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Abstract – The robot proximity and tactile sensors can be categorized into two groups: grip sensors 
and safety sensors. They have different performance requirements. The safety sensor should have long 
proximity range and fast response in order to secure enough response time before colliding with 
ambient objects. As for the tactile sensing function, the safety sensor need to be fast and compliant to 
mitigate the impact from a collision. In order to meet these requirements, we proposed and 
demonstrated a compliant integrated safety sensor suitable to human-friendly robots. An ultrasonic 
proximity sensor and a piezoelectric tactile sensor made of PVDF films have been integrated in a 
compliant PDMS structure. The implemented sensor demonstrated the maximum proximity range of 
35 cm. The directional tolerance for 30 cm detection range was about ±15° from the normal axis. The 
integrated PVDF tactile sensor was able to detect various impacts of up to 20 N in a controlled 
experimental setup. 
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1. Introduction 
 
In recent years, interests in robot research have been 

moving towards human-friendly robots. Human-friendly 
robots are assumed to share the same workspace and 
interact with humans. Therefore, safety of interaction 
between them is as important as performance of the robots 
is [1]. The performance of the human-friendly robots 
often means the performance of gripping target objects. 
On the other hand, the safety of the interaction mostly 
means avoiding collisions between robots in action and 
surrounding objects and minimizing the impact if a 
collision occurs. The major sensor systems for the human-
robot interaction except vision systems are proximity and 
tactile sensors. Hence, various proximity sensors [2-6] and 
tactile sensors [7-12] have been reported for either the grip 
performance or the safety of interaction. 

In recent years, integrated sensors functioning as both 
proximity and tactile sensors have been explored as an 
effort to save cost and space [13-16]. Göger et al reported a 
capacitive tactile sensor module that is capable of sensing 
proximity in combination with another module in the 
different operational mode [13, 14]. They employed a 
polymer foam between electrode layers as a deformable 
dielectric to sense the tactile pressure. The top electrode of 
their sensor operates in two different modes: generating or 
receiving electromagnetic waves. The proximity of objects 
can be detected by electric fields between modules in 

different modes. In another work, Konstantinova et al 
employed fiber optics to implement both tactile and 
proximity sensors in a fingertip of a robot [15]. A light-
emitting fiber tip and a receiving fiber tip were installed to 
face an elastomer layer which makes a contact with an 
object. The intensity of the reflected light from a surface of 
the elastomer provides the contact information. Another set 
of fiber tips without a soft reflector were used for the 
proximity sensing. The light reflected directly from the 
approaching object is detected through a receiving fiber. 

Our group also has reported an integrated sensor that 
is small and thin enough to be installed on a robot finger 
[16]. A 16 by 16 capacitive tactile sensor array with 1 
mm special resolution was realized in a 1 mm thick 
polydimethylsiloxane (PDMS) sheet. It measures the 
proximity by taking advantage of the top electrode array 
deployed for the tactile sensors. However, our previous 
sensor was not adequate for the safety sensor because of 
the relatively short proximity range and the susceptibility 
to the characteristics of approaching objects. Therefore, 
in this work, we devised a new compliant ultrasonic 
proximity sensor to achieve longer proximity range over 30 
cm with less susceptibility to the characteristics of the 
objects integrated with a tactile sensing capability, which is 
suitable to the safe interaction between humans and robots. 

 
 

2. Sensor Design and Implementation 
 

2.1 Sensor design 
 
Fig. 1 describes a scenario of a robot arm which is about 

to grip an object of an irregular shape while avoiding 
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collision with a tall cup as an ambient object. Two kinds of 
sensors are involved in this scenario. One is the grip sensor 
for hands and the other is the safety sensor for arms. Both 
sensors should have proximity and tactile sensing functions. 
The role of the grip sensor in proximity mode is to make 
the robot fingers touch the irregular surface simultaneously 
for a stable grip by keeping the distances between the 
fingers and the surface same as described in [5]. The tactile 
sensing function of the grip sensor provides contact force 
to enable fine manipulation of objects. The role of the 
safety sensor is to provide distance information to the cup 
quickly in order for the robot to avoid a collision in the 
proximity mode and the contact force to reduce the impact 
from the collision in the tactile mode when it occurs. The 
grip sensors are mostly installed in the fingers while the 
safety sensors are usually placed in the arms as depicted in 
the figure. 

The requirements for each sensor in the scenario are also 
different. The requirements for the grip sensor are small 
size and high resolution for both proximity and tactile 
sensing modes. However, the requirements for the safety 
sensors in proximity mode are long range and fast response 
in order to secure enough response time before a collision 
with ambient objects. The response also should not be 
affected severely by the size and the material of 
approaching objects. In tactile mode, the safety sensor 
should be fast and compliant to mitigate the potential 
damage from impact. It does not need to have high special 
resolution as the grip sensor does. 

The performance of our previous sensor does not meet 
the requirements for the safety sensor [16]. Therefore, we 
proposed a compliant safety sensor design to meet those 
requirements in this work. The sensor is made of PDMS 
with embedded polyvinylidene fluoride (PVDF) films to 
form an ultrasonic proximity sensor and a piezoelectric 
tactile sensor together in a single module. The ultrasonic 
proximity sensors are able to detect an approaching object 

at a few tens of centimeters and fast enough to secure 
some time for a robot to respond. The piezoelectric tactile 
sensors also have fast response owing to its capacitive 
nature. The sensor design is illustrated in Fig. 2. It consists 
of three PDMS and three PVDF layers with electrodes 
coated on both sides. Two PVDF layers deployed in a 
cylindrical shape on a hard PDMS layer work as an 
ultrasonic transmitter and a receiver, respectively. We 
separated the transmitter and the receiver not to lose the 
reflected sound from close objects. The distance between 
the transmitter and the receiver is 6 mm. The window for 
the soundwave is 10 mm by 25 mm. The top PVDF layer is 
deployed on top of the soft PDMS layer functioning as a 
tactile sensor. When a collision occurs, the soft PDMS 
deforms and the PVDF tactile sensor produces electric 
charges due to the piezoelectricity of the film.  

 
2.2 Sensor fabrication and system implementation 

 
We used a 26 μm-thick commercial PVDF film from 

Precision Acoustics, UK. It has piezoelectric coefficients of 
-6 pC/N at d31 and -32 pC/N at d33. The PDMS layers were 
fabricated by mixing a liquid PDMS from Dow Corning, 
CA, USA with a curing agent and curing them in a mold. 
The hardness of the cured layer was controlled by the 
mixing ratio. The mixing ratios for the hard and soft 
PDMS layers were 1:2 and 1:10 in weight, respectively. 
The PDMS layers were bonded chemically with PVDF 
layers embedded in between after oxygen plasma treatment 
of PDMS surfaces. Fig. 3(a) shows the fabricated proximity 
sensor. Three pairs of interconnection lines dedicated for 
the transmitter, the receiver, and the tactile sensor run out 
of the fabricated sensor.  

 
Fig. 1. A robot arm gripping an irregular object while 

avoiding collision with the cup by using safety 
sensors 

 
(a) 

 
(b) 

Fig. 2. (a) The three dimensional sensor structure and (b) 
its cross-section 
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(a) 

 
(b) 

Fig. 3. (a) The fabricated piezoelectric safety sensor using 
PVDF films and PDMS structure and (b) the control 
system 

 
Fig. 3(b) displays a photograph of the implemented 

system. The control board in the figure receives a trigger 
signal from the robot central system, drives the ultrasonic 
transmitter, detect the reflected ultrasound, and generates 
timing signal with which the distance of the object is 
calculated. The range indicator emulates the robot central 
system and display the calculated distance to the detected 
object. The control board also amplifies the tactile signal 
from the contact and transfer it to the robot central system. 

 
2.3 System operation 

 
Fig. 4 describes the proximity and tactile operation of 

the control board. The field programmable gate array 
(FPGA) chip in Fig. 4(a) has been programmed to 
conduct all the required digital functions such as timing, 
computation, and comparison. When the robot central 
system issues a trigger signal to the board, the FPGA chip 
generates a burst of five pulses separated by 25 μsec which 
corresponds to 40 kHz frequency. Then, the high voltage 
circuit amplifies the pulses to ± 50 V to drive the PVDF 
transmitter. The reflected soundwave is converted to the 
voltage signal through the receiver, amplified by a low 
noise amplifier (LNA), and then compared with the 
internal threshold level after converted to a digital signal 
by an analog to digital converter (ADC). If the reflected 
signal is larger than the internal threshold, the FPGA 
generates a timing signal with which the robot central 
system calculates the distance to the detected object. The 
update rate of the proximity information is 10 msec. The 
resolution of the proximity sensing which is determined by 
the sampling rate (1 MHz) of the ADC is 0.17 mm. 

The operation of the tactile sensor is much simpler than 
the proximity sensor because it does not require timing 
function. A tactile amplifier shown in Fig. 4(b) monitors 
the voltage across the PVDF tactile sensor. When an 
impact occurs, the PVDF tactile sensor deforms and a 
voltage appears across the film due to the change of surface 
charges. The voltage is amplified by the ratio of the 
feedback capacitance to the capacitance of the PVDF film 
(-C/Cf) to produce the output voltage. Since the stored 
charges in Cf dissipate through the feedback resistor R, the 
tactile sensor cannot keep the output voltage from a static 
pressure. This is a typical characteristic of piezoelectric 
sensors. Notwithstanding, this is not an issue for the safety 
sensor application to detect a collision because it is not a 
static event. Actually, this characteristic even resembles 
that of human skin. The values of feedback components 
were R=10 kΩ and Cf = 100 nF, respectively. The update 
rate of the tactile information is 10 msec. 

 
 

3. Experimental Results and Discussions 
 

3.1 Proximity detection 
 
Fig. 5 shows the amplified waveform from the receiver 

(a) 

 
(b) 

Fig. 4. (a) Functional blocks in the implemented control 
board and the operation for the proximity detection; 
(b) the schematic of the tactile amplifier in the 
control board 
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and the timing signal generated by comparison between the 
waveform amplitude and the preset threshold in a single 
screen. The full horizontal scale is 2 msec. The full vertical 
scale for the reflected signal and the timing signal are 800 
mV and 8 V, respectively. Fig. 5(a) displays a typical signal 
pattern produced by the receiver. Large pulses were 
observed at the beginning of the acquisition due to the 
interference from the transmitter. This is because the 
transmitter and the receiver are deployed in a close position 
and connected mechanically through PDMS layers as 
shown in Fig. 2. Other small interferences were also 
observed throughout the acquisition. They are likely to be 
caused by the multiple interference paths between the 

transmitter and the receiver. We also found that the 
reflected waveform is longer than expected. Since the 
driving signal had five pulses, the reflected signal should 
have the same number of pulses. However, it showed more 
than five pulses as noticed in Fig. 5. It is probable that the 
soundwave emitted from the backside (concave side) of the 
transmitter was reflected at the hard PDMS layer and then 
superposed on the wave emitted from the front side 
(convex side). In order to solve the problems mentioned 
above, we need to adopt an acoustic insulator and optimize 
the design of the PDMS structure through sophisticated 
acoustic simulations. These will be our next step of the 
development.  

The maximum and minimum detection range were 35 cm 
and 5 cm at normal direction to the surface, respectively. 
The maximum detection range is determined by the 
magnitude of unwanted interferences mentioned earlier. 
The minimum detection range was limited to 5 cm due to 
the large interference from the transmitter at the beginning 
of the acquisition. Fig. 6 shows the maximum detection 
range with respect to the approaching direction of an object. 
The directional tolerance for 30 cm detection range was 
about ±15 °.  

We tested different objects such as a metal, a plastic, a 
bare hand, and a hand with a woolen glove. The measured 
distance of the tested objects did not show significant 
difference among the objects. On the other hand, the 
magnitude of reflected signal was affected by the softness 
of the material. Therefore, the maximum detection range 
for each material is different. Even though there is some 
susceptibility to the softness, the maximum detection range 
was over 35 cm. We summarized the characteristics of the 
proximity sensors integrated with the tactile sensing 
function for robot applications in Table 1.  

 

 
(a) 

 
(b) 

Fig. 5. (a) A signal waveform from the receiver after LNA 
displayed with the timing signal and (b) signals 
with varying distance to the approaching object 

Table 1. Characteristics of the proximity sensors integrated with tactile sensing functions for robot applications 

References Sensing method Max. detection 
range Sensor area Flexibility / 

Compliant surface 
Susceptibility to the 

characteristics of objects 
[13], [14] Capacitive 30 cm (hand) 40 x 40 mm2 N / Y High 

[15] Optical 2 cm 16.5 x 16.5 mm2 N / N High 
[16] Capacitive 17 cm (hand) 22 x 22 mm2 Y / Y High 

This work Ultrasonic (time of flight) 35 cm (hand) 40 x 40 mm2 Y /Y Low 

 
Fig. 6. Maximum detection range with respect to the angles 

from the normal axis to the sensor 
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Fig. 7. Responses of the PVDF tactile sensor with respect 
to the various impact forces 

 
3.2 Tactile sensing 

 
The tactile sensor was tested in a controlled situation 

where simulated impacts were applied by a motorized z-
stage with a force gauge attached to it, which has been 
used for this project [7]. The output responses of the 
tactile sensor from various impacts shown in Fig. 7 were 
monitored with an oscilloscope while a 10 mm diameter tip 
of the force gauge was pushing and releasing the surface of 
the sensor body. The noise floor of the amplified output 
was 1 mVpp. Forces from 0.1 N up to 20 N were applied to 
the surface of the sensor with the tip. In a real situation, it 
is difficult to infer an applied force from a colliding object 
quantitatively unless the detailed information of the 
contact surface is known in our current design. This 
problem will be solved by implementing an array of tactile 
sensors with the formation of multiple electrodes on one 
surface of the PVDF film in the next stage of the 
development.  

 
3.3 Discussions for further improvements 

 
As we mentioned in the previous sections, the design of 

our first prototype requires improvements. The design 
should be optimized to minimize the interference from the 
transmitter to the receiver. In addition to this, the two 
PVDF layers can be integrated into one by patterning 
multiple electrodes on a PVDF films to reduce the 
thickness of the whole structure. The sensitivity of tactile 
sensing can also be improved by forming PDMS layers 
with micro structures. These improvements will be made in 
our second round of the research. We are also planning to 
equip a setup to test the dynamic response of the tactile 
sensing mode of our sensor. 

4. Conclusions 
 
In this report, we proposed and demonstrated our first 

prototype of the compliant integrated safety sensor 
designed for robot applications. An ultrasonic proximity 
sensor and piezoelectric tactile sensor were implemented in 
a compliant PDMS body with PVDF films embedded. The 
sensor demonstrated the maximum proximity range of 35 
cm. The directional tolerance assuring 30 cm detection 
range was about ±15 ° from the normal axis. The integrated 
PVDF tactile sensor could detect the various impacts 
induced by an object in a controlled experimental setup. 
Through further improvements, the proposed sensor could 
contribute to the realization of safe human friendly robots 
in the future as a safety sensor. 
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