 will change. Since these meas-
urements are of non-contact type, the sensor chip will not have
to take any forces and the mou nti ng will be less critical in com
parison with the sensor chip shown in figure 21a-b.

It will also be easier to l imit the movements of the transducer
because of the sensor chips, since the only risk of destroying
the sensor chips is when the air gap goes to zero. To avoid this,
simple steel parts 148 with an air gap somewhat smaller than
the measurement air gaps can be used . In order to protect the
spring elements 152 , the same force-torque l imiting concept as
in figures 21a-b is used ; compare the cylinders 154 with a co r

responding cylinder 138 in figure 21b. The sensor ch ips are
bonded to a cabling arrangement 150 with wires 149. It should
be noted that figure 22b shows a cross section through the se n
sor in 22a.

Figure 23 shows the mounting of the silicon sensor chi p 147 and
the insulator 160. Upwards in the figure is the rad ial direction of
the transducer shown in figure 22a. Figure 23 shows that the
sil icon chip 147 is mounted with chip holders 172-1 74 on the
side facing the air gap and that the isolator is also mounted on
the side facing the air gap by the part 15 1 . The chip holders



172-1 74 are attached to the bottom transducer plate 156 in f ig

ures 22a-b and the part 15 1 is attached to the transducer ring
15 1 in figures 22a-b. This mounting arrangement is made to m i

nimize the temperature dependence on the transducer. The wir-
ings named 149 in figures 22a-b is named 17 1 in figure 23. The
electrodes on the silicon chip 147 are shown with broken lines
and the electrodes on the insulator plate 160 are shown with
continuous lines.

Figure 24 shows an alternative for the electrode configuration.
Here electrode 16 1 is mounted on the isolator plate 160 and it is

fed through the capacity of bridge between the electrodes 175
and 174.

Figures 2 1a-b showed a way to mount the sensor chip 120, 135
in such a way that part 135 was mounted from one side of the
sensor chip structure and part 120 from the other side. In order
to make the assembly of the sensor easier, it would have been
an advantage to mount the sensor chip from one side only, for
example by using epoxy adhesive.

Figures 25a-b show a two-dimensional spring arrangement that
makes it possible to mount the sensor chip from only one side.
Figure 25a shows the two-dimensional spring arrangement from
above with an outer ring 184 mounted on the sensor housing
185, with an inner ring 184 designed for mounting on the sensor
flange, denoted 186 in figure 25b, and a sensor attachment part
180. Between the outer ring 184 and the inner ring 182 there are
mounted shunting springs 183 and between the inner ring 182
and the sensor attachment part 180 there are arranged sensor
springs 18 1 . In this embodiment the sensor chip has an outer
part 176, an inner part 177, and beams 178 connected to the
inner and outer part of the sensor chip (see the inserted draw
ing). The outer part 176 of the sensor chip is mounted on the
sensor attachment part 180 and the inner part 177 of the sensor
chip is mounted on a beam 179 connected to the outer ring 184



of the spring disc. In this way the sensor structure can be o ne

sided mounted on the spring structure as is evident from the two
side perspective views of the sensor mounting.

Figure 25b shows a cut through the whole sensor structure and
shows that the bonding on the sensor chip will now be very easy
to do and can be made after the mounting of the sensor chip on

the spring structure. Otherwise, the sensor mounting is the
same as in figures 2 1a-b with sensor mounting flange 186, over-
load protection 187, sensor housing 185, 188, connection cable
189, connector 190, bondings 19 1 , 193, measurement electron
ics chip 192, sensor chip 176, spring structure parts 180-1 84
and mounting beam 179. Both the spring structure and the
mounting beam 176 can be manufactured from the same disc,
for example, by laser cutting of a sheet of metal. Of course,
more elaborate structures can be used with the goal to have one
part of the structure making connections between the sensor
housing 185 and one part of the sensor structure 176 or 177,
and another part of the structure making connections between
the sensor flange 186 and the outer part of the sensor structure
177 or 176.

Figures 26a-b show approximately the same spring arrangement
as in figures 25a-b, but here the mounting beam 179 is instead
mounted on the outer part 176 of the sensor chip and the sensor
mounting part 180 is mounted on the inner part of the sensor
chip 177. In order to obtain large mounting areas, the sensor
chip is elongated in one direction and the mounting beam 179
does not reach into the centre of the spring disc. In other words,
figures 26a-b are identical with figures 25a-b.

The sensor structure shown in the figures 25a-b and 26a-b is a
standard beam structure used in 6DOF force-torque sensors.
Each beam needs to have two or four piezoresistive sensors
mounted in pairs, and when the beam width is becoming small it
may be difficult to get space for the parallel sensor pairs and it



may also be difficult to get an isotropic sensor behavior with re

spect to the 6DOF.

Figure 27 shows a sensor having a beam structure, which re-
duces the problems mentioned in the above section. Here a two-
dimensional ocotopod structure is used including eight beams
197 arranged in pairs extending in orthogonal crystal direction
between an outer plate 194 and an inner plate 196. Each beam
197 is equipped with two piezoresistive sensor elements 198.

The outer plate 194 and the inner plate 196 have a rectangular
shape. Between opposite sides facing each other of the outer
and inner plate two orthogonal beams 197 are mounted. Each
beam 197 contains two piezoresistive sensors 198. The beams
connect the outer plate 194 with the inner plate 196 of the chip.
In order to obtain high piezoresistivity, the piezoresistive sensor
must be mounted in either of two crystal directions 195 and the
beams should therefore be given a layout in these directions.

As pointed out earlier the two dimensional spring concepts are
difficult to miniaturize since they need a certain disc area to im

plement the spring compliances needed. Therefore, in the cases
when very small force-torque sensors are needed, as in figures
4-7, three-dimensional spring concepts are needed instead.

Figure 28 shows a simple three-dimensional spring concept i n

cluding the use of a spiral spring mounted on a sensor chip. A
spring 208 is mounted between a sensor housing 207 and a
sensor mounting plate 205. The sensor mounting plate 205 is in

turn mounted on the inner plate 202 of the sensor chip. The o u

ter plate 200 of the sensor chip is mounted on a chip holder 203,
which should have the same temperature coefficient as the se n

sor material. For silicon sensor chip examples of such materials
are silicon, special glass materials and invar.



The chip holder 203, in turn, is mounted, in its centre, on the
sensor flange 204. The chip holder 203 works as a substrate on
which the outer part of the sensor chip 200 is mounted. When,
for example, the temperature increases the substrate 203 will
expand exactly as much as the sensor chip 200 and no stress
will arise in the beams 201 of the sensor chip and the piezore-
sistive sensor elements will not change its resistances because
of temperature induced stress in the beams. However, between
the substrate 203 and a metal part 204a of the flange 204 that is

attached to the substrate there is a large difference in tempera
ture coefficients and stress will be introduced in the substrate
when temperature changes. In order to avoid that this stress is

transferred to the sensor chip, the metal part 204a has a smaller
diameter d than the substrate 203. Thereby the stress will be
local in the substrate and if the substrate is thin at the interface
to the metal and thick in the interface to the sensor chip, as in

the figure, stress transfer will be low. As an alternative, the sub

strate 203 could be made larger than the sensor chip and the
metal interface could be outside the interface between the sub-
strate and the sensor chip.

In figure 28 no shunting springs are used and it is assumed that
the sensor chip can be used for the whole measuring range of
the sensor, typically 100 N and 20 Nm for the lead-through ap-
plications. Forces and torques outside the measuring range are
taken care of by the overload protection 206, which is made in

the common way with three pins in three holes with larger d i

ameters than the pins, as illustrated in the right schematic draw
ing. For higher measuring ranges it will be necessary to use a
shunting spring.

Figures 29a and 29b show two examples of the use of shunting
springs. The mounting of the sensor structure is the same as in

figure 28, but the structure to hold the springs will be more com-
plicated. Thus, the measuring assembly shown in figure 29b i n

cludes a faceplate structure 204, which is connected to a shunt



spring 208b, a sensor holder 203 and an overload protection de

vice 206. The sensor spring 208a is mounted directly on the
sensor housing 207. To avoid temperature induced stress also
in the central part 203 of the sensor chip, a sensor mounting
part 205 made of a material with the same temperature coeff i
cient as the sensor material is mounted in mechanical contact
with the inner part 202 of the sensor. For temperature compen
sation, the sensor assembly is also equipped with an element
207b having the same temperature coefficient as the sensor ma-
terial. This element could have about the same thickness as
some of the thickness of the sensor chip and its mounting parts
200,203 and 205. In figure 29b an alternative version of the
shunt spring equipped sensor assembly is shown. Here a shunt
ing spring 208b is mounted between the sensor housing 207 and
the sensor flange structure 204, while the sensor spring 208a is

mounted between the sensor structure 205 and the sensor
flange structure 204. Of course, in both figures 29a and 29b the
sensor structures with its holder can be mounted up and down in

relation to what has been drawn in the figure.

Figure 30 shows an example of how the sensor assembly in f ig

ure 28 will look like as seen from above when the spring is re

moved. As can be seen the sensor housing 207 has a part miss

ing making it possible to place the measuring electronics 2 10 in

an electronics housing 2 11 close to the measuring assembly.
The electronics chip 2 10 is bonded 209 to the sensor chip 200 in

such a way that the bondings will be situated below the spring
(compare figure 28). The mounting of the measuring assembly is

as in figure 28 with the spring mounting part 205 mounted on the
inner part 202 of the sensor and where the outer part 200 of the
sensor is mounted on the underlying sensor holder 203. Of
course, this holder 203 can be made in such a way that there
will be room for the bonding on the other side of the measuring
assembly, whereby of course the piezoelectric sensors will also
be placed on this side. A cable 2 12 is connecting the sensor
electronics to, for example, the robot controller.



Instead of using a single spring for sensor connection as in f ig

ure 28 more springs can be used to better control the compli
ance of the sensor in the 6 degrees of freedom. Figures 3 1a-b
show two examples with three springs 221 arranged between
the sensor 224a-b and the sensor flange 2 18 . In figure 3 1a the
spiral springs are mounted in the same plane as the sensor chip
224a-b and in figure 3 1b the springs 223 are mounted perpen
dicular to the sensor chip surface. Looking at figure 3 1b, the
springs 221 are mounted between the sensor flange ring st ruc
ture 2 18 and spring holders 220, which are parts of the sensor
mounting part 2 18 , in turn mounted on the outer sensor plate
224a. The inner sensor plate 224b is mounted on the sensor
housing 2 15 . The measuring assembly further comprises an

overload protection arrangement 2 17 . In figure 3 1b the springs
223 are mounted perpendicular to the sensor chip 224a-b and
this is made by means of mounting plates 223, connected to the
sensor mounting part 2 18 . The other side of the springs 223 is

mounted on the sensor flange.

Also for a multi-spring arrangement it is possible to introduce
shunting springs. An example of this is shown in figure 3 1c .

Here shunting springs 221 b are directly mounted between the
sensor flange 2 16 and the sensor housing 2 15 . The inner plate
224b of the sensor chip is mounted on the bottom of the sensor
housing and the outer plate 224a of the sensor chip is mounted
on the sensor holder 2 18 , which in turn is mounted on the se n

sor springs 221 a . As in many of the figures with the sensor a s

sembly seen from side, the cut is not straight in order to visual-
ize the spring shunting principle.

Figure 3 1a exemplifies how the springs could be mounted either
in parallel or perpendicular to the sensor chip. In many cases
the best solution with respect to isotropy is to use a tripod or a
hexapod arrangement of the springs. Thus, figure 32 shows an
example of how the springs can be arranged with a certain angle



relative to the sensor chip to obtain a three dimensional tripod
spring structure. The sensor springs 231 are mounted between
the sensor flange 230 and the sensor mounting part 232 with
about 45 degrees angle in relative to the sensor chip 225, 226.
The angle is simply achieved by, for example, milling 45-degree
plans in the sensor flange 230 and the sensor mounting part
232.

Also in the case of using three dimensional springs it is possible
to have a one-sided mounting of the sensor chip on the spring
system as was shown for the 2D (two dimensional) spring a s

sembly in figures 25 and 26. Thus, figure 33 exemplifies an as

sembly with one-sided mounting of the sensor chip 225,226. The
central part 226 of the sensor chip is mounted on the part 245,
which is connected to the spring 255 through the parts 248 and
249. The sensor outer plate 225 is mounted on the part 244
(with smaller thickness at the left 244b part than at the right
244a part). The 244a part mechanically connected to the spring
254 via the parts 246 and 247. The spring 255 is connected to
the sensor housing 251 and the spring 254 is connected to the
sensor flange 250. Between the sensor housing and the sensor
flange there are the overload arrangements 252 and 253. The
parts 244 (244a and 244b are connected) and 245 are prefera
bly made of a material with the same temperature coefficient as
the sensor chip, which means that the distance of temperature
mismatch is only the air gap between the parts 248/245 and
246/144a. Since the sensor is very stiff, the gap can be very
small and the temperature dependence of the sensor because of
mismatch of temperature coefficients can be very small. More-
over, the gap is in series with the springs so only very small
forces will be obtained because of gap width changes caused by
temperature changes.

One example of a layout of the sensor chip and the mounting
connections to the chip, as described in figure 33, can be seen
in figure 34. Here the sensor parts 225 and 226 have been



modified to make the mounting of the attachments 246 and 248
(via 244a and 245) as tight as possible with respect to the tem

perature effects. Thus the sensor part 225 now also contains
corners 234a and 234b and the sensor part 226 corners 235a
and 235b. The beams 236 with its piezoresisitive sensors 237
are located between the quadratic centre part 226 and the co r

ner parts 234 and 235. The attachment 246 is glued to the right
outer part 225 of the sensor chip including the corner parts 234a
and 234 b and the attachment 248 is glued to the centre part
226 including the corner part 235b. The springs are mounted on
parts 247 and 249, which are mechanically attached to parts 246
and 248, respectively. Beside that this sensor design makes a
better attachment possible, it will also have the advantage that
less semiconductor material needs to be etched away, compare
the sensor design in Figure 27.

For a total compensation of the temperature effects caused by
the use of material with different temperature coefficients, the
sensor design in figure 35a can be used. The spring mounting is
the same as in figure 32 with the sensor springs 231 , the sensor
mounting part 232, the sensor flange 230 and the overload pro

tection 257. However, a part 262 is introduced with the same
temperature coefficient as the sensor chip 225, 226, the sensor
holder 261 ,262, and the sensor central attachment part 265.
This part 262 should have the same height as the sum of the
height of the parts 265, 226, 262 and 261 . If the temperature
compensation part 262 has a lower temperature coefficient, its
height could be lower. One possibility is to arrange the part 262
as a ring according to the figure and then mount it between the
disc 264 and the ring 258. The ring 258 is mounted on the tool
housing 263/266. The parts 264 and 258 should have the same
temperature coefficient as the parts 266, 263, 232 and 230 and
the same temperature coefficient as the structure that the se n

sor is mounted into, usually steel or aluminium.



The same principle for temperature compensation as shown in

figure 35a is shown in figure 35b for a sensor with shunting
springs. Thus, the shunting springs 221 b are mounted between
the sensor housing 2 15 and the sensor flange 2 16 and the sen-
sor springs 221 a are mounted between the sensor housing and
the sensor attachment arrangement already described for figure
35a. Thus, parts 262, 265, 224a-b, 261 and 260 have the same
temperature coefficient while the rest of the sensor assembly is
made of, for example, steel or aluminium.

When a handle with an integrated 6DOF force-torque sensor is
mounted on a tool, it is possible to have the tool including the
handle calibrated by the robot or tool manufacturer, which
means that the robot controller knows the coordinate system of
the force/torque sensor in relation to the tool coordinate system.
This is, of course, necessary for the controller to know in order
to move the robot in the handle tool coordinate system when the
handle is engaged by the robot operator. However, in the case
when the tool is fixed in the robot cell and the robot holds the
work object, the operator in many cases needs to calibrate the
coordinate system of the handle. It is then important to have a
method for easy calibration of the handle.

Figure 36a-b shows an example of a situation when the operator
needs to mount the handle on a work object 3 10 in order to pro

gram the robot to perform work object calibration and processing
motions. A gripper with a fixed fork 302 and a movable fork 303
clamps the work object 3 10 using a hydraulic cylinder 308 with a
piston 306. The movable fork 303 can be manually indexed on
the linear guide way 301 with the cart 305, which holds the end
wall 303, which is connected to the cart with a shaft. The gripper
is mounted on the robot wrist 309.

Figure 37 shows a handle arrangement that can be used to
clamp the handle at different places on the work object held by
the robot. The handle itself consists or an outer tube 330 con-



nected to one side of a force sensor 3 19 inside the tube. The
other force sensor side is connected to the handle mounting part
327. On the handle there are two switches, of which the switch
321 is a 3-position safety switch . The switch 322 is used , for ex-
ample, for commun icati ng with the controller to define a pro

gram med position . Using speech communication this could be a
soft key, meani ng that it could have different functions depend
ing on the programm ing or calibration state as defi ned du ring
the speech communication between the operator and the con-
troller. The keys and the 6DOF force-torque sensor 319 are
connected to the robot controller with a cable or by means of
wireless com munication . The handle mounting part 327 is co n

nected to a handle-clam ping device via a shaft 328, wh ich can
be locked at a suitable angle for the accessibility of the handle.
The handle-clam ping device consists of two flexible steel bands
3 16 and 317 , wh ich together form a circle, the radius and shape
of which can be changed with the screw 3 14 . The steel band a s

sembly is fixed to parts 3 17 and 3 18 , which in turn are co n

nected to the handle.

Figure 38 exemplifies how the handle 332 is clamped around a
cyl indrical part of the work object 3 10. Now a method is needed
to defi ne the local coordinate system of the handle 332. This
figure exemplifies the following method :

1. The controller asks the operator to press the handle vert i
cally upwards (or downwards) 333.

2 . The controller records the signals from the Force/Torque
sensor: (Xz, Yz, Zz, Rxz, Ryz and Rzz).

3 . The controller asks the operator to press the handle to

wards the centre (axis 1) of the robot 335.
4 . The controller records the signals from the Force/Torque

sensor: (Xr, Yr, Zr, Rxr, Ryr and Rzr).
5 . The controller asks the operator to press the handle in an

anticlockwise (or clockwise) d irection with respect to axis 1
of the robot 334.



6 . The controller records the signals from the Force/Torque
sensor: (X+, Y+, Z+, Rx+, Ry+ and Rz+).

7 . The controller can now calculate the directions of the c o

ordinates of the force-torque sensor coordinate system
and can make a transformation of the force-torque sensor
signals to the tool coordinate system.

8 . The controller is set to lead-through manipulation.
9 . Optionally the operator makes a vertical verification mo

tion. If he is not satisfied with the resulting motion he can
either repeat steps 1-8 or define on a graphic display or
only by the number of degrees how much he will change
the direction of motion. He can then do the same to tune
the direction towards the centre of the robot.

Instead of asking for certain directions to apply forces on the
handle, the robot may first show a motion direction by moving
the work object in a certain direction and then ask the operator
to apply the force or torque he wants to correspond to the move
ment shown by the robot.

Figure 39 shows an alternative design of the handle and its
clamping mechanism. The handle is also here a tube 345, which
via the element 347 is mounted on one side of the 6DOF force-
torque sensor 338. The other part of the sensor 338 is con-
nected by 346 to the clamping mechanism via parts 346 and 342
and the shaft 353 possible to lock in different angles. On the
handle there are the switches 328 and 329, of which switch 329
is the safety switch. The clamping mechanism consists of one
fixed fork 350 and one movable fork 351 . The movable fork 351

is possible to move along the guide way 349 by means of the
screw 349, which is used to obtain the clamping forces needed
to fix the handle. Even if a safety switch is enough to guarantee
safety when the robot is in manual mode, it is possible to have a
mechanical or magnetic clutch between the clamping mecha-
nism and the handle. This clutch could have a built-in electrical
connection, which is disconnected when the clutch opens at a



certain force or torque between the handle and the clamping de

vice.

Figure 40 shows how the handle in figure 3 is clamped on the
work object 3 10, which is in turn clamped by the gri pper 355. As
in figure 1 the gripper is mounted on the tool flange of the robot.
This figure shows the wrist coordinate system 356 (Xw, Yw, Zw)
as well as the coordi nate systems 357, 358 of two handles. A
first handle 359 is mounted on a cal ibrated position on the gri p-

per and its coordi nate system (Xh 1, Yh1, Zh1) has the same d i

rections of the coordinate axes as the wrist coordi nate system ,
which , of course, is not necessary. A second handle is clamped
on the work object in a position that makes it easy to access
duri ng the lead-throug h cal ibration and programming activities.
For even better accessibility the handle has been fixed dow n
wards, which means that its coordi nate system 358 is tilted
(Xh2 , Yh2 , Zh2). Using two handles the cali bration of handle
354 can be made accordi ng to the following method :

1. The controller is set to lead-through for one of the handles,
for example the already calibrated handle 359.

2 . The operator moves the robot in a specified direction with
handle 359.

3 . The controller records the d irection (Xh I a , Yh I a , Zh I a).
4 . The operator exerts a pressure on handle 354 in a direc

tion that corresponds to the d irection that the robot moved
under 2 . If possible, steps 2 and 4 can be made simulta
neously if the operator makes use of both his hands to grip
both the handles.

5 . The controller records the direction (Xh2a, Yh2a, Zh2a)
6 . Steps 2 - 5 are repeated for 2 other directions, which

should be made so that all the 3 learning directions will be
as orthogonal as possible. This will give the following
added recording for the controller: (Xh I b, Yh I b, Zh I b),
(Xh2b, Yh2b, Zh2b) (XM b, YM b, ZM b) and (Xh2b, Yh2b,
Zh2b).



7 . Optionally the operator can repeat steps 2 - 5 for more d i

rections, giving redundant information , wh ich can be used
to obtai n a better calibration quality.

8 . The controller calculates the coord inate transformation
matrix between the handles 354 and 357. Since it is diff i
cult for the operator to obtain accuracy in the pressure d i

rection on the handles, the recorded data will contain e r

rors and a best fit calculation can be made when the coor

dinate transformation matrix is calculated . The more re-
cord ings that have been made in different directions, the
better can the best fit results be. A Singular Value Decom
position can also be made to check that the directions
used in the cal ibration are not to close to each other with
respect to their differences in angle.

9 . The operator can remove the reference handle 359. It
should be mentioned that the reference handle could be
the same as the handle that will be used during the lead-
throug h work. Then the handle 354 should be easy to de

tach and attach to its clampi ng device as well as to the
reference attachment on the gripper.

Figu re 41 shows the same arrangement as in figure 40 but the
reference handle 359 is replaced by a 6DOF force-torque sensor
360 mou nted between the gripper (366) and the robot mounti ng

flange. Th is is the case if force controlled processing will be
made by the robot. This method means the following steps:

1. The controller is set to lead-throug h with respect to the
force-torque sensor 360.

2 . The operator moves the robot in a specified d irection hold
ing the handle 354

3 . The controller records the directions given by the force-
torque sensor (Xfsa, Yfsa, Zfsa) and the handle (Xh2a ,
Yh2a, Zh2a)



4 . Steps 2 - 3 are repeated in at least two other directions,
which should be made so that all the 3 learn ing directions
will be as orthogonal as possi ble.

5 . The controller calculates the coord inate transformation
matrix between the handles 354 and the force-torque se n

sor 360.
6 . The controller can start lead-through control from the

force-torque sensor in the handle 354.

This method is, of course, the most intuitive one and will be
easy to perform and will give a very good result.

Figu re 43 shows a robot cell 361 , in wh ich the lead-through is
used for work object calibration and process programming . The
work objects, in this case castings, were placed manually on a
plate 362 in an earlier process stage and the plate was moved in
position between 3 poles (365). The casti ngs are placed on the
plate with a large enough accuracy (about +/- 50 mm) for the ro

bot to clamp them accordi ng to Figu re 1. When the robot is pro-
grammed usi ng lead-th roug h the following is made.

1. A handle is mounted on the gripper. If it is the first time the
gri pper is used and the handle is not calibrated to the
gripper mounting , a calibration is made, for example ac-
cording to figure 3 or figure 6 .

2 . With the handle on the gripper the robot is lead-th roug h
programmed to go down to the plate, position the gripper
forks at a suitable place for gripping .

3 . A clampi ng is ordered , for example by speech com munica-
tion , and then the gripper is moved with lead-through to a
position where the handle is mounted on the casti ng for
good accessi bility.

4 . The handle is calibrated accord ing to any of the methods
previously described .

5 . Lead-through programming of the calibration movements is

made, whereby the casting is moved to the measurement



station 366. In the simplest case it is just a pin with a force
sensor and the casting is brought in contact with the pin in

different positions on casting surfaces. This calibration
method will take a long time to program but it is a robust
and cheap method. Instead of a fixed pin with a force se n

sor, a position measurement probe can, of course, be used
as an LVDT. For fast programming and execution of the
calibration of the casting, a laser scanner or a 3D vision
system can be used.

6 . Lead-through manipulation is made to the cutting station
367, where the cutting movements are defined by lead-
through programming.

7 . Lead-through manipulation is made to the grinding station
368, where the grinding movements are defined by lead-
through programming.

8 . Lead-through manipulation is made to the deflashing sta

tion 369, where the deflashing movements are defined by
lead-through programming.

9 . Lead-through manipulation is made to the plate 362, where
the casting is unloaded.

It should be mentioned that an exchange of position of the ha n

dle might be needed between two processes to have the acces
sibility needed for the lead-through activities. I some cases it
could also be needed to make measurements on raw casting but
process programming on a casting that has been manually cut,
grinded and deflashed.

Figure 42 gives some modified design examples for the handles
including bearings used for tools where the handle with its bear

ings does not need be mounted outside a tool centre. Thus, the
design in Figure 42 cannot be used in the cases shown in f ig

ures 7 and 10 but in situations as in figures 12 and 18 . In the
upper drawing in Figure 42 the outer handle cylinder 430a with
the electrical switches 421 and 433 is mounted in the left end on
the bearing 406. The inner part of the handle consists of the



force sensor with its housing 4 19 and flange 420, mounted be

tween parts 431 and 433. The part 431 is mounted on the bea r
ing 406 such that it can rotate relative the outer handle cylinder
430a. The part 433 is mounted on the handle attachment 430b,
which can be attached to, for example, a grinding machine. The
force sensor cabling 433 comes out from the end of the handle,
and the wires from the switches 422 and 421 can be integrated
with the force sensor wires. Thus, when attaching the handle to
the tool, all electrical connections follow the handle. As an al-
ternative the handle can contain a battery and the signals from
the sensor and the switches can be sent to the controller by safe
wireless communication. The lower drawing in Figure 42 shows
the variant when the force sensor can be mounted axially in the
handle. By mounting the bearing 406 inside the outer handle
tube 430a and close to the force sensor housing, part 431 in the
upper figure is not needed.

In order to design the control concepts needed to manipulate the
tools according to the intentions of the operator, some use
cases will be described. Thus, Figure 44 outlines the case when
the tool 115 according to Figure 2 1 is used to measure points 66
on the surface 65 of an object. To control the movements of the
tool the operator generates the force Fh and the torque Mh on

the handle, and when contact is obtained between the ball on
the tool and the surface of the work object, a tool force F1 is

generated, with a direction given by the vector sum of the force
normal to the surface and the friction force tangential to the sur

face.

The surface measurements can be made in two ways, either by
moving the tool down to the surface, registering a point and
moving the tool away from the surface again according to figure
45a, or by moving the tool along the surface and registering
points along the path according to figure 45b.



Another common situation is that measurements of points are
needed in the interface between two objects as illustrated in f ig
ure 46, where object B is situated on or belonging to object A .
Also in this case the tool can either be used to register isolated
points or to register points during movement of the tool in the
joint between objects A and B. Since the tool is constrained by
two surfaces with an angle to each other, two normal forces are
obtained, FAm normal to the surface of object A and FBm normal
to the surface of object B. Of course, there are also two friction
force components, one for each object surface.

Figure 47 shows a use case when manipulating the tool dummy
118 in figure 2 1 for the programming of a motion to cut off part B
from part A using an oxy-fuel burner. Now the dummy tool may
have several contact points with the surface A and when a p

proaching part B also a contact point with this object is o b

tained. Figure 48 exemplifies different interaction situations be

tween the dummy tool and the surface of object A and at left the
tool is also in contact with object B . It is evident that it is more
difficult to find easy to manipulate control solutions for Figure 48
than for the use cases with well-defined point contacts.

Figure 49 exemplifies the programming of deburring or deflash-
ing of an edge 26 using the tool design 116 according to Figure
2 1 . Now both hands are involved giving two handle forces (Fhl
and Fh2) to manipulate the tool. The interaction force (Ft) has a
well defined position on the tool and the programming should be
relatively easy to perform.

Figure 50 shows the case of stub grinding. Here the grinding
disc dummy is programmed to move in a certain repeated pat

tern over the stub. The manipulation of the dummy tool during
programming is made by mainly two handle forces and the tool
force and its contact point on the dummy grinding disc is meas-
ured.



Figure 5 1 gives an example of another use case, which corre
sponds to grinding or polishing of a surface. In this case the
dummy tool should be kept aligned with the surface and this
case should be easier than the use case in Figure 50 since the
interaction between the tool and the object is better defined.

Figure 52 shows the case of stub grinding when the real tool is
used and the programming is made during grinding.

Figure 53 outlines the main structure of the control system for
the implementation of the lead-through programming. The s im

plest use case with individual surface point measurements ac

cording to figure 45a is shown in the figure and the forces and
torques measured in the handle force-torque sensor and the
dummy tool force-torque sensor are used as inputs to the co n

troller. The Cartesian control is performed in the tool coordinate
system with TCP in the centre of the ball that touches the sur

face that will be measured. Thus, the forces and torques meas
ured in the handle and the tool are transformed to forces and
torques in the tool coordinate system at TCP (Fh, Mh /TCP and
Ft s, Mt s /TCP). After filtering, these signals form the input to the
Lead-through Controller, which generates reference positions,
reference speeds and feed forward torques to the Joints control
ler of the robot.

Figure 54 exemplifies one possible design of the Lead-through
Controller. The handle force-torque measurements transformed
to the tool coordinate system (Fh, Mh /TCP) are used as refer
ences and the actual forces/torques are obtained from the tool
force-torque sensor (Ft s, Mt s /TCP). The force/torque error is in

the general case used for force, impedance and/or admittance
control. In pure force control mode the transfer functions S and
D 1 are set at 0 and in pure admittance control Kforce and S are
set at 0 and for impedance control Kforce and D 1 are set at zero.
Ftszero , Mtszero /TCP and Fhzero , Mhzero /TCP are the sensor offsets
and gravity compensation signals for the force-torque sensors,



signals that are updated each time the operator releases the
handle. The limitations Fhlimit , Mhlimit /TCP work individually on
the 6 components of the reference signal and are used to limit
the interaction forces/torques.

The output from the handle force-torque sensor can also be
used just to determine the direction of the movement of the tool
as shown in Figure 55. The module SEL is a selector that calcu
lates the handle force and torque directions and generates force
and torque increments (dF, dM /TCP) in this direction to be fed
into the admittance control filter giving the tool a speed refer
ence in this direction. At contact the force/torque signals from
the tool sensor will give an opposite movement and the result
will be that the tool will stay at a light interaction until the opera-
tor changes the directions of its manipulation and the tool moves
in a new direction or rotates around an axis with a new direction.
The selector could include intelligence using larger increments
when no forces or torques are measured by the tool sensor and
then use smaller increments or pulsed increments at lower fre-
quency when a contact is obtained.

In principle, the above control structures could work in all the
use cases. For the tools in figures 49 - 52, the two force-torque
sensors of the two handles share the 6DOF to manipulate the
tool. This means that half of the force/torque references from
the handles when calculated in the tool coordinate system are
not used or that a weight is set on each DOF coming from each
of the handle force-torque sensors.

The basic control schemes may, of course, be supplemented
with functionalities to increase the user friendliness of the lead-
through programming. One example is given in Figure 56, where
force controlled surface tracking is started when a contact is o b

tained between the tool and the work object. Other such func-
tionalities are locking of tool orientation, rotate tool around TCP,
circle generation, straight line generation, trajectory smoothing,



CAD model adaptation, program editing by lead-through, speech
communication for data input etc.

One problem using admittance-, impedance- and force-control
loops is that it is difficult to obtain a high bandwidth, which may
give the operator the feeling of a slowly responding system.
One way to improve the responsiveness of the system is to use
the signals from the force-torque sensor in the handle to directly
control the speed reference and even the torque feed forward
signals to the robot joints controller as shown in Figure 57. In

order to control the interaction forces between the tool and the
work object the signals from the force-torque sensor is then
used to control which directions of the forces/torques from the
handle that are accepted to send to the joints controller. This is
made by the Direction Locking module (DIR LOCK) in Figure 57.
Different strategies can be implemented in this module. For ex

ample, if the force in one direction is above a certain value, only
force references adding no more force in this direction (and
torque references) are accepted to go to the joints servo. In or-
der to obtain a fast identification of the force direction at the first
touch of the object, the motion direction of the tool before the
touch can be used. It is then also possible to make a ramped or
filtered locking of the critical force component. Using this co n

cept, for example, two force directions will be locked, but the
operator can still move the tool along the joint between the ge

ometries A and B and also change the orientation of the tool. A
tool includes, besides processing tools, also grippers and f ix

tures to handle work objects.



CLAIMS

1. A system for controlling the position and orientation of an

object ( 1 ,3), wherein the system comprises:
- a measuring assembly (6;67;1 19) including a first (7;68;1 30)

and a second part (8;72; 129) wherein the first part is
adapted to receive forces and torques from a user, and a
sensor (9a;73;9b) adapted to measure forces and
torques caused by changes in position and orientation of
the first part in relation to the second part, and

- a data processing unit ( 18) adapted to receive measuring
data from said sensor and based thereon controlling the
position and orientation of the object,

characterized in that said sensor comprises a semiconductor
chip with integrated sensor elements ( 198), and the measuring
assembly comprises a spring arrangement ( 1 1;74a-c; 128, 126)
mounted between the first and second parts and mechanically
connected to the sensor, for converting forces and torques from
the user to changes in position and orientation of said first part
in relation to said second part, and said sensor is adapted to
measure forces and torques from the spring arrangement
caused by the changes in position and orientation of the first
part relative the second part.

2 . The system according to claim 1, wherein said sensor i n

cludes an outer plate ( 10a; 10b) and an inner plate ( 12a; 12b),
which are mechanically connected by at least three beams
(14a;14b), each provided with at least two piezoresistive sensor
elements.

3 . The system according to claim 1 or 2 , wherein the spring a r

rangement is two-dimensional and comprises an outer part ( 184)
resiliency connected to an inner part ( 182) resiliency connected
to a sensor attachment ( 180) mechanically connected to the
outer or inner plate ( 176,1 77) of the sensor, and an elongated
element ( 179) having one end mechanically connected to the



outer part ( 184), and the other end mechanically connected to
the other plate ( 176, 177) of the sensor.

4 . The system according to clai m 3 , wherein said outer and in-

ner parts ( 182 ,184) of the spri ng arrangement are ring-shaped .

5 . The system according to any of the previous clai ms, wherein
the sensor comprises at least six beams ( 14a ;197) provided with
at least one piezoresistive sensor element ( 198) each .

6 . The system according to claim 5 , wherein the beams
(14a;1 97) are arranged in pairs extending in orthogonal direc
tions between the outer and inner plate.

7 . The system according to any of the previous claims, wherein
the spring arrangement comprises at least one three-
dimensional spring ( 1 1;208a-b;221 ;223) disposed between the
first or the second part of the measuring assembly and me

chanically connected to the sensor.

8 . The system according to any of the previous claims, wherein
the spring arrangement comprises a first spring entity (221 a)
mounted between the first and second parts of the measuring
assembly and mechanically connected to the sensor, and a sec-
ond spring entity (221 b) arranged between the first and second
part of the measuring assembly to take up some of the forces
and torques from the user.

9 . The system according to any of the previous claims, wherein
the spring arrangement includes at least three springs (221 ;223)
positioned at different locations between the first and second
parts.

10 . The system according to any of the previous claims, wherein
the sensor is mounted on a substrate (203) with essentially the
same temperature coefficient as the sensor material.



11. The system according to claim 10 , wherein the substrate
(203) is attached to the measuring assembly via a metal part
(204a) with a smaller diameter (d) than the substrate.

12 . The system according to claim 10 , wherein an element (262)
with essentially the same temperature coefficient, as compared
with the sensor material, and a thickness equal to the thick
nesses of the sensor plus the thicknesses of the substrate, is

arranged to cancel the temperature coefficient differences be

tween the sensor and its surroundings.

13 . The system according to any of the previous claims, wherein
the second part (8;72; 129) of the measuring assembly is

adapted to be mechanically connected to an object ( 1 ) carried
by an industrial robot (2) having a plurality of joints, and said
data processing unit is adapted to control the positions of the
joints of the robot carrying the object.

14. The system according to claim 13 , wherein the object ( 1 ) is

rotationally symmetrical, and the system comprises a handle
(30;52) mechanically connected to the first part of the measuring
assembly and rotatably arranged around the symmetric line of
the object or an axis in parallel with the symmetric line of the
object.

15 . The system according to claim 14, wherein the system com

prises a bearing (32;35) having its rotational axis coinciding or
in parallel with the symmetric line of the object and arranged be-
tween the handle and the first part of the measuring assembly.

16 . The system according to claim 14 or 15 , wherein the system
comprises a locking mechanism (88,89,90,91 ) , which upon act i

vation locks the handle at a fixed rotation angle in relation to the
symmetric line of the object.



17 . The system according to claim 14, wherein the measuring
assembly (38a-b) is disposed in the handle.

18 . The system according to any of the claims 14-1 7 , wherein
the system comprises a lead-through interface (34,36) adapted
to be mechanically connected to the tool and comprising said
bearing (35) and said handle.

19 . The system according to any of the previos claims, wherein
the system further comprises a second measuring assembly
(38c;38d;55b;97; 100a; 113) including:

a first and a second part, wherein the first part is adapted to
receive forces and torques,

a second spring arrangement mounted between the first and
second part of the second measuring assembly, for converting
said forces and torques to changes in position and orientation of
said first part of the second measuring assembly in relation to
the second part of the second measuring assembly, and

a second sensor mechanically connected to the second
spring arrangement, for measuring forces and torques caused
by changes in position and orientation of the first part in relation
to the second part, the sensor comprising a semiconductor chip
with integrated sensor elements, and
said data processing unit is arranged to receive measuring data
from said second sensor and based thereon take part in the co n

trol of the position and orientation of the object.

20. The system according to claim 19 , wherein the second
measuring assembly ( 1 13) is adapted to measure forces and
torques developed between a tool and a work object.

2 1 . The system according to 19 , wherein the system comprises
a second handle (54) fixedly arranged relative to the object and
mechanically connected with the first part of said second meas-
uring assembly, and said data processing unit ( 18) is arranged



to take part in the control of the position and the orientation of
the object based on measuring data from said second sensor.

22. The system according to 19 , wherein the system comprises
a second handle (54) fixedly arranged relative to the object and
mechanically connected with the first part of said second meas
uring assembly, and said data processing unit ( 18) is arranged
to mainly control the position of the object based on measuring
data from said first sensor (38) and to mainly control the orienta-
tion of the object based on measuring data from said second
sensor.

23. Use of the system according to any of claims 1 - 22 for mov

ing an object carried by an industrial robot during programming
of the robot.

24. Use of the system according to any of claims 1 - 22 for mov

ing an object carried by an industrial robot during calibration of
the position and orientation of the object.
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