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(57) ABSTRACT
A sensor for force is formed from an elastomeric cylinder
having a region with apertures. The apertures have passage-
ways formed between them, and an optical fiber is introduced
into these passageways, where the optical fiber has a grating
for measurement of tension positioned in the passageways
between apertures. Optionally, a temperature measurement
sensor is placed in or around the elastomer for temperature
correction, and if required, a copper film may be deposited in
the elastomer for reduced sensitivity to spot temperature
variations in the elastomer near the sensors.

20 Claims, 12 Drawing Sheets
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Figure 5A
wavelength shift vs end force
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wavelength shift vs lattice force
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Figure 7
step response
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Figure 9
strain ratio for several locations of force application
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FORCE AND DEFLECTION SENSOR WITH
SHELL MEMBRANE AND OPTICAL

GRATINGS AND METHOD OF
MANUFACTURE

The present invention was developed under National Aero-
nautics and Space Administration (NASA) Contracts
#NN7057CO2C and NN7067A36C. The government has cer-
tain rights in this invention.

2
the elastomeric material forming the flexible shell. Deflection
of the sensor, such as by a force applied to the contact region,
causes an incremental strain in one or more passageways
where the optical fiber is located. The incremental strain

5 results in a change of optical wavelength of reflection or
transmittance at the sensor, thereby allowing the measure-
ment of force or displacement.

BRIEF DESCRIPTION OF THE DRAWINGS
10

BACKGROUND OF THE INVENTION
	

FIG. 1 is a perspective view of an elastomeric sensor.
FIG. 2A is a cross section view of a sensor.

1. Field of the Invention
	

FIG. 2B is a section view of the sensor of FIG. 2A
The present invention relates to a force and deflection

	
FIG. 3A is a front view of a sensor with a force applied to

sensor. In particular, the invention relates to an flexible shell 15 the tip.
formed with an elastomer having passageways formed by

	
FIG. 3B is a side view of a sensor with a force applied to the

apertures in the shell, with an optical fiber having one or more 	 tip.
Bragg gratings positioned in the passageways for the mea- 	 FIG. 3C is a front view of a sensor with a force applied to
surement of force and deflection. 	 a sensing region.

2. Description of the Related Art
	

20	 FIG. 3D is a side view of a sensor with a force applied to a
Future robots are expected to free human operators from 	 sensing region.

difficult and dangerous tasks requiring high dexterity in vari- 	 FIGS. 4A, 413, 4C, 4D, 4E, 4F, 4G, 4H, 4I, 47, 4K show
ous environments. One example is an extra-vehicular repair 	 process steps for forming an elastomeric sensor.
of a manned spacecraft that would otherwise require hazard-	 FIGS. 5A and 5B are plots of wavelength shift vs. applied
ous work by human astronauts. Another example is robotic 25 force.
surgery in which accurate manipulation is crucial. Operating

	
FIGS. 6A and 6B are plots of dynamic impulse response

complicated tools and performing delicate tasks require a 	 and its fast Fourier transform.
manipulator of great precision and coordination. Therefore, 	 FIG. 7 is a plot of force measurement accuracy for tem-
force sensing is one of the most critical requirements for this 	 perature compensated and temperature uncompensated con-
type of robot control. Typically, robots have a modest number 30 figurations.
of mechanical sensors, often associated with actuators or

	
FIG. 8A is a cross section view of deformation at the sensor

concentrated in a special device such as a force sensing wrist. 	 region.
As a result, robots often poorly identify and respond to unex- 	 FIGS. 8B and 8C are superposition views of the force-
pected and arbitrarily-located impacts. 	 induced deformation of FIG. 8A.

One object of the invention is a light-weight, rugged 35	 FIG. 9 is a plot of a strain ratio versus applied force along
appendages for a robot that features embedded sensors so that	 various points from the sensor joint.
the robot can be more aware of both anticipated and unantici- 	 FIG. 10 is a top view of a sensor at a region of applied force.
pated loads in real time. A particular class of optical sensors, 	 FIG. 11 is a plot of sensor output for the sensors of FIG. 10.
Fiber Bragg Grating (FBG) sensors, is promising for space

	
FIG. 12 is a block diagram for a wavelength discriminator

robotics and other applications where high sensitivity, multi- 40 coupled to a series connection of FBGs.
plexing capability, immunity to electromagnetic noise, small
size and resistance to harsh environments are particularly

	 DETAILED DESCRIPTION
desirable. In addition, the biosafe and inert nature of optical
fibers making them attractive for medical robotics. FBGs

	 FIG. 1 shows a perspective view of an example embodi-
reflect light with a peakwavelength that shifts inproportion to 45 ment of a sensor finger 100 having an attachment region 102,
the strain to which they are subjected. This wavelength shift

	 a hollow sensing region 104, and a hollow tip region 106. The
provides the basis for strain sensing withtypical values for the 	 sensor is not limited in its dimensions, but in one example
sensitivity to an axial strain being approximately 1.2 pm/mi- 	 embodiment, the attachment region extent is approximately
crostrain at 1550 nm center wavelength. In combination with

	
35 mm, the sensing region extent is approximately 65 mm,

a prior art FBG interrogator, submicrostrain resolution mea-  5o and the tip region extent is approximately 20 mm with a
surements are possible. In addition, the strain response is 	 cylindrical diameter of 35 mm. FIG. 2A shows a simplified
linear with no indication of hysteresis at temperatures as high

	 cross section view of the sensor of FIG. 1, which includes a
as 370° C. and, with appropriate processing, to over 650° C. 	 polyurethane shell 210 forming the tip region and sensing
Multiple FBG sensors can be placed along a single fiber and

	 region, transitioning to a rigid attachment region including
optically multiplexed. FBG sensors have previously been 55 mounting holes 230. The shell 210 has a fiber optic cable
surface attached to or embedded in metal parts and compos- 	 embedded in it, which may route through passageways of the
ites to monitor stresses. 	 sensing region and tip region in any manner through the shell

210, and having a plurality of strain sensors formed as Bragg
SUMMARY OF THE INVENTION

	
gratings in particular regions such as 214 and 218 of the shell

6o 210. FIG. 2B shows a section A-A of FIG. 2A, including four
A sensor is formed from a thin shell of flexible material

	
such strain sensors S1 214, S3 218, S2 220, and S4 222. A

such as elastomer to form an attachment region, a sensing 	 control sensor S5 215 is positioned at the center, and is not
region, and a tip region. In one embodiment, the sensing	 exposed to strain, but measures temperature for use in com-
region is a substantially cylindrical flexible shell and has a	 pensating temperature effects from strain sensors SL S2, S3,
plurality of apertures forming passageways between the aper- 65 S4.
tures. Optical fiber is routed through the passageways, with

	
The exoskeletal structure of the shell 210 is light weight

sensors located in the passageways prior to the application of
	

while maintaining relatively high strength. Since the sensing
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4
region structure deforms not only locally but globally

	
important assumption in this method is that all sensors are at

depending on the location of force application, the sensor 	 the same temperature. The example embodiment of FIGS. 2A
finger 100 is able to measure and localize applied forces. This 	 and 2B shows one temperature compensation sensor S5 216
is useful for both grasp force measurement and collision

	
in the hollow area in the middle of the shell 210 as shown in

detection.	 5 FIG. 2. Although the temperature compensation sensor S5
In one embodiment of the invention, the sensing region 104

	
216 is physically removed from the strain sensors, the copper

has a hexagonally patterned shell. This pattern allows the
	

heat shield 232 is expected to create a more uniform tempera-
structure to concentrate stresses and strains on the narrow 	 ture gradient inside the shell.
ribs, facilitates embedded sensor placement and has an added

	
FIG. 4A, 413, 4C, 4D, 4E, 4F, 4G, 4H, 4I, 47, and 4K shows

effect of amplifying the sensor signal. Although two other io the sequence of steps of a modified SDM process for proto-
regular polygons, triangles and squares, can also be used

	
type fabrication, which may be examined in combination

exclusively to form the shell pattern, the hexagon minimizes 	 with the below process steps:
the ratio of perimeter to area. In addition, the hexagonal cells

	
Shell (sensor region) part fabrication:

avoid sharp interior corners which could reduce the fatigue
	

FIG. 4A shows the preparation of a silicone rubber inner
life. In summary, the hexagonal structure can minimize the 15 mold 402 with optical fiber 404 with FBG sensor 406 placed
amount of material for fabrication and the weight of the part 	 with the FBG sensors 406 in desired measurement passage-
while providing high structural strength. Although shown as 	 ways formed in the mold. Typically, multiple FBGs operating
a regular array of hexagonal aperture patterns, the sensor 	 at the same or different wavelengths are employed on a single
passageways could be formed many different ways and with

	
fiber, although only one is shown for clarity.

various combinations of apertures, including pairs of aper- 20	 FIG. 4B shows the inner mold 402 with optical fiber 404
tures with a sensor placed therebetween, an array of sensors	 wrapped with copper screen mesh 410. In one embodiment of
with circular symmetry, radial symmetry, or circumferential

	
the invention, the screen mesh has a matching hole pattern for

symmetry, and the passageways containing the sensors may 	 the apertures formed as pedestals into inner mold 402, and the
have any orientation with respect to the axis of the sensing 	 pedestals may also have a formed lip to support the mesh 410
region 104.	 25 at a desired height above the cylindrical inner diameter of the

Polymer structures unavoidably experience greater creep
	

inner form 402.
than metal structures. Creep adversely affects the linearity

	
FIG. 4C shows a form void 414 produced by the gap

and repeatability of the embedded sensor output, both of
	

between the inner mold 402 which has the screen 410 applied,
which are mainly dependent on the stiffness and resilience of

	
and the outer form 416. Liquid polyurethane is then poured

the structure. In addition, thermal changes can affect the FBG 30 into the form gap 414.
strain sensor outputs. A copper mesh 212 can be embedded

	
FIG. 4D shows the formed sensing region 418 after curing

into the outside of the shell, to reduce creep and provide	 of the polyurethane and removal of the inner and outer molds
thermal shielding. The high conductivity of copper expedites 	 with embedded optical fiber 404 and copper mesh (not
distribution of heat applied from outside the shell and creates	 shown).
a more uniform temperature gradient inside the shell. 	 35	 [Step 2] Tip Region Part Fabrication

Additional sensors provide more information and make the
	

FIG. 4E shows the preparation of the silicone rubber inner
system more reliable. In an example embodiment, the force	 mold 430 and wax outer mold 432 with the copper mesh
information obtained from the system includes longitudinal

	
placed in the form void 431.

location, latitudinal location, magnitude of applied force, and
	

FIG. 4F shows the liquid polyurethane poured into the
orientation of the force vector. For simplicity, it will be 40 form void 431 produced by the inner 430 and outer 432
assumed that forces are applied only in a normal direction to	 molds.
the surface. Since this assumption reduces the number of

	
FIG. 4G shows the placement of the cured sensing region

unknowns to three, a minimum of three linearly independent
	

418 from Step I into the uncured polyurethane void 434 ofthe
sensors are needed. In the present example, four strain sensors	 tip region mold, thereby joining the formed sensing region
are embedded in the shell. Optimal sensor locations may be 45 418 with the tip region.
determined through the use of finite element analysis of the

	
FIG. 4H shows the tip and sensor regions after removal

sensor shell. FIG. 3 shows strain distributions when different
	

from the mold with the polyurethane cured, including strain
types of forces are applied to the shell and to the fingertip. 	 sensor fiber 404.
Strain is most concentrated at the top of the shell where it is

	
[Step 3] Attachment Region Part Fabrication

connected to the joint. Therefore, four sensors were embed- 50	 FIG. 4I shows the preparation of the outer mold with the
ded at 90° intervals into the first rib of the shell, closest to the 	 placement of the temperature compensation sensor structure
joint, as shown in FIG. 213, which also shows the center

	
including measurement fiber 444 with grating 446 located in

reference temperature sensor S5 216, which may be partially	 shield cylinder 448, all of which is placed in base mold 442
enclosed in a shielding cylinder 232 such as stiff copper or 	 with liquid polyurethane 440.
other structure to minimize short-term effects such as air 55	 FIG. 47 shows the cured shell and fingertip parts placed into
currents.	 the uncured polyurethane.

Since embedded FBG sensors are sensitive to temperature
	

FIG. 4K shows the completed sensor after removal of the
change as well as strain change, it is necessary to isolate 	 outer mold when the polyurethane cures, including tempera-
thermal effects from mechanical strains. Among the tempera- 	 ture measurement fiber 444 and strain measurement fiber 404.
ture compensation methods available are the dual-wave- 60	 The series of FIGS. 4A through 4F show just one embodi-
length superimposed FBG sensors, saturated chirped FBG

	
ment for the steps of the Shape Deposition Manufacturing

sensors, and an FBG sensor rosette. In contrast, a simpler
	

(SDM) process for the finger prototype fabrication. As is
method shown in the present example embodiment is the use

	
known in the prior art, it is difficult to make hollow three-

of an isolated, strain-free FBG sensor S5 216 to directly
	

dimensional parts using conventional SDM processes, since
measure the thermal effects. Subtracting the wavelength shift 65 only the top of the part is accessible for machining. The outer
of this temperature-compensation sensor from that of any 	 mold 431 and 416 may be formed from hard wax to maintain
other sensor corrects for the thermal effects on the latter. An 	 the overall shape. In contrast, the inner mold 402 can be
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hollow and made of soft silicone rubber, which can be manu-
ally deformed and removed when the polyurethane is cured.
The strain sensors and copper mesh can be embedded during
these steps. The second series of steps is related to fingertip
casting, which uses a separate mold and occurs after the shell
418 is fully cured. As it cures, the polyurethane for the fin-
gertip 434 bonds to the cured polyurethane of the shell 418. In
the final step, the attachment joint including temperature
compensation structure 446 and 448 are cast. As with the
fingertip, the joint bonds to the cured shell. Since the joint is
not hollow, an inner mold is not needed during this step. Since
the joint has no copper mesh, it was cast using a hard poly-
urethane (such as Task 9, Smooth-On, Easton, Pa., USA) to
reduce creep, while the shell and fingertip can be cast from
softer polyurethane (such as Task 3, Smooth-On, Easton, Pa.,
USA).

To evaluate the resulting structure, three different sets of
tests were carried out to evaluate the static, dynamic, and
thermal performance of the prototype. The static tests show
how linear and repeatable the system is, the dynamic tests
show how responsive the system is, and the thermal tests
show how well the system compensates for errors caused by
temperature change.

Static Tests Static forces were applied to two different
locations on the finger: lattice shell region 104 and tip region
106. FIGS. 5A and 5B show the responses of two of the four
sensors for a normal force applied in the sensing region and
tip region, respectively. Applying a force to the shell yielded
sensitivities of 0.024 nm/N and —0.0044 nm/N for sensor 51
and S3, respectively. The optical system can resolve wave-
length changes of 0.5 pm or less, corresponding to 0.015 N or
less for the minimum detectable force change. Note that the
51 sensor, being on the same side of the shell as the contact
force, has a much higher sensitivity to it. Applying a force to
the tip yielded sensitivities of 0.032 nm/N and —0.029 nm/N.
In this case, the location of the force results in roughly equal
strains at both sensors. For a given location, the ratio of the
two sensor outputs is independent of the magnitude of the
applied force. The plots of FIGS. 5A and 5B shows a maxi-
mum of 5.3% and 3.9% deviations from linear responses for
shell and tip tests, respectively.

Characterization of the dynamic response of the sensorized
fingers can be seen in FIGS. 6A and 613, which show the
impulse response (expressed as a change in the wavelength of
light reflected by an FBG cell) and its fast Fourier transform
(FFT). The impulse was effected by tapping on the finger with
a light and stiff object. The FFT shows a dominant frequency
around 167 Hz which is a result of the dominant vibration
mode of the elastomer structure.

FIG. 7 shows a typical thermal test results. Over a three
minute period, the fingertip was loaded and unloaded while
the temperature was decreased from 28.3 C to 25.7 C. The
ideal (temperature invariant) sensor output is indicated by the
dashed line 806. Experiment results show that use of the
temperature compensation sensor of plot 804 reduces thermal
effects, compared to the uncompensated plot 802.

Longitudinal localization requires some understanding of
structural deformation of the shell. FIG. 8A shows simplified
two-dimensional diagrams of one embodiment of the inven-
tion. When a force is exerted at a certain location, as shown in
FIG. 8A, the structure will deform and sensors A and B will
measure strains eA and E,, respectively as indicated. This
situation can be decomposed into two separate effects, as
shown in FIGS. 8B and 8C. By superposition, e A —E l +e2 and
eB E3 . Therefore, if theratio Of eA to eA is known, it is possible
to estimate D, the longitudinal location of the force. FIG. 9
shows the plot of experimental ratios Of eA to eB as a function

6

for i=1,2,3,4, where S'=Si—min{S1,S2,S3,S4}, ^1—o, and
^k=:^k-i +7t/2, for k=2,3,4 (if ^k>_27i, (Dk̂ =(Dk 27t), Si is the

30 output signal from sensor i, and a is the clockwise angle
between sensor 1 and the sensor with the minimum output
signal value. This method produced errors less than 2°, cor-
responding to less than 0.5 mm on the perimeter, and an offset
of 1.5° in the FEM simulation.

35 The FBG sensors can be interrogated using a system such
as IFOS I*Sense, described in U.S. Pat. Nos. 7,127,132,
6,895,132, 6,788,835, 6,751,367, and 6,597,822, which are
incorporated herein by reference. This type of interrogator
relies on parallel photonic processing whereby multiple sen-

40 sors are placed in series on a single fiber, which in combina-
tion with the ability to place sensors over the many channels
of the sensor 100, has the near-term potential to combine high
channel counts (>100 sensors on a single fiber), high resolu-
tion (sub-micro strain), and high speed (>5 kHz) with a min-

45 iaturized footprint. As previously discussed, the application
of strain on each FBG produces a shift in the wavelength that
is linearly proportional to the strain. An FBG interrogator is
used to precisely measure, for each FBG, the reflected wave-
length shift and thus the strain applied to that FBG. Interro-

50 gators can be tunable (examining each FBG sequentially) or
parallel processing in nature the latter approach, which
forms the basis of the preferred interrogator system, has
advantages in terms of speed particularly when dealing with
many sensors.

55 One example of a fiber interrogation system is shown in
FIG. 12. A broadband source 1250 sends light through the
optical circulator or splitter 1252 to an array of series FBGs
1202, each of which 1204, 1206, 1208, 1210 reflects a differ-
ent Bragg wavelength. The reflected light 1214 is then

6o returned through the optical circulator 1252 to the photonic
processor which both demultiplexes the light using AWG
filter 1252 coupled to detectors 1244 through 1250 and pro-
vides the basis for a ratiometric approach to measuring each
of the returned wavelengths through conversion to different

65 signals in various outputs from the multi-channel photode-
tector array. A controller 1242 containing electronics and
software compares the ratios of optical stimulation across the

of D. There is some ambiguity in the localization, since two
values of D result in the same ratio. However, if we let d0 be
the distance at which E,/E, is minimized, and we restrict
operation to the region d>d0, the ambiguity can be resolved.

5 Further, if the sensor locations are positioned closer to the
other surface of the shell, d0 approaches 0 and it is possible to
localize an applied force closer to the joint.

Latitudinal location can be approximated using centroid
and peak detection, and only one point contact force is

10 assumed in this method. FIG. 10 shows a cross sectional view
of the finger with four strain sensors and an applied contact
force indicated, and FIG. 11 shows its corresponding sensor
signal outputs. The two sensors closest to the force location
will experience positive strains (positive sensor output), and

15 the other two sensors negative strains (negative sensor out-
put), regardless of the longitudinal location of the force, if
d>d0. However, since all the sensor signals must be non-
negative to use the centroid method, all signal values must
have the minimum signal value subtracted from them. Then,

20 it is possible to find the angular orientation O of the contact
force:

'h si
25	 B=	 -a

S;



US 7,903,907 B1
7

detectors to provide the final conversion of the arrayed signals
to wavelength and eventually the strain to which each FBG is
subjected. One type of device for generating a plurality of
outputs for ratiometric measurement is a specially formed
arrayed waveguide grating (AWG) 1252, which may have
filter response skirts which are optimized for wavelength
discrimination, rather than the typical purpose of isolating
adjacent wavelengths.

While the above description describes examples for par-
ticular embodiments of the invention, there are many differ-
ent ways in which the invention can be practiced. Although
the elastomeric sensor used a rapid prototyping process uti-
lizing polyurethane, other variations of shape deposition
manufacturing can be used to support the fabrication of hol-
low, plastic mesh structures with embedded components. In
the present embodiments, the fiber optic sensors were embed-
ded near the base of a cylindrical shell with hexagonal ele-
ments for high sensitivity to imposed loads, although the
sensors could be placed in other locations in the sensing
region. With more precise location of the sensors, or calibra-
tion of a particular sensor to a particular interrogator, higher
sensitivities and accuracies are possible. As the frequency
limit is imposed by the mechanical finger system, other mate-
rials can be used in capturing the sensors to allow the mea-
surement of dynamic strains to frequencies of 5 kHz or more.

The 80 mesh 0.0055" dia copper wire mesh embedded in
the structure reduces the amount of viscoelastic creep and
provides thermal shielding. A single FBG temperature com-
pensation sensor at the center of the hollow finger helps to
reduce the overall sensitivity to thermal variations. However,
the central sensor is sufficiently distant from the exterior
sensors that changes in temperature can produce noticeable
transient signals. This effect can be reduced using a larger
number of sensors and locating thermal compensation sen-
sors near the exterior of the structure, where they undergo the
same transient thermal strains as the other sensors.

For simplicity, a 4 strain sensor with orthogonal axis was
described. With a larger number of sensors, more accurate
contact localization is possible. Increasing the total number of
sensors is relatively straightforward as multiple FBG sensors
can be located along the same fiber with optical multiplexing.

Furthermore, while the FBG strain and temperature sen-
sors are described as single (longitudinal) axis sensors in
single-core glass fiber, it is possible to use bend sensors based
on multi-core fiber supporting FBGs, as well as the use of
polymer optical fiber Bragg grating sensors in flexible robotic
skins, and eventually a multiplicity of multiplexed physical
and chemical fiber-optic sensors.

The invention claimed is:
1. A sensor having:
a shell formed from an elastomer, the shell having an

attachment region, a sensing region which is substan-
tially cylindrical, and a contact region;

said sensing region having a plurality of apertures forming
passageways for the routing of an optical fiber, the opti-
cal fiber having a plurality of Bragg gratings, at least two
said Bragg gratings located in said passageways;

said fiber coupled to an optical source and measuring a
change in reflected or transmitted wavelength in
response to a force applied to said contact region or said
sensing region.

2. The sensor of claim 1 where at least one said Bragg
grating is located between two said apertures.

3. The sensor of claim 2 where at least one said aperture is
• hexagon.

4. The sensor of claim 2 where at least one said aperture is
• triangle.

5. The sensor of claim 2 where at least one said aperture is
• circle or an ellipse.

8
6. The sensor of claim 1 where at least one of said Bragg

gratings measures a temperature.
7. The sensor of claim 1 where said shell includes a thermal

heat sink.
5	 8. The sensor of claim 1 where said Bragg gratings are

located in more than one said passageway.
9. The sensor of claim 1 where said optical source is a

broadband optical source spanning a wavelength range from
a lowest Bragg grating wavelength to a highest Bragg grating

10 
wavelength.

10. The sensor of claim 8 where each said Bragg grating is
operable in a unique range of wavelengths for reflection or
transmission, and said change in reflected or transmitted
wavelength for at least two said gratings is measured at the
same interval in time.

15	 11. A sensor having:
an elastomeric cylindrical shell region having a plurality of

apertures, said apertures forming passageways;
a cap on one end of said cylindrical shell and an attachment

on an opposite end;
20	 an optical fiber having a plurality of Bragg gratings dis-

posed through said optical fiber, each said Bragg grating
having an operating range of transmission wavelength or
reflection wavelength which is unique from the operat-
ing range of wavelengths of any other said Bragg grat-

25	 ing;
at least two said Bragg gratings located in said passage-

ways.
12. The sensor of claim 11 where said plurality of gratings

is 5.
13. The sensor of claim 12 where four of said sensors are

30 located substantially at 90 degree separation about a circle
perpendicular to the axis of said cylindrical shell.

14. The sensor of claim 11 where at least one of said
sensors is located in a volume enclosed by said cylindrical
shell inner surface.

35 15. The sensor of claim 11 where said cylindrical shell
region has an axis, and said Bragg gratings are located at a
radial distance from said axis between an inner surface and an
outer surface of said cylindrical shell.

16. The sensor of claim 11 where said cap is a spherical
40 shell and said attachment includes a provision for mounting.

17. The sensor of claim 11 where said Bragg gratings
operate in a reflection mode, and one end of said optical fiber
is disposed outside said cylindrical shell region.

18. A sensor having:
45 a flexible cylindrical shell having a plurality of apertures,

said apertures forming passageways in said cylindrical
shell;

an optical fiber having a plurality of Bragg gratings dis-
posed along a length of said fiber, each said Bragg grat-
ing having an operating range of wavelengths, each said

So operating range of wavelengths distinct from any other
said operating range of wavelengths, said optical fiber
routed through said passageways, said Bragg gratings
located in a region between an inner surface of said
cylindrical shell and an outer surface of said cylindrical

55	 shell.
19. The sensor of claim 18 where four said gratings are

located substantially 90 degrees about the diameter of a circle
perpendicular to said axis and one said Bragg grating is
located at a radius less than said inner diameter of said cylin-

60 drical shell.
20. The sensor of claim 19 where said gratings at a radius

greater than said inner diameter measure force and said grat-
ing at a radius less than said inner diamater measures a tem-
perature.
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