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Abstract—We describe a single fingertip-mounted sensing sys-
tem for robot manipulation that provides proximity (pre-touch),
contact detection (touch), and force sensing (post-touch). The sen-
sor system consists of optical time-of-flight range measurement
modules covered in a clear elastomer. Because the elastomer
is clear, the sensor can detect and range nearby objects, as
well as measure deformations caused by objects that are in
contact with the sensor and thereby estimate the applied force.
We examine how this sensor design can be improved with
respect to invariance to object reflectivity, signal-to-noise ratio,
and continuous operation when switching between the distance
and force measurement regimes. By harnessing time-of-flight
technology and optimizing the elastomer-air boundary to control
the emitted light’s path, we develop a sensor that is able to
seamlessly transition between measuring distances of up to 50
mm and contact forces of up to 10 newtons. We demonstrate that
our sensor improves manipulation accuracy in a block unstacking
task. Thorough instructions for manufacturing the sensor from
inexpensive, commercially available components are provided, as
well as all relevant hardware design files and software sources.

I. INTRODUCTION

Endowing robots with finger tips that are sensitive to
proximity, contact, and force (PCF) provides them with sensor
feedback during critical moments of manipulation. Proximity
data helps the robot localize an object, while contact and
force data allows the robot to adjust how it is influencing
an object, such as loosening its grip, pushing forward harder,
or detecting slip. PCF sensors avoid the pitfalls of occlusion,
unintentional object displacement, and non-zero sensing range
that characterize head-mounted sensors, tactile-only sensors,
and proximity-only sensors respectively. Recognizing com-
bined PCF sensing as a relatively new concept, we focus
on developing methods to further improve its capabilities and
thereby its utility in robot manipulation.

We choose to focus on the optical sensing modality because
it produces accurate measurements over a wide range. In
particular, Patel et. al. [1] describe an innovative design for
an optical PCF sensor. They place a clear elastomer over an
optical proximity module. The ranging module can measure
the distance to a nearby object because the elastomer is clear.
To infer the force applied by an object in contact with the
sensor, the elastomer is modelled as a spring that has been
compressed by the measured distance.

While [1] considers a number of design parameters, we
explore other directions that further optimize the performance
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Fig. 1: Left: Two optical time-of-flight proximity, contact, and force sensors
with rounded elastomer-air interfaces that have been fully integrated into a
WSGS50 Weiss Gripper. Right: The robot uses the sensors to unstack blocks.

of this type of PCF sensor. First, our sensor uses time-of-
flight (in addition to intensity) of reflected infrared light to
measure distance. This allows our sensor’s proximity measure-
ments to be invariant to object surface reflectivity, which is a
drawback that [1] suffered from. Another area in which we
improve upon [1] is that their implementation operates in two
separate modes. When measuring force, an electrical current
configuration that optimizes sensitivity is used. However, when
measuring distance, the infrared light reflecting from the
elastomer-air boundary reaches the receiver and decreases
the signal to noise ratio. We hypothesize that the second
configuration that uses a greater amount of current is required
to achieve an acceptable signal to noise ratio. We avoid having
two different configurations by optimizing the elastomer-air
boundary to control the path of reflected light (Fig. 2).
In this work, we make the following contributions:

e Design of an improved PCF sensor (Fig. 1) that seam-
lessly transitions between measuring distances of up to
50 mm and contact forces of up to 10 newtons.

o Publicly available hardware sources, software sources,
and thorough instructions for fabrication of the sensor
from inexpensive, commercially available components -
which can all be found at https://bitbucket.org/opticalpct/.

o Demonstration of how the sensor can help the robot
perform the delicate task of unstacking blocks (Fig. 1).
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Fig. 2: The path of infrared light emitted by the sensor when using a rounded elastomer-air boundary. The emitter is shown in red, the receiver in blue,
the boundary in black, and a target object in green. All relevant metrics are to scale including the angle of light emission, transmitter and receiver aperture,
curvature of the boundary, and spatial relationship between the transmitter, receiver and boundary. Each grid unit is equivalent to one millimeter [2].

Left: No object is present. While most of the light transitions through the boundary, some of it reflects off of the boundary and back into the transmitter.
Middle: Object is in proximity. Right: Object makes contact and deforms the boundary.

II. RELATED WORK

Grasping, a seemingly simple manipulation task, still
presents a challenge for robots because of the difficulty
involved in perceiving the pose of the object of interest with
respect to the robot’s end effector. Often, this localization
is achieved through computer vision techniques that receive
data from a head mounted camera or depth sensor [3]-[7].
However, objects of interest can become occluded from view
by the hand. In this section, we focus on reviewing how
past works augment the robot’s perception system with finger
mounted sensors that are robust to occlusion, generate low-
dimensional data, and provide more accurate measurements
due to their closer proximity to the target.

A number of different technologies have been used to
achieve tactile sensing [8] [9]. Zhang et. al. [10] measure
forces through the deformation of optical fibers embedded
in an elastomer. Other works achieve high resolution contact
localization by considering how the path of emitted light is
altered by deformations of the sensor’s elastomer [11] [12]. By
placing a clear elastomer on top of a camera, Yamaguchi and
Atkeson [13] are able to estimate force, segment objects, and
detect slip. The utility of these types of sensors is demonstrated
in a bayesian framework developed by Petrovskaya and Khatib
[14], in which they use contact data to increasingly refine the
pose estimate of an object. One drawback of contact based
sensing is that it requires touch to detect an object, potentially
resulting in incidental displacement.

Proximity sensors operate at a range intermediate to that of
head-mounted sensors and tactile sensors. Balek and Kelley
[15] provide one of the earliest studies on how optical sensors
can be integrated into robot grippers for obstacle avoidance,
localization, and object recognition. More recent studies of
optical based sensors have explored their application to grasp-
ing [16]-[18], sensor fusion [19]-[21], slip detection [22],

and sequential manipulation [23]. Compared to other sensing
modalities, optical sensors typically provide more accurate
measurements over a wider range. However, they may fail
to detect objects that are transparent or highly specular. In
contrast, electric field sensing is relatively invariant to object
surface properties, but is only sensitive to materials that have
a dielectric constant significantly different from that of air.
Electric field sensors [24]-[28] transmit an alternating current
from one or more electrodes, and then measure how objects
affect the displacement current flowing into one or more
receive electrodes. While electric field and optical sensing
methods actively emit a signal and measure how it is distorted
or reflected, acoustic proximity sensing is a passive technique
that has not been extensively explored. The sensor consists
of a cylindrical tube with a microphone at one end. The
microphone measures the resonant frequency of the tube,
which is modulated as objects approach it [29] [30].

Koyama et.al [31] develop a pre-cursor to optical PCF
sensors. Specifically, they report a high speed, high accuracy
sensor that measures both proximity and contact, but not force.
In contrast, [1] reduces the physical footprint of the sensor
by using a ranging module that is packaged as an integrated
chip. This facilitates the creation of sensor arrays and the
ability to measure force, albeit at the cost of accuracy and
speed. In later work, they demonstrate how this sensor can be
combined with vision to achieve more robust grasping [32].
Our work is more similar to [1] in that we demonstrate the
feasibility of using a commercially available ranging module
to measure proximity, contact, and force. Our sensor uses
time of flight technology to improve its robustness to varying
object reflectivity. Also, unlike [1], our sensor does not need
to be reconfigured when switching between the distance and
force measurement regimes. By optimizing the elastomer-air
boundary, we can control the path of internally reflected light,
resulting in improved signal-to-noise ratio.
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Fig. 3: A side view of the sensor. The emitter produces a cone of photons as
illustrated in red. The receiver cone is illustrated in blue. Their intersection
forms the green viewing cone of the sensor, which defines the portion of
photons that reflect off of the gray target object and into the receiver

III. IMPROVED PROXIMITY AND FORCE SENSING

Conventional reflective optical proximity sensors are
severely affected by the surface properties of target objects
because they directly measure the intensity of received light.
Furthermore, while installing a clear elastomer over top of a
proximity sensor establishes a mechanism for measuring force,
infrared light that reflects from the elastomer-air boundary into
the receiver reduces the signal-to-noise ratio. We employ a
ranging module that can measure the time-of-flight of infrared
light to remove the effect of surface reflectivity. We also design
the geometry of the elastomer-air boundary in order to control
the path of internally reflected light. In this section, we first
characterize both the time-of-flight and the intensity outputs
of the ranging module. Then we detail the theory and practice
of how the elastomer-air boundary can be optimized to guide
internally reflected light away from the receiver.

A. Time-of-Flight Sensor Operation

Our sensor uses the STMicroelectronics VL6180X Prox-
imity Sensing Module to measure the distance travelled and
intensity of emitted infrared light. Note that for all collected
data, the calibration procedure suggested by the sensor module
manufacturer was followed. The target distance for the offset
calibration was at the top surface of the sensor, and the target
distance of the cross-talk calibration was S0mm away from the
top surface of the sensor. Fig. 3 illustrates the cone of emitted
photons and the portion of them that are reflected from the
object at distance d and back into the receiver. The half field-
of-view angle 6 is the same value for both the emission and
reception cones, causing them to have the same radius r. The
emitter and receiver are separated by a distance s.

Distance is estimated by measuring the average time that it
takes for emitted photons to reflect off of a target object and
then return to the receiver. Fig. 4 shows distance measurements
for different colored targets - dark, light and in-between shades
of red, green, and blue. The measurements are fairly linear
with respect to the true distance, and typically have an error
on the order of a few millimeters.

The sensor simultaneously provides an estimate of the
intensity of the reflected infrared light by measuring the
rate at which photons are received. This phenomenon can
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Fig. 4: The range output of the VL6180X. The color of each series corresponds
to the color of the target.
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Fig. 5: The intensity (i.e. photon flux) output of the VL6180X. The color of
each series corresponds to the color of the target. The overlaid thick, black
series is the result of fitting the derived model to the data.

be modelled by considering the geometry of the interaction
between the sensor and target object. Intensity will be directly
proportional to the ratio of the number of photons received
to the number of photons emitted. This ratio is proportional
to the ratio of the area of the object within the viewing cone
Ayiew (i.e. the intersection of the emitter and receiver cones)
to the area of the object within the emitter cone Ay,

Aview = %\/ 4r? — 52
Given that A,,;; = 7r? and r = dtan(f), we obtain:
jO( Agiew x $v/4d? tan? §—s2

emit 2  wd?tan?6

By combining constants and adding an offset term, we
obtain the following expression:
- \/ﬁ
I= m% + X
Using the same targets previously mentioned, intensity
measurements and a fitted model are shown in Fig. 5. We
observe that the data fits the derived functional form above.



Fig. 6: Left: Flat configuration. Middle: Blocker configuration Right: Circular arc configuration. The path of emitted light rays for each of the examined
elastomer-air boundary configurations. Note that only reflected rays are shown, refracted rays are omitted for clarity. The emitter is shown in red, the receiver
in blue, the boundary in black, and the blocker in brown. All relevant metrics are to scale including the angle of light emission, transmitter and receiver
aperture, curvature of the boundary, and spatial relationship between the transmitter, receiver, and boundary. Each grid unit is equivalent to one millimeter [2].
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Fig. 7: Left: Case for mounting sensor to Weiss gripper. Middle: Portion of
mold that forms the circular arc elastomer-air boundary. Right: The assembled
mold. Transparent planes correspond to pieces of acrylic.

B. Elastomer-Air Boundary Optimization

If not treated carefully, light reflecting from the elastomer-
air boundary will become a source of interference. Fig. 6
illustrates this effect when a naiive flat geometry is used.
One solution to prevent infrared light from reaching the
receiver is to simply make the distance between the sensor
and the boundary smaller. However, doing so would lead to
insensitivity in the force regime because no light would be
able to reach the receiver. Fig. 6 presents two other possible
solutions. First, one could place a physical blocker between
the emitter and receiver. Alternatively, the geometry of the
boundary could be shaped into a circular arc to reflect light
back into the transmitter, and therefore away from the receiver.
In order to best focus the reflected light into the transmitter,
the transmitter should be placed at the focus of the circular arc,
i.e. one radius away from the boundary. This distance d defines
the thickness of the elastomer. The remainder of this section
will detail the fabrication of the circular arc configuration.

Our sensor is fabricated by first 3D printing a case that
can be mounted to the WSG-50 Weiss gripper. We place the
case and electronics into a mold as shown in Fig. 7. Note that
we print the mold such that its main axis is vertical so that
the circular geometry is not limited by the layer height. The
thickness d of the elastomer should be chosen to correspond
to the operation region in which the ranging module is most
sensitive. We found that a thickness of 17.75 millimeters works
well for both the flat and circular arc geometries. We increase
the thickness for the blocker configuration to approximately
23.5 milimeters so that light can still reach the receiver when
the boundary is deformed. The elastomer is formed by pouring
polydimethylsiloxane (PDMS) into the top of the mold. We use
a mixing ratio of 30:1 to achieve a low Young’s modulus, i.e.
an elastomer that is more easily compressed by applied force.

Achieving an elastomer-air boundary that is optically clear
is paramount to maintaining a high signal-to-noise ratio in the
proximity ranging regime. This requires that the part of the
mold that determines the boundary be smooth. The flat con-
figuration, blocker configuration, and the implementation from
[1] use a flat piece of acrylic for this part of the mold to achieve
an optically clear boundary. However, when the elastomer-air
boundary requires a curved geometry, obtaining optical clarity
in an inexpensive way is more difficult. Simply 3D printing
this section of the mold will produce unsatisfactory results
because its layer-wise nature will cause unsmoothness. This
is demonstrated in [33], in which the work of [1] is adapted
for a Kinova gripper. The resulting elastomer-air boundary is
opaque compared to the original implementation.

To manufacture an optically clear rounded elastomer-air
boundary, we apply a number of post-processing steps after
3D printing the mold. We apply Smooth-On XTC3D Epoxy
to this portion of the mold. Specifically, we apply two coats
of the epoxy to the mold, sand it with 400 grit sandpaper, and
then apply one more coat of epoxy. The resulting surface is
sufficiently smooth to produce an optically clear boundary.
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Fig. 8: (a) Output of VL6180X sensor (no elastomer). (b) Output of flat configuration. (¢) Output of blocker configuration. (d) Output of rounded configuration.
Range (upper row) and intensity (lower row) outputs for each configuration in the proximity regime. The zero point corresponds to the point at which an
object makes contact with the sensor. The color of each series corresponds to the color of the target.

IV. EXPERIMENTS

We compare the performance of the flat, blocker, and
circular-arc configurations in both the proximity and force
measurement regimes. As shown in Fig. 10, the experimental
setup consists of the sensor mounted to one finger of the Weiss
hand, while the Weiss Force Measurement Finger (FMF) is
mounted to the other. Different colored targets are attached to
the plane of the FMF finger in order to measure the sensor’s
sensitivity to surface reflectance. The targets include dark, light
(17% and 85% lightness in the HLS color space respectively),
and in between shades of red, green, and blue. Ground truth
distance is provided by the hand’s motor encoder, which has a
resolution of 0.1 mm. The FMF finger provides ground truth
forces with plus or minus three percent accuracy.

A. Proximity Sensing

We first analyze the performance of all three configurations
in the proximity regime. Fig 8(a) illustrates the performance of
the sensor when it is not covered by elastomer. This represents
the best performance that we could hope to achieve because
placing elastomer on top of the sensor will only degrade the
emitted signal and cause interference. In Fig. 8(b), we can see
that the flat configuration sensor’s range output is highly non-
linear and influenced by surface reflectivity, and its intensity
output has less dynamic range. In Fig. 8(c), the blocker
configuration’s range output has accurate, linear behavior
throughout most if its range, but becomes non-linear in the
region approximately one centimeter before contact. Also, its
intensity output is relatively flat. The rounded configuration
in Fig. 8(d) is also linear and accurate up until the four to
five centimeter range at which darker colors result in less than
linear behavior. Furthermore, its intensity measurements are
comparable to that of the elastomerless configuration. The
data suggest that of the three configurations, the rounded

Fig. 10: The Weiss Force Measurement Finger attached to the left finger of
the Weiss hand and the sensor with rounded configuration attached to the
right finger. The sensor’s outputs are measured as the gripper width is varied.

configuration performs best. In particular, this configuration
is preferable to the blocker configuration because it is more
likely that accurate range measurements will be required just
prior to contact rather than when objects are far away.

B. Contact Detection

To detect contact, we focus on the range output shown in
Fig. 9. All three configurations generally decrease as the sensor
transitions from the pre-contact regime to the post-contact
regime. This decrease in the range output is most dramatic
and the least noisy for the circular-arc configuration. The flat
configuration also has the potential to detect contact well based
on the intensity data shown in Fig. 9(a). However, it may be
limited by the intensity output’s sensitivity to target reflectivity.

C. Force Sensing

As shown in Fig. 9, the range output for all of the
configurations is relatively flat and/or noisy throughout the
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Fig. 11: Green indicates that the robot successfully unstacked all of the blocks
at the corresponding position with the specified method. Red indicates failure,
where darker shades indicate that fewer blocks were successfully unstacked.
One block width is one inch. Each stack consists of eight blocks.

force regime. Therefore, force measurements will primarily
be derived from the intensity output. The intensity values for
the flat (Fig. 9(a)) and blocker (Fig. 9(b)) configurations are
both flat. In contrast, the circular arc configuration (Fig. 9(c))
monotonically decreases as more force is applied. We also
observe that its sensitivity depends on the reflectivity of the
target, where less reflective targets result in greater sensation.

D. Grasping Evaluation

After finding that the sensor with a rounded elastomer-air
boundary is the best performing configuration in both the
proximity and force regimes, we demonstrate its utility for
robots operating in uncertain environments. The robot must
deconstruct a stack of eight one-inch cubes that has been offset
from its expected location. As shown in Fig. 11, we examine
how the robot performs both with and without using sensor
feedback with the stack placed at various horizontal offsets.
Here, it is assumed that the robot knows the size of the cube.
When not using sensor feedback, the robot’s performance

degrades as the offset grows, with the most typical failure
being one finger pushing a block off of the stack before the
other finger can make contact. By using the sensors mounted
to its gripper as shown in Fig. 1, the robot can servo its gripper
to be centered around the block and robustly unstack it. For
each cube, the robot executes a pregrasp in which the stack
is between its fingers, and then adjusts the pregrasp based on
the range outputs of the two fingers. Specifically, the smaller
of the two fingers’ measurements is used to adjust the gripper
so that the corresponding finger is a target distance away from
the cube (where the target distance is the distance that would
center the gripper around the cube). The robot then adjusts the
width of its gripper to be slightly less than the dimension of
the cube in order to grasp and remove it from the stack.

V. DISCUSSION

One limitation of the sensor is that some measure of the
reflectivity of the target must be known in order to correlate
an intensity measurement with an observed force. In future
work, we intend to characterize the surface reflectivity of the
target in the proximity regime, and then use this information
in the force regime to make accurate force measurements. The
robot could first measure the object at some distance to obtain
a range measurement and an intensity measurement. Based on
the data in Fig. 8, we believe that this pair of data is sufficiently
discriminative to characterize the target’s surface properties.
Using this information, the sensor can lookup the force that
corresponds to a measured intensity value once the target has
made contact. With this capability, future work will focus on
how this sensor allows the robot to carefully position its end
effector before using force control to manipulate an object.
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