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Abstract—Force sensing is an essential requirement for
dexterous robot manipulation. Although strain gages have
been widely used, a new sensing approach is desirable for
applications that require greater robustness, design flexibility
and immunity to electromagnetic noise. An exoskeletal force
sensing robot finger was developed by embedding Fiber Bragg
Grating (FBG) sensors into a polymer-based structure. Multiple
FBG sensors were embedded into the structure to allow the
manipulator to sense and measure both contact forces and
grasping forces. In order to fabricate a three-dimensional
structure, a new shape deposition manufacturing (SDM) process
was explored. The sensorized SDM-fabricated finger was then
characterized using an FBG interrogator. A force localization
scheme is also described.

I. INTRODUCTION

Future robots are expected to free human operators from
difficult and dangerous tasks requiring high dexterity in
various environments. One example is an extra-vehicular
repair of a manned spacecraft that would otherwise require
hazardous work by human astronauts. Another example is
robotic surgery in which accurate manipulation is crucial.
Operating complicated tools and performing delicate tasks
require a manipulator of great precision and coordination.
Therefore, force sensing is one of the most critical require-
ments for this type of robot control.

However, compared to even the simplest of animals,
today’s robots are impoverished in terms of their sensing
abilities. For example, a single spider can contain as many
as 325 mechanoreceptors on its legs [2], in addition to hair
sensors, chemical sensors, etc. [1], [26]. Mechanoreceptors
such as the slit sensilla of spiders [2], [11] and campaniform
sensilla of insects [20], [27] are especially concentrated near
the joints, where they provide the animals with extensive
information about loads imposed on the limbs — whether
due to normal activities such as running or grasping prey,
or as the result of unexpected events such as collisions. In
contrast, robots generally have a modest number of mechan-
ical sensors, often associated with actuators or concentrated
in a special device such as a force sensing wrist. As a result,
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Fig. 1. Prototype dimensions and installation on Dexter manipulator

robots often poorly identify and respond to unexpected and
arbitrarily-located impacts.

The work in this paper is part of a broader effort aimed
at creating light-weight, rugged appendages for robots that,
like the exoskeleton of an insect, feature embedded sensors
so that the robot can be more aware of both anticipated and
unanticipated loads in real time. We focus on a particular
class of optical sensors, Fiber Bragg Grating (FBG) sensors,
which have been identified as promising for space robotics
and other applications where high sensitivity, multiplexing
capability, immunity to electromagnetic noise, small size and
resistance to harsh environments are particularly desirable. In
addition, we note the biosafe and inert nature of optical fibers
making them attractive for medical robotics.

FBGs reflect light with a peak wavelength that shifts
in proportion to the strain to which they are subjected.
This wavelength shift provides the basis for strain sensing
with typical values for the sensitivity to an axial strain
being approximately 1.2 pm/microstrain at 1550 nm center
wavelength [6]. With the appropriate FBG interrogator, sub-
microstrain resolution measurements are possible. In ad-
dition, the strain response is linear with no indication of
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hysteresis at temperatures as high as 370°C [21] and, with
appropriate processing, to over 650°C [5], [23]. Multiple
FBG sensors can be placed along a single fiber and optically
multiplexed.

FBG sensors have previously been surface attached to
or embedded in metal parts [6], [18] and composites [29]
to monitor stresses. To our knowledge this is their first
application in hollow, multi-material structures made by a
rapid-prototyping process. In this paper we describe the rapid
prototyping process and its adaptation to allow the embed-
ding of optical fiber sensors. The results of a first prototype
revealed the need to embed a thermal shield to reduce the
effects of external temperature variations. Accordingly, a
second prototype was developed with an embedded copper
mesh in addition to four fiber optic sensors. The results
of tests performed on this prototype are reported and the
implications for use in force control as well as collision
detection are discussed. We then discuss the enabling optical
interrogation technology for reading the strains to which the
FBGs are subjected [10], [12], [13], [22]. We conclude with
a discussion of future work, including extensions to a larger
number of sensors so that a more complete picture of external
force magnitudes and contact locations can be obtained.

II. DESIGN CONCEPT

Since the prototype will replace the lower finger of the
Dexter [16] manipulator as shown in Figure 1, its dimensions
have been set accordingly. Figure 2 shows the completed
finger prototype and its cross-sectional views. The finger
can be divided into three parts: fingertip, shell, and joint.
The fingertip and shell are hollow, exoskeletal structures.
Four FBG sensors were embedded into the shell for strain
measurement, and one FBG sensor was placed in the middle
of the structure for temperature compensation.

A. Exoskeletal Structure

The exoskeletal structure is light weight while maintaining
relatively high strength. Since the structure deforms not
only locally but globally depending on the location of force
application, the finger is able to measure and localize applied
forces. This is useful for both grasp force measurement and
collision detection.

(A) Complete finger prototype (B) Cross-sectional views (s1-s4: strain sensors, s5: temperature compensation sensor)

A plastic shell fingertip has been proposed by Voyles et
al. [30] for extrinsic tactile sensing using electrorheological
fluids. However, it was necessary to make an additional
cantilever beam structure to install strain gages to obtain
force-torque information for intrinsic tactile sensing [4].
The prototype discussed in this paper requires only a shell
structure to provide force information for both extrinsic and
intrinsic sensing.

B. Hexagonal Shell Pattern

The prototype has a hexagonally patterned shell. This
pattern allows the structure to concentrate stresses and strains
on the narrow ribs, facilitates embedded sensor placement
and has an added effect of amplifying the sensor signal.

Although two other regular polygons, triangles and
squares, can also be used exclusively to form the shell
pattern, the hexagon minimizes the ratio of perimeter to area
[24], as proved by Hales [17]. In addition, the hexagonal cells
avoid sharp interior corners which could reduce the fatigue
life. In summary, the hexagonal structure can minimize the
amount of material for fabrication and the weight of the part
while providing high structural strength.

C. Creep Prevention and Thermal Shielding

Polymer structures unavoidably experience greater creep
than metal structures. Creep adversely affects the linearity
and repeatability of the embedded sensor output, both of
which are mainly dependent on the stiffness and resilience
of the structure. In addition, thermal changes can affect the
FBG strain sensor outputs. Drawing inspiration from [15],
a copper mesh (080X080C0055W36T, TWP Inc., Berkeley,
California, USA) was embedded into the outside of the
shell, to reduce creep and provide thermal shielding. The
high conductivity of copper expedites distribution of heat
applied from outside the shell and creates a more uniform
temperature gradient inside the shell.

D. Strain Sensor Configuration

More sensors provide more information and make the sys-
tem more reliable. However, since more sensors require more
time and/or processing capacity to handle the larger amount
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Fig. 3. Finite element analysis of finger prototype

of data, the optimal sensor design should be considered as
discussed by Bicchi [3]. Ultimately, the force information we
would like to obtain from our system includes longitudinal
location, latitudinal location, magnitude of applied force, and
orientation of the force vector. For the present, we assume
forces are applied only in a normal direction to the surface
to simplify the system. Since this assumption reduces the
number of unknowns to three, a minimum of three linearly
independent sensors are needed. In the prototype, four strain
sensors were embedded in the shell.

Before starting fabrication, finite element analysis was
conducted to determine the sensor locations. Figure 3 shows
strain distributions when different types of forces are applied
to the shell and to the fingertip. Strain is most concentrated
at the top of the shell where it is connected to the joint.
Therefore, four sensors were embedded at 90° intervals into
the first rib of the shell, closest to the joint, as shown in
Figure 2.

E. Temperature Compensation

Since embedded FBG sensors are sensitive to temperature
change as well as strain change, it is necessary to isolate
thermal effects from mechanical strains. Various complicated
temperature compensation methods have been proposed, such
as use of dual-wavelength superimposed FBG sensors [9],
[32], saturated chirped FBG sensors [33], and an FBG
sensor rosette [19]. In contrast, a simpler method is to
use an isolated, strain-free FBG sensor to directly measure
the thermal effects. Subtracting the wavelength shift of this
temperature-compensation sensor from that of any other
sensor corrects for the thermal effects on the latter [25]. An
important assumption in this method is that all sensors are
at the same temperature. Our prototype has one temperature
compensation sensor in the hollow area in the middle of
the shell as shown in Figure 2. Although the temperature
compensation sensor is physically removed from the strain
sensors, the copper heat shield is expected to create a more
uniform temperature gradient inside the shell. The tempera-
ture compensation sensor was encapsulated in a stiff copper
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Fig. 4. Modified SDM process for prototype fabrication: [Step 1] Shell part
fabrication (a) Prepare a silicone rubber inner mold and place optical fibers
with FBG sensors (b) Wrap the inner mold with copper mesh (c) Enclose
the inner mold and copper mesh with a wax outer mold and pour liquid
polyurethane (d) Remove the inner and outer molds when the polyurethane
cures, [Step 2] Fingertip part fabrication (a) Prepare inner and outer molds
and place copper mesh (b) Pour liquid polyurethane (c) Place the cured
shell part into the uncured polyurethane (d) Remove the molds when the
polyurethane cures, [Step 3] Joint part fabrication (a) Prepare an outer mold
and place a temperature compensation sensor structure (b) Place the cured
shell and fingertip part into the uncured polyurethane (c) Remove the outer
mold when the polyurethane cures

tube attached at only one end to the joint, and therefore is
expected to experience no mechanical strain, regardless of
external forces applied to the finger.

III. SDM FABRICATION PROCEDURE

Figure 4 shows the steps of the Shape Deposition Man-
ufacturing (SDM) process [31] for the finger prototype
fabrication. It is difficult to make hollow three-dimensional
parts using conventional SDM processes, since only the top
of the part is accessible for machining. Therefore, a modified
SDM process was developed and applied for the fabrication
of the finger. The prototype was cast in steps with no direct
machining. The first step is molding of the shell. The outer
mold is made of hard wax to maintain the overall shape. In
contrast, the inner mold is hollow and made of soft silicone
rubber, which can be manually deformed and removed when
the polyurethane is cured. The strain sensors and copper
mesh are embedded in this step. The second step is fingertip
casting, which uses a separate mold and occurs after the shell
is fully cured. As it cures, the polyurethane for the fingertip



Fig. 5. Molds and copper mesh used in modified SDM fabrication process

bonds to the cured polyurethane of the shell. In the final step,
the joint is 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 polyurethane (Task 9, Smooth-
On, Easton, Pennsylvania, USA) to reduce creep, while the
shell and fingertip were both cast from softer polyurethane
(Task 3, Smooth-On, Easton, Pennsylvania, USA). The actual
molds and copper mesh used in this modified SDM process
are shown in Figure 5.

IV. FORCE SENSING TEST AND EVALUATION

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.

A. Static Tests

Static forces were applied to two different locations on
the finger: shell and fingertip. Figures 6 and 7 show the
force locations and the responses of two of the four sensors.
Applying a force to the shell yielded sensitivities of 0.024
nm/N and -0.0044 nm/N for sensor A and B, respectively.
The optical system can resolve wavelength changes of 0.5 pm
or less, corresponding to 0.015 N or less for the minimum
detectable force change. Note that the A 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 fingertip
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 effect of location is discussed in Section V
(Contact Force Localization). The system shows a maximum
of 5.3% and 3.9% deviations from linear responses for shell
and fingertip tests, respectively.

B. Dynamic Tests

Dynamic force tests were conducted by subjecting the
system to a step input, which was generated by quickly
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Fig. 7. Fingertip force response test

removing a weight of 200g (1.962N). The sensor was
sampled at 10 kHz, and the output is shown in Figure 8.
Rise and settling times were approximately 0.01 second and
0.05 seconds, respectively, and less than 15% overshoot was
observed. Since the linear signal to noise ratio is 25.25, this
structure can measure dynamic forces as small as 0.0IN at
rates of approximately 20 Hz.

C. Thermal Effect Tests

Figure 9 shows a typical thermal test result. 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. Experiment results show that use of the
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compensation provided by the central sensor

temperature compensation sensor reduces thermal effects
somewhat. However, a more accurate compensation design
is desired in the next prototype.

V. CONTACT FORCE LOCALIZATION

A. Longitudinal Location

Longitudinal localization requires some understanding of
structural deformation of the shell. Figure 10 shows sim-
plified two-dimensional diagrams of the prototype. When
a force is exerted at a certain location, as shown in (A),
the structure will deform and sensors A and B will measure
strains €4 and ep, respectively as indicated. This situation
can be decomposed into two separate effects, as shown in
(B) and (C). By superposition, €4 = €1 + €3 and ep = €3.
Therefore, if the ratio of € 4 to e g is known, we can estimate
d, the longitudinal location of the force. Figure 11 shows the
plot of experimental ratios of €4 to ep as a function of d.

There is some ambiguity in the localization, since two
values of d result in the same ratio. However, if we let dy be
the distance at which €4/cp is minimized, and we restrict
ourselves the region d > dy, we can resolve the ambiguity.
Further, if we modify the manufacturing process to place the
sensors closer to the other surface of the shell, dy approaches
0 and we can localize an applied force closer to the joint.

B. Latitudinal Location

Latitudinal location can be approximated using centroid
and peak detection as discussed by Son et al. [28]. Only
one point contact force is assumed in this method. Figure
12 (A) shows a cross sectional view of the finger with four
strain sensors and an applied contact force indicated, and
figure 12 (B) shows its corresponding sensor signal outputs.
The two sensors closest to the force location will experience
positive strains (positive sensor output), and the other two
sensors negative strains (negative sensor output), regardless
of the longitudinal location of the force, if d > dy. 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, we can find the
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Fig. 11.  Strain ratio of sensor A to B (ea/ep) for several locations of
force application along the length of the finger

angular orientation 6 of the contact force:
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for i = 1,2,3,4, where S, = S; — min{S1, S2, 53,54},
¢1 =« and ¢p = @1 + 3, for k = 2,3,4 (if ¢ > 2m,
oK = ¢ — 27), S; is the output signal from sensor ¢, and «
is the clockwise angle between sensor 1 and the sensor with
the minimum output signal value.

This method produced errors less than 2°, corresponding
to less than 0.5 mm on the perimeter, and an offset of 1.5°
in the FEM simulation. However, experimental data gave
an offset of approximately 5°, likely due to manufacturing
tolerances in the placement of the sensors.
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Fig. 12.  (A) Top view of the prototype showing embedded sensors and
force application (B) Plot of sensor signal outputs
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VI. IFOS FBG SENSOR INTERROGATOR

In the tests for this paper, the FBG sensors were interro-
gated by a new version of the I-Sense™ FBG interrogator
developed by IFOS. The approach is based on a parallel
photonic processing architecture which has the near-term
potential to combine high channel counts (> 100 sensors on
a single fiber), high resolution (sub-microstrain), and high
speed (> 5 kHz) with miniaturized footprint. These features
will become increasingly attractive as we seek to increase the
sensor number and response speed of our robot system. The
ultimate goal is to have the interrogator integrated into the
robotic structure as a part of a monitor and control system.

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 wavelength
shift and thus the strain applied to that FBG. Interrogators
can be tunable (examining each FBG sequentially) or parallel
processing in nature - the latter approach, which forms the
basis of the IFOS system, has advantages in terms of speed
particularly when dealing with many sensors.

The optical interrogator combines (a) optical signal pro-
cessing (broadband light source, optical circulator, passive
photonic parallel processing chip and photo-detector array)
with (b) post-detection electronics, and (c) control and
monitoring subsystems as shown in Figure 13. Operation
is as follows. The broadband source sends light through
the optical circulator to an array of FBGs, each of which
reflects a different Bragg wavelength. The reflected light is
then returned through the optical circulator to the photonic
processor which both demultiplexes the light and provides
the basis for a ratiometric approach to measuring each of the
returned wavelengths through conversion to different signals
in various outputs from the multi-channel photodetector
array. Electronics and software (or firmware) provide the
final conversion of the arrayed signals to wavelength and

Coupler
Inpul_ Outpu_t Input Lens Prism Lens Output
Waveguide Waveguide  Waveguide Waveguide
Fig. 14. Schematic representation of the phased-array demultiplexer: (A)

Photonic integrated waveguide circuit, (B) Equivalent optical circuit

Functional diagram (not-to-scale) of FBG interrogator based on a photonic parallel spectral processor which simultaneously processes signals

eventually the strain to which each FBG is subjected.

Optical integration is a central technology to achieving
substantial cost and size reductions for future integration.
The parallel photonic processor is based on Planar Lightwave
Circuit (PLC) and phased-array technology (Figure 14) to
separate and measure the strain-dependent wavelengths re-
flected by each of the multiplexed FBGs. IFOS has a pending
patent in this area.

VII. CONCLUSIONS AND FUTURE WORK

This article has described the development of an exoskele-
tal force sensing robot finger using embedded FBG optical
sensors. A rapid prototyping process, shape deposition man-
ufacturing [31], was modified to support the fabrication of
hollow, plastic mesh structures with embedded components.
The fiber optic sensors were embedded near the base of a
cylindrical shell with hexagonal elements for high sensitivity
to imposed loads. The resulting structure is light weight
and rugged. In initial experiments, the sensorized structure
demonstrated measurement of forces of 0.01 N at frequencies
of an order of 20 Hz. With more precise location of the
sensors, higher sensitivities should be possible in the future.
We also note that any frequency limit is provided by the
mechanical finger system, not the interrogator which can
measure dynamic strains to 5 kHz.

A copper mesh embedded in the structure reduces the
amount of viscoelastic creep and provides thermal shielding.
A single FBG temperature compensation 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
produce noticeable transient signals. This effect can be
reduced in the future by using a larger number of sensors and
locating thermal compensation sensors near the exterior of
the structure, where they undergo the same transient thermal
strains as the other sensors.

Tests were also conducted to investigate the ability to
localize contact forces. Although the ability to localize forces
with just four exterior sensors is limited, the results show
that the mesh does respond globally to point contacts in
a predictable way. With a larger number of sensors, more
accurate contact localization will be possible. Increasing
the total number of sensors is relatively straightforward as
multiple FBG sensors can be located along each fiber with
optical multiplexing.



In parallel to the sensorized finger development, the IFOS
team has been developing versions of their interrogator that
support a much larger number of sensors and are smaller
with higher resolution and long-term stability - in fact future
versions are expected to support hundreds of sensors and
be sensitive to acoustic and ultrasonic waves. There will
remain considerable challenge in processing the data from
such systems, but in the long-term such capabilities promise
to take robotics far beyond its present sensor-impoverished
state.

Furthermore, while the present paper has focused on
single-axis FBG strain and temperature sensors in single-core
glass fiber sensors, as the technology evolves, we foresee,
for example, the potential in robotics for bend sensors based
on multi-core fiber supporting FBGs, as well as the use of
polymer optical fiber Bragg grating [14] sensors in flexible
robotic skins, and eventually a multiplicity of multiplexed
physical [7], [9], [10] and chemical [8] fiber-optic sensors.
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