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(57) Abstract

This invention relates to control means and actuators (1) with feed—back sensors (5) suitable for use in tele~operated systems, especiaily
surgical tools and endoscopes. A membrane (9) is provided to flex with an operator’s finger, and a sensor (20) responsive to longitudinal
flexing of the membrane produces an output signal dependent on the position of the finger. The membrane (9) covers the finger like a glove,
and extends across the back of the hand. The sensor (20) preferably comprises an optic fibre (13). The actuator (1) is fluid-operated and
comprises a corrugated tube (7) with a length—restraining member (8) along one side so that the tube curves when it is extended by internal
fluid pressure. A feedback sensor (5) is responsive to the position of the tube (7) and/or lateral force experienced by the tube (7) when it
engages an external object. A feedback signal from the sensor (5) operates a feedback force generator (3) in contact with the operator’s

finger.
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CONTROL MEANS

This invention relates to control means and actuators with
feed-back sensors suitable for use in tele-operated systems,

especially surgical tools and endoscopes.

Endoscopes are used increasingly in minimally invasive surgery
for the delivery of surgical tools for internal inspection and
treatment of patients. Preferably, endoscopes and tools
should be steerable, and should incorporate sensors to produce
position and/or force feedback signals to an operator. Also,
it is important that the control means provided to steer or
operate endoscopes or tools should be natural and simple to
operate so as to make them easier and safer to use. The
steering actuators and sensors used must also be designed with
safety in mind, and would preferably be fail-safe. Also, all
equipment should be sterilisable, and would preferably be

disposable if it would be made low cost.

According to one aspect, the invention consists in a control
process and apparatus involving provision of a membrane to move
with an operator’'s finger so as to flex with it, and a sensor
responsive to longitudinal flexing of the membrane so as to
produce an output signal dependent on the position oI the

finger.

This arrangement makes use of the finger’s natural ability to
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make precise control movements, and harnesses this ability
using an associated membrane and sensor without impairing the

finger’s sensitivity.

Preferably, the membrane is resilient and is fitted to the
finger in a longitudinally pre-tensioned state so as to closely
follow bending movement of the finger. To this end, the

membrane may be attached to the operator’s wrist.

Preferably, the membrane covers the finger like the finger of
a glove, and preferably extends from the finger across the back

of the hand.

Conveniently, the control means according to the invention may
be incorporated in a full glove. Multiple sensors may then
be attached to the back of the glove to sense the position of

one or more fingers.

In this application, the sensor preferably comprises a non-
electrical sensing element. For example, an optic fibre may be
arranged longitudinally to flex with the finger so that light
transmitted through it 1is attenuated by such flexing.
Alternatively, two lengths of optic fibre can be attached to
the membrane with adjacent ends spaced apart in longitudinal
alignment so that the spacing therebetween varies with strain
in the membrane as the finger flexes, thereby attenuating the
light transmitted between said ends. An advantage of this

arrangement is that the optic fibres can be located remote from
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the finger, for example, in an extension of the membrane on the

back of the hand.

In another alternative arrangement, the sensor may comprise a
non-optical form of sensor and may be adapted to sense strain
in the membrane. This sensor may be located remotely from the

finger.

A signal processor 1is provided to receive the output signal
from the sensor and produce an output control signal to control

an actuator in accordance with the pogition of the finger.

The actuator may be an actuator that steers an endoscope or

which operates a surgical tool.

In other embodiments of the invention, the movement of an
operator’s finger is used to select modes of operation of
equipment and operate switch devices. This is useful where the
operator is already manipulating equipment by hand control and
a suitable finger is free for use in this manner. If required,
two or more fingers can be used each to control a separate

operation.

According to a second aspect, the invention consists in a
fluid-operated actuator comprising a corrugated tube with a
length-restraining member along one side so that the tube
curves towards said one side when it 1s extended by internal

£luid pressure.
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An actuator may comprise a single corrugated tube to allow
steering in one pléne through the tube’s longitudinal axis.

However, multiple tubes can be combined extending alongside one
another so as to allow steering in multiple different planes

depending on fluid pressure applied to the tubes.

Preferably, the actuator is provided with a feedback sensor
that is responsive to the position of the tube and/or lateral
force experienced by the tube in engagement with an external

object.

The feedback sensor may be attached to a resilient restraining
member, and may comprise an optic fibre or non-optic fibre
sensor responsive to strain in the restraining member. Two
or more feedback sensors may be provided along the length of
the restraining member to determine the position and/or force

experienced by the actuator in use.

Alternatively, the feedback sensor may comprise a cover or
envelope that covers the corrugated tube or tubes, and which
incorporates one or more sensors that sense strain in the cover

as it flexes with the tube.

A feedback processor is provided to process a feedback signal
received from the feedback sensor and produce a corresponding
feedback control signal which operates a feedback force
generator in contact with an operator’s finger controlling the

actuatcor.
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The actuator may be an actuator that steers an endoscope or

which operates a surgical tool.

According to a third aspect, the invention consists in an aid
for an injured hand comprising a membrane adapted to fit one
finger of the hand so as to flex with it, a sensor responsive
to longitudinal flexing of the membrane so as to produce én
output signal dependent on the position of said one finger, and
an actuator that stimulates an injured finger of said hand or
operates a prosthetic finger so that it flexes in synchronism

with said one finger.

The injured finger or prosthetic finger may have a membrane
adapted to fit it so as to flex therewith, and a feedback
sensor responsive to the position and/or lateral force
experienced by the injured finger or prosthetic finger so as
to produce a feedback signal operating a feedback force

generator to apply a corresponding force to the hand or arm.

The invention may involve a glove having one finger to receive
said one finger, and another finger to receive said injured
finger or prosthetic finger, the finger of the glove in each

case comprising the associated membrane.

The sensor associated with each of said fingers is preferably
attached to the back of the glove and may comprise optic fibre

Sensors.
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The feedback force generator may comprise a braille output

transducer.

According to a fourth aspect, the invention consist in an aid
for an injﬁred limb comprising a membrane adapted to fit a
finger of a patient’s hand so as to flex with it, a sensor
responsive to longitudinal flexing of the membrane so as to
produce an output signal dependent on the position of said one
finger, and an actuator that stimulates said injured limb or
a prosthetic limb so that it flexes in accordance with movement

of saild one finger.

The injured limb or prosthetic limb may have a membrane adapted
to fit it so as to flex therewith, and a feedback sensor
responsive to the position and/or lateral force experienced by
the injured limb or prosthetic limb so as to produce a feedback
signal operating a feedback force generator to apply a
corresponding force to the patient’s hand or arm or other part

of the body.

According to a fifth aspect, the invention consists in means
to measure movement of a member comprising a membrane attached
to said member, and a sensor responsive to flexing of the
membrane so as to produce an output measuring signal dependent

on the position of said member.

Said member may comprise a limb so that the measuring means

serves as physiotherapy apparatus to measure movement and force
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exerted by an injured limb. However, sald member may

comprise any member that needs monitoring.

According to a sixth aspect, the invention consists in a
process and apparatus for sensing movement of a member
involving provision of a membrane to move with the member so
as to be strained by said movement, and two lengths of optic
fibre attached to the membrane with adjacent ends spaced apart
in longitudinal alignment so that the spacing therebetween
varies with strain in the membrane as the member moves, thereby

attenuating the light transmitted between said ends.

Preferably, the two lengths of optic fibre are guided in a
closely fitting sleeve so that they are held in alignment as
they move longitudinally relative to one another with flexing
of the membrane. The sleeve may be the cover normally
provided on optic fibres, the ends of the two fibres being
stripped and inserted into a short length of the cover. The
two lengths of optic fibre may conveniently be produced by
cutting a length of fibre into two and rejoining the ends via
the sleeve. A suitable adhesive is used to attach the sleeve
and optic fibres to the membrane, the adhesive being resilient
to accommodate strain in the membrane and movement of the

fibres.

The invention will now be described by way of example with

reference to the accompanying drawings.
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A schematic of a steerable endoscope is shown in Figure 1. The
endoscope consists— of a steering actuator 1 with integral
sensing 5. The sensing requires interpretation to enable the
data to be converted to indicate both position and force

distribution.

The user control interface 2 has sensing to determine the
position reqguired by the user. The interface also has
feedback actuation 3 to enable force feedback to be felt by the

operator.

The system operates via a controller 4 which receives the
position input from the user interface 2 in accordance with the
position of the operator’s finger. In response to a change
in position, the controller 4 moves the actuator 1 to the

position required.

Whilst under actuation, the endoscope tip may come into contact
with an object. The position of contact and force 1is
detected by the tactile sensor 5. This information is used
by the user interface to resist the movement of the operator’s

finger in proportion to the measured feedback force.

The design of the actuator as incorporated in the steerable tip
of the endoscope is shown in Figure 2. The actuator 1is
manufactured from bellowed polymer tube 7 and incorporates a
machined nylon insert 6. The insert is fixed in place with

adhesive and forms an air-tight chamber within the bellowed
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tube. The insert has a restraining strip 8 that runs up one
side of the tubing; When the chamber is pressurised, the
bellowed tube attempts to expand longitudinally. As one edge
is restrained by the insert this has the effect instead of
curling the tubing. The result is a controllable finger
action that may be actuated by either pneumatic or by hydraulic

pressure.

The sensor 5 1s used to determine both position and force and
uses the known deformation characteristics of the restraining

strip 8 whilst the chamber i1s under pr=ssure.

The sensor 5 may comprise a strain gauge, but is preferably an

optic fibre sensor.

The use of optic fibre enables an inexpensive form of sensing
to be utilised that is also electrically isolated. The
fibres used are plastic and the light source and receiver are
infra-red light emitting diodes and receivers. The fibres
may be attached to the restraining strip 8 within the chamber
of the endoscope. The sensing system relies on the
attenuation of light transmitted through the fibre when bending
occurs. The resulting output from the sensor is non-linear
but gives a good indication of bending by varying light levels.
It 1s possible to instrument a number of positions on the
restraining strip to enable the shape of the beam to be

determined.
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The user interface 2 requires a method of control that 1is
natural to the user) thus allowing control of the device to be
mastered gquickly and enabling the user to become skilled in its
operation. This will also reduce the likelihood of ah

operator error occurring while using the device.

To provide such an interface, control means is proposed in the
form of a "skin" that the user wears. The skin 9 is thin and
is constructed from a rubber material and is worn on the
operator'’'s finger as shown in Figure 3. A sensor is attached
to the skin to give accurate information about the position of

the finger.

It is preferable to use an unobtrusive sensor that does not
affect the user’'s tactilile experience. This has been found
possible by the use of a fibre optic sensor which gives greater

potential for low cost, disposable units to be built.

The fibres are fixed to the skin in a similar arrangement to
the endoscope tip. The tension created in the skin when the
user’s finger is flexed, generates a signal by attenuation of
the light transmitted through the waveguide and detection of

this by the receiving photo-transistor.

A calibration procedure allows adjustment for the size of the
user’'s finger. This procedure enables the system to
calculate the range of operation by values obtained when the

finger is straight and flexed to the maximum position.
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This instrumented skin also may be used in the same way to

instrument the endoscope tip.

To facilitate a fully integrated system, feedback actuation 3
is provided to relay the forces measured at the endoscope tip
to the user’'s finger. Tﬁis utilises an air bag that can be
inflated to preset pressure. The system operates at a very low
pressure of maximum 37kpa.

The arrangement is shown in Figure 4. The air bag 10 is
contained within a vessel so as to direct the force of

inflation onto the user’s finger.

As an alternative optic fibre sensor for use in the endoscope
tip or the user control interface, a fibre 13 can be cut at a
measuring point along its length, as shown in Figure 5, so that
adjacent ends are spaced apart, and the distance therebetween
varies with flexing of the substrate to which it is attached.
An optic fibre sleeve 11 is provided as a close fit to hold the
two ends of the fibre in longitudinal alignment, and the sleeve
11 and optic fibre are attached by resilient silicone adhesive
12 to the substrate. In the case of an elastic substrate,
such as the membrane 9, a strain in the membrane will cause the
ends of the fibre to move apart, and this is accommodated by

the resilient adhesive 12.

Figure 6 illustrates an alternative form of steerable endoscope
tip in which two chambers are formed at spaced sections along

the length of the bellowed tube 7 to allow independent
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operation of these respective sections and vary the overall

curvature of the tip.

Figure 7 illustrates a steerable endoscope or tool which is
steered in more than one direction by wvirtue of multiple
corrugated tubes that can be selectively pressurised. Four
such tubes 7 are provided extending alongside one another, and
a single restraining tie 8 is provided along the centre of the
tubes so that the tip bends to the side in any direction

depending upon the pressurisation of the four tubes 7.

In order to sense the position and force exerted by the tip in
the device of Figure 7, an elastic cover 15 is provided over
the four tubes 7, and multiple sensors 16 are attached to the
cover to sense strain in the cover 15. The sensors are
preferably optic fibre sensors shown in Figure 5. Signals
derived from the sensors 16, and pressurisation values of the
four tubes 7, are combined with a knowledge of the bending
characteristics of the tip to determine the position of the tip

and resulting applied force.

In an alternative embodiment, the tie 8 can be made of elastic
material so that the tip is extensible and its 1length is
controlled by the combined forces produced in pressurising the

tubes 7.

Although the embodiments of the invention described above serve

to control bending movements of a device, it is equally
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applicable to control axial extension or torsional movements

in a device.

The invention 1s applicable to a wide range of surgical
operations of which the following are typical:
*Control of flexible structures and mechanisms to maintain
the position of tissues and tissue structures |
*Application of temperatures or ultrasound probes
*Surface mapping within a human body
*Palpation
*Guidance along cavities or surfares by touch
*Control of cutting tools
*Control of penetrating tools
*Visual inspection through directional control of the

visual envelope

Figure 8 illustrates a hand 17 fitted with a prosthetic finger
18 that is controlled according to the invention. An elastic
glove 19 fits over the hand including the prosthetic finger,
and multiple fibre-optic sensors 20 are attached to the back
of the hand to monitor movement of a healthy finger 21 and to
produce output signals which are converted by a controller 22
to a position signal in accordance with the position of the
finger 21. This position signal in turn is used to control
movement of the prosthetic finger 18 wvia an assoclated
actuator, which may take the form shown in Figure 2. The
csensors 20 are also located to produce output signals that can

be processed by the controller 22 to determine the position of
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the prosthetic finger 18 and/or the force experienced by it.
A feedback signal is‘therefore generated by the controller 22
which allows closed-loop control and also allows a feedback
actuator 23 to be operated to give the patient a tactile
experience of the force applied by the prosthetic finger.

This feedback actuator may take the form of a braille output

transducer.
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CLATIMS

1. Control apparatus comprising a membrane adapted to
cooperate with an operator’'s finger so as to flex with it, and
a sensor responsive to longitudinal flexing of the membrane so
as to produce an output signal dependent on the position of the

finger.

2. Apparatus as claimed in claim 1 in which the membrane is
resilient and is adapted to be fitted to the finger in a
longitudinally pre-tensioned state so as to closely follow

bending movement of the finger.

3. Apparatus as claimed in claim 2 in which the membrane is

adapted to be attached to the operator’'s wrist.

4. Apparatus as claimed in claim 3 in which the membrane is
adapted to cover the finger like the finger of a glove, and

preferably extends from the finger across the back of the hand.

5. Apparatus as claimed in claim 4 in which the membrane is

incorporated in a glove.

6. Apparatus as claimed in claim 5 in which multiple sensors
are attached to the back of the glove to sense the position of

one or more fingers.
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7. Apparatus as claimed in any of the preceding claims in

which the sensor comprises a non-electrical sensing element.

8. Apparatus as claimed in claim 7 in which the sensoxr
comprises an optic fibre arranged longitudinally to flex with
the finger so that light transmitted through it is attenuated

by such flexing.

9. Apparatus as claimed in claim 7 in which the sensor
comprises two lengths of optic fibre attached to the membrane
with adjacent ends spaced apart in longitudinal alignment so
that the spacing therebetween varies with strain in the
membrane as the finger flexes, thereby attenuating the light

transmitted between said ends.

10. Apparatus as claimed in claim 7 in which the sensor
comprises a non-optical form of sensor adapted to sense strain

in the membrane.

11. Apparatus as claimed in claim 8, 9 or 10 in which the
sensor is located remote from the finger in an extension of the

membrane on the back of the operator’s hand.

12. Apparatus as claimed in any one of the preceding claims
including a signal processor to receive the output signal from
the sensor and produce an output control signal in accordance
with the position of the finger, and an actuator responsive to

said output control signal.
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13. Apparatus as claimed in claim 12 in which the actuator is
an actuator that steers an endoscope or operates a surgical

tool.

14. Apparatus as claimed in any one of claims 1 to 11

including means responsive to said output signal.

15. A fluid-operated actuator comprising a corrugated tube
with a length-restraining member along one side so that the
tube curves towards said one side when it 1is extended by

internal fluid pressure.

16. An actuator as claimed in claim 15 which comprises a
single corrugated tube to allow steering in one plane through

the tube’s longitudinal axis.

17. An actuator as claimed in claim 15 comprising multiple
tubes combined extending alongside one another and each with
a length restraining member along one side so as to allow
steering in multiple different planes depending on £fluid

pressure applied to the tubes.

18. An actuator as claimed in any one of claims 15 to 17
provided with a feedback sensor responsive to the position of
the tube and/or lateral force experienced by the tube in

engagement with an external object.

19. An actuator as claimed in claim 18 in which the feedback
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sensor is attached to a resilient restraining member.

20. An actuator as claimed in claim 19 in which the feedback

sensor is responsive to strain in the restraining member.

21. An actuator as claimed in any one of claims 18 to 20
comprising two or more feedback sensors provided along the
length of the restraining member to determine the position

and/or force experienced by the actuator in use.

22. An actuator as claimed in claim 18 in which the feedback
sensor comprises a cover that covers the corrugated tube or
tubes, and which incorporates one or more sensors that sense

strain in the cover as it flexes with the tube.

23. An actuator as claimed in claim 18 comprising a feedback
processor to process a feedback signal received from the
feedback sensor and produce a corresponding feedback control
signal, and a feedback force generator adapted to contact an
operator’s finger controlling the actuator and responsive to

said feedback control signal.

24. An actuator as claimed in any one of claims 15 to 23 that

steers an endoscope or operates a surgical tool.

25. An aid for an injured hand comprising a membrane adapted
to fit one finger of the hand so as to flex with it, a sensor

responsive to longitudinal flexing of the membrane so as to
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produce an output signal dependent on the position of said one
finger, and an actuator that stimulates an injured finger of
said hand or operates a prosthetic finger so that it flexes in

synchronism with said one finger.

26. An aid as claimed in claim 25 in which the injured finger
or prosthetic finger has a membrane adapted to fit it so as to
flex therewith, and a feedback sensor responsive to the
position and/or lateral force experienced by the injured finger
or prosthetic finger so as to produce a feedback signal
operating a feedback force generator tc apply a corresponding

force to the hand or arm.

27. An aid as claimed in claim 25 or 26 comprising a glove
having one finger to receive said one finger, and another
finger to receive said injured finger or prosthetic finger, the
finger of the glove in each case comprising the associated

memprane.

28. An aid as claimed in claim 27 in which the sensor
associated with each of said fingers is attached to the back

of the glove.

29. An aid as claimed in any one of claims 25 to 28 in which
the feedback force generator comprises a braille output

transducer.

3¢. An aid for an injured limb comprising a membrane adapted
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to fit a finger of a patient’s hand so as to flex with it, a
sensor responsive té longitudinal flexing of the membrane so
as to produce an output signal dependent on the position of
said one finger, and an actuator that stimulates said injured
limb or a prosthetic limb so that it flexes in accordance with

movement of said one finger.

31. An aid as claimed in claim 30 in which the injured limb
or prosthetic limb has a membrane adapted to fit it so as to
flex therewith, and a feedback sensor responsive to the
position and/or lateral force experienced by the injured limb
or prosthetic limb so as to produce a feedback signal operating
a feedback force generator to apply a corresponding force to

the patient’s hand or arm or other part of the body.

32. Means to measure movement of a member comprising a
membrane attached to said member, and a sensor responsive to
flexing of the membrane so as to produce an output measuring

signal dependent on the position of said member.

33. Means as claimed in claim 32 in which said member
comprises a 1limb so that the measuring means serves as
physiotherapy apparatus to measure movement and force exerted

by an injured limb.

34. Apparatus for sensing movement of a member involving
comprising a membrane adapted to move with the member so as to

be strained by said movement, and two lengths of optic fibre
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attached to the membrane with adjacent ends spaced apart in
longitudinal alignment so that the spacing therebetween varies
with strain in the membrane as the member moves, thereby

attenuating the light transmitted between said ends.

35. Apparatus as claimed in claim 34 in which the two lengths
of optic fibre are guided in a closely fitting sleeve so that
they are held in alignment as they move longitudinally relative

to one another with flexing of the membrane.

36. Apparatus as claimed in claim 35 in which the sleeve is
the cover normally provided on optic fibres, the ends of the
two fibres being stripped and inserted into a short length of

the cover.

37. Apparatus as claimed in claim 36 in which a suitable
adhesive is used to attach the sleeve and optic fibres to the
membrane, the adhesive being resilient to accommodate strain

in the membrane and movement of the fibres.

38. A control process comprising provision of a membrane to
move with an operator’s finger so as to flex with it, and a
sensor responsive to longitudinal flexing of the membrane so
as to produce an output signal dependent on the position of the

finger.

39. A control process as claimed in claim 38 in which a signal

processor is provided to receive the output signal from the
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sensor and produce an output control signal to control an

actuator in accordance with the position of the finger.

40. A control process as claimed in claim 39 in which the
actuator is an actuator that steers an endoscope or which

operates a surgical tool.

41. A control process as claimed in claim 38 in which the
movement of the operator’s finger is used to select modes of

operation of equipment or operate switch devices.

42. A control process as claimed in claim 41 where the
operator is manipulating equipment by hand control and a finger

is free for position of said membrane.

43. A control process as claimed in claim 39 or 40 in which
the actuator is provided with a feedback sensor that is
responsive to the position of the tube and/or lateral force

experienced by the tube in engagement with an external object.

44. A control process as claimed in claim 43 in which a
feedback processor is provided to process a feedback signal
received from the feedback sensor and produce a corresponding
feedback control signal which operates a feedback force
generator in contact with an operator’s finger controlling the

actuator.

45. A process for sensing movement of a member involving
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provision of a membrane to move with the member so as to be
strained by said mévement, and two lengths of optic fibre
attached to the membrane with adjacent ends spaced apart in
longitudinal alignment so that the spacing therebetween varieé
with strain in the membrane as the member moves, thereby

attenuating the light transmitted between said ends.

46. Apparatus substantially as herein described with reference

to the accompanying drawings.

47. A process substantially as herein described with reference

to the accompanying drawings.
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