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Abstract— To continuously improve robotic grasping, we are 

interested in developing a contactless fingertip-mounted sensor 

for near-distance ranging and material sensing. Previously, we 

demonstrated a dual-modal and dual sensing mechanisms 

(DMDSM) pretouch sensor prototype based on pulse-echo 

ultrasound and optoacoustics. However, the complex system, 

the bulky and expensive pulser-receiver, and the 

omni-directionally sensitive microphone block the sensor from 

practical applications in real robotic fingers. To address these 

issues, we report the second generation (G2) DMDSM sensor 

without the pulser-receiver and microphone, which is made 

possible by redesigning the ultrasound transmitter and receiver 

to gain much wider acoustic bandwidth. To verify our design, a 

prototype of the G2 DMDSM sensor has been fabricated and 

tested. The testing results show that the G2 DMDSM sensor can 

achieve better ranging and similar material/structure sensing 

performance, but with much-simplified configuration and 

operation. The primary results indicate that the G2 DMDSM 

sensor could provide a promising solution for fingertip 

pretouch sensing in robotic grasping.  

 

I. INTRODUCTION AND RELATED WORK 

Robust grasping of unknown objects is a grand challenge 
in robotics [1] [2]. When robots move from industry floors to 
a wide range of domestic applications, the prior knowledge of 
targeted objects is often not available which makes it 
impossible to use sensor-less grasping [3] [4]. Sensor-based 
approaches are expected to provide object relative pose and 
material/structure information. Ideally, assisted by the 
near-distance (e.g. < 0.5 cm) ranging, robotic fingers can 
adjust grasping plan dynamically by responding to subtle 
changes in object pose right before the grasping contact. 
Moreover, sensors should provide the material-type and 
interior structure information which can help planner better 
anticipate the force distribution, impact characteristics, and 
friction coefficients to form a more robust grasping plan. 
Unfortunately, to a large degree, current sensors cannot 
satisfy these requirements. Existing sensors, such as cameras 
and laser range finders, suffer from the occlusion caused by 
closing-in robotic grippers [5] or having a near-range blind 
zone [6] [7] [8] [9]. Tactile [10] [11] and force sensors [12] 
require physical contact with the target object. The contact 
may change object poses, damage the grasping target, or lead 
to slow grasping or a complete failure. Therefore, a 
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contactless sensing solution is more desirable. Recent 
development of proximity/pre-touch sensors based on optical, 
electric-field, and ultrasound signals have made great 
progress, but still suffer from significant limitations from 
their sensing modalities and/or limited target materials. For 
example, electric-field sensors are challenged by targets with 
dielectric constants close to that of air [13] [14] [15] [16]. 
Optical pre-touch sensors lack lateral resolution and cannot 
handle optically-transparent or highly-reflective targets [17] 
[18] [19] [20]. Ultrasound-based sensors fail on sound 
absorbing or reflective materials [21] [22] [23] [24]. 

Previously, we demonstrated a dual-modal and dual 
sensing mechanisms (DMDSM) pretouch sensor for both 
near-distance ranging and material/interior structure sensing 
based on pulse-echo ultrasound and optoacoustics [25]. 
Pulse-echo ultrasound utilizes the transmitted and reflected 
acoustic signals to interrogate target distance and 
material/structure. Optoacoustics relies on the optoacoustic 
signals directly generated from the target upon laser 
excitation. In both modalities, the temporal delay of signals is 
used to determine the target-sensor distance for ranging, 
while their frequency spectra are used to extract distinctive 
features for classifying the target materials or (inner) 
structures. Although the DMDSM sensor worked well as a 
prototype for the initial demonstration, several issues still 
remain in its design and operation, which could limit its 
performance and functionalities in real grasping applications 
(Fig. 1(a)). First, it consists of two transmitters and two 
receivers for handling the low- and high-frequency acoustic 
signals, respectively, which make the sensor construction and 
more importantly, the operation rather complex. Second, as 
the low-frequency acoustic receiver, the microphone has a 
wide reception angle and is sensitive to ambient noise in the 
surrounding environment. Although the environmental noise 
may be canceled by adding a second microphone, it will make 
the DMDSM sensor even more complex. Third, the 
pulser-receiver generates high-voltage electric pulses, which 
could make the DMDSM sensor unsafe to work in flammable 
or explosive environments. In addition, one pulser-receiver 
unit, which is bulky and expensive, can only interface with 
one DMDSM sensor, making it impractical to build and 
operate multiple sensors simultaneously.  

To address these issues, we report the second generation 
(G2) DMDSM sensor with a much-simplified design and 
operation procedure (Fig. 1(b)). As the major innovations, 
both the ultrasound transmitter and receiver are redesigned to 
significantly improve their acoustic bandwidth for the 
excitation (upon laser pulse illumination) and reception of 
both low- and high-frequency acoustic signals. As a result, 
both ranging and material/structure sensing can be achieved 
with a single transmitter and receiver, and also makes the 
microphone and pulser-receiver unnecessary. For 
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demonstration, a prototype G2 DMDSM sensor is designed, 
fabricated, and tested. The testing results show that the G2 
DMDSM sensor can achieve better ranging and similar 
material/structure sensing performances compared with the 
G1 sensor [25] (and older designs [26] [27]), but with reduced 
complexity, simpler operation, and higher resistance to 
environmental noise.  

 

(a) 

 

(b) 

Figure 1. The flow charts showing the working principles of (a) G1 and (b) 

G2 DMDSM sensors. HF: high-frequency; LF: low-frequency; US: 

ultrasound; OA: optoacoustic. Best viewed in color. 

II. SENSOR DESIGN, CONSTRUCTION AND TESTING 

Figure 2 shows the schematic design of the G2 DMDSM 
sensor. Different from the G1 sensor with two transmitters 
and two receivers, it consists of only one ultrasound 
transmitter and one receiver in a co-centered and co-axial 
configuration. Driven by collimated pulsed laser beams, the 
transmitter sends both low- and high-frequency ultrasound 
pulses to the target (after being reflected and focused by the 
parabolic mirror). The echo signals travelling back along the 
reverse path are collected by a ring-shaped transducer as the 
receiver. Pulse-echo ranging and material/structure sensing 
are conducted based on the time delays and frequency spectra 
of the collected echo signals, respectively. Because the 
transmitter is driven solely by the laser pulses, the 
pulser-receiver used in the G1 sensor now becomes 
unnecessary. For optoacoustic ranging/sensing, the inner part 
of the pulsed laser beam passes through the center hole of the 
ultrasound transmitter and is incident onto the target surface 
(after being reflected and focused by the parabolic mirror). 
The excited optoacoustic signals are also collected by the 
ring-shaped transducer. Their time delays and frequency 
spectra are used for optoacoustic ranging and 
material/structure sensing, respectively. 

For the G2 DMDSM sensor, one laser pulse will trigger 
the collection of both pulse-echo ultrasound and optoacoustic 
signals by the same receiver, which greatly simplifies the 
sensor operation and data acquisition. It should be noted that 
this single triggering data acquisition scheme will not cause 
the mixing of pulse-echo ultrasound and optoacoustic signals. 
This is because pulse-echo signal goes through a round trip 

(transmitter−target−receiver) with a time delay twice that of 

the optoacoustic signal after a single trip (target−receiver), 
and the difference in their time delays is much longer than 
their durations, resulting in clear separation in the time 
domain. 

 

Figure 2. Schematic design of the G2 DMDSM sensor. HF: high-frequency; 

LF: low-frequency; US: ultrasound; OA: optoacoustic. 

Without using pulser-receiver, both low- and 
high-frequency ultrasound signals for pulse-echo ultrasound 
ranging and sensing have to be generated by the optoacoustic 
ultrasound transmitter. In the G1 DMDSM sensor, the 
optoacoustic ultrasound transmitter has a transmission 

bandwidth of 0−90 kHz (from the flexural-mode vibration), 
which was designed to match the reception bandwidth of 

microphone (0−80 kHz). However, such low frequencies 
cannot provide high ranging resolution. To address this issue, 
the optoacoustic ultrasound transmitter is redesigned (Fig. 3). 
It consists of an optically-transparent acrylic supporting 
substrate and a layer of black vinyl electrical tape as the laser 
absorption layer. Both acrylic and vinyl have low Young’s 
modulus (~GPa) and high internal damping, which allows 
effective generation of wideband ultrasound signals from 
low-frequency (~kHz) flexural and high-frequency (~MHz) 
thickness modes. The acrylic substrate has a thickness of 1.6 
mm and a diameter of 9 mm. A center hole with a diameter of 
1.5 mm is opened to allow the pulsed laser to pass through for 
optoacoustic ranging and material/structure sensing.  

 

Figure 3. A zoom-in diagram of the redesigned optoacoustic ultrasound 

transmitter and ring PZT transducer under pulsed laser illumination. They 

form a co-centered and co-axial arrangement. HF: high-frequency; LF: 

low-frequency; US: ultrasound; OA: optoacoustic. 

Distinctive features about the material properties and 
sub-surface structures are more carried by the 
lower-frequency components of the acoustic spectra (up to 
10s of kHz) [28] [29] [30] [31]. However, the previous ring 
PZT (lead zirconate titanate) transducer typically operates at 
much higher MHz frequencies with a narrow bandwidth, 
which cannot effectively capture the low-frequency acoustic 
spectra needed for the target material/structure sensing. To 
address this issue, the ring PZT transducer is also redesigned 
to receive both low- and high-frequency acoustic signals for 
ranging and material/structure sensing. First, a thicker 
backing layer of epoxy is added to better damp the acoustic 
resonance of the PZT layer. Second, the inner diameter of the 
ring transducer is increased to induce multiple modes of 



  

vibration, e.g., radial (~kHz) and thickness modes (~MHz). 
With the above two improvements, the bandwidth of the 
redesigned ring PZT transducer is widened to better match 
that of the optoacoustic ultrasound transmitter. 

The collective bandwidth of the redesigned optoacoustic 
ultrasound transmitter and ring PZT transducer is 
characterized (Fig. 4(a)). A Q-switched 532nm Nd:YAG 
pulsed laser is used as the light source with a repetition rate of 
10 Hz, a pulse duration of 8 ns, and an average pulse energy 
around 2.5 mJ/pulse. The laser beam is firstly expanded by 
two lenses and then filtered by an iris with ϕ ~ 9 mm to 
illuminate the black tape layer in the optoacoustic ultrasound 
transmitter. The distance between the ring PZT transducer 
and the optoacoustic ultrasound transmitter is around 2 cm. A 
photo detector is used to detect the laser pulse and generate a 
trigger signal to synchronize the data acquisition. The 
received signals are amplified by a preamplifier and recorded 
by an oscilloscope. A representative waveform and its 
frequency spectrum received by the ring PZT transducer are 
shown in Figs. 4(b) and 4(c), respectively. The time-domain 
waveform consists of two pulses due to the multiple reflection 
between the transmitter and ring PZT transducer. The 
acoustic frequency spectrum indicates the collective 
bandwidth of the redesigned transmitter and ring PZT 
transducer with center frequencies around 80 kHz, 532 kHz, 
and 728 kHz. The wideband response is superior to that of the 

G1 sensor, consisting of two isolated bands at 0−90 kHz and 

1−2 MHz. 

 

(a) 

  

(b)                                                           (c) 

Figure 4. (a) Diagram of the setup to characterize the collective bandwidth of 

the redesigned ultrasound transmitter and ring PZT transducer. 

Representative (b) waveform and (c) frequency spectrum of the received 

ultrasound signals. 

Fig. 5(a) shows the fabricated prototype of the G2 
DMDSM sensor (weight ~ 20 grams), consisting of a 
3D-printed housing (66.4 mm × 27.8 mm × 24.2 mm), a 
90-degree parabolic mirror, the redesigned wideband 
ultrasound transmitter, and ring PZT transducer. A testing 
setup is built to characterize the pulse-echo ultrasound and 
optoacoustic ranging and sensing performances of the G2 
DMDSM sensor (Fig. 2). The same pulsed laser in setup Fig. 
4(a) is used as the light source for optoacoustic excitation. 
One laser pulse initiates simultaneous optoacoustic and 
pulse-echo ultrasound data acquisition. The optoacoustic and 

ultrasound signals received by the ring PZT transducer are 
amplified by a preamplifier and then recorded by an 
oscilloscope (Fig. 5(b), 250-µs data duration). The time 
delays of the 1st optoacoustic signal, the pulse-echo 
ultrasound signal, and the 2nd optoacoustic signal (echo after a 
round trip) are around 75 µs, 150 µs, and 225 µs, respectively, 
which are long enough for isolating the real 
optoacoustic/ultrasound signals from other unwanted signals 
for ranging/sensing. 

  

 (a) 

 

(b) 

Figure 5. (a) Photograph of a fabricated protoype of the G2 DMDSM sensor. 

(b) Representative waveform of the received optoacoustic and pulse-echo 

ultrasound signals from a 6.35-mm-thick aluminum target through air. 

III. RANGING EXPERIMENT AND RESULTS 

A.  Pulse-echo Ultrasound Distance Ranging  

For pulse-echo ultrasound distance ranging, a piece of 
1-mm-thickness glass slide is firstly used as the target. The 
distance (𝑑) between the parabolic mirror and the glass slide 
is decreased from 11.0 mm to 0.5 mm with a decrement of 0.5 
mm. The measured distance vs. the real distance (𝑑) and their 
deviations are shown in Figs. 6(a) and 6(b), respectively. The 
deviation is smaller than 0.3 mm within the ultrasound focal 
zone where 𝑑 is between 4.0 mm and 7.0 mm. The same setup 
is used to quantify the lateral resolution of the pulse-echo 
ultrasound ranging, except that the glass slide target is 
replaced by a copper wire with a diameter around 0.7 mm. 
After repeating the lateral scan at different distance (𝑑) from 
3.5 mm to 7.5 mm, the ultrasound lateral resolution is 
determined by the minimal acoustic focal diameter (Fig. 6(c)), 
indicating the lateral resolution around 0.60 mm at the focal 
length 𝑑 = 5.5 mm. The measured depth of focus (DOF) is 
also around 3.0 mm where 𝑑 changes from 4.0 mm to 7.0 mm.  

  
(a)                                                      (b) 



  

  

(c) 

Figure 6. (a) Comparison between measured (in black) and real (in red) 

distances. (b) Deviation of the measured distance from the real distance. (c) 

Pulse-echo ultrasound lateral resolution of 0.60 mm determined by the 

minimal acoustic focal diameter at d=5.5 mm. 

B.  Optoacoustic Distance Ranging 

The optoacoustic distance ranging is characterized with a 
0.1-mm-diameter copper wire as the target. The distance (𝑑) 
between the parabolic mirror and the target is decreased from 
7 mm to 5 mm with a decrement of 0.5 mm. The measured 
distance vs. the real distance (𝑑) and their deviations are 
shown in Figs. 7(a) and 7(b), respectively. The deviation is 
smaller than 0.2 mm within the optoacoustic focal zone where 
𝑑 is between 5.5 mm and 6.5 mm. The same setup is used to 
quantify the optoacoustic lateral resolution, where the same 
copper wire is scanned laterally. After repeating the lateral 
scan at different distance (𝑑) from 5.0 mm to 7.0 mm, the 
optoacoustic lateral resolution is determined by the minimal 
optoacoustic focal diameter (Fig. 7(c)), indicating a lateral 
resolution ~61.7 μm at the focal point (𝑑 = 6.0 mm). The 
measured DOF is also around 1.0 mm where 𝑑 changes from 
5.5 mm to 6.5 mm. 

  
(a)                                                        (b) 

 

(c) 

Figure 7. (a) Comparison between the measured (in black) and the real (in 

red) distances. (b) Deviation of the measured distance from the real distance. 

(c) Optoacoustic lateral resolution of 61.7 μm determined by the minimal 

optoacoustic focal diameter at d = 6.0 mm. 

Table 1 lists and compares the distance ranging 
performances of the G1 and G2 DMDSM sensors. For 
pulse-echo ultrasound ranging, both the working range (i.e., 

DOF) and the lateral resolution are improved. This is because 
the redesigned optoacoustic ultrasound transmitter has a fuller 
aperture than the previous transmitter (i.e., the ring PZT 
transducer), which provides higher beam quality for acoustic 
transmission. Also, the maximum deviation within the DOF is 
slightly increased, possibly due to slightly lower detection 
frequency of the ring PZT transducer. For optoacoustic 
ranging, the working range (i.e., DOF) remains the same, 
while the lateral resolution is somewhat improved. This is 
mainly due to the reduced laser pulse energy (~70 µJ vs. ~560 
µJ for the G1 sensor setup [25]). As a result, the amplitude of 
the optoacoustic signal becomes more sensitive to the lateral 
scanning position. On the other hand, the reduced laser pulse 
energy and lower detection frequency of the ring PZT 
transducer contribute to the slightly larger maximum 
deviation within the DOF.  

TABLE I. THE RANGING PERFORMANCES COMPARISION OF THE G1 AND G2 

DMDSM SENSORS  

Ranging Performances G1 Sensor [25] G2 Sensor 

Pulse-echo Max Deviation 0.24 mm 0.29 mm 

Pulse-echo DOF 2.0 mm 3.0 mm 

Pulse-echo Lateral Resolution 1.04 mm 0.60 mm 

Optoacoustic Max Deviation 0.12 mm 0.20 mm 

Optoacoustic DOF 1.0 mm 1.0 mm 

Optoacoustic Lateral Resolution 95.0 µm 61.7 µm 

IV. MATERIAL SENSING EXPERIMENT AND RESULTS 

A.  Data Acquisition and Classification 

Both the low- and high-frequency components of the 
optoacoustic and ultrasound echo signals received by the ring 
PZT transducer are used for material / sub-surface structure 
(especially the thickness) sensing. Depending on the optical 
and mechanical properties of the target, the received signals 
mainly consist of either target-induced optoacoustic signal, or 
target-reflected ultrasound echo signal, or both. This kind of 
DMDSM signals is expected to provide more distinctive 
features for the material/structure sensing. The 
material/structure differentiation has been performed with the 
same Bag-of-SFA-Symbols (BOSS) classifier [32] [33]. The 
classifier is trained to identify the different material/structure, 
where the original data set is randomly divided into the 
training and testing data with 3:1 ratio without overlapping. 
The experimental data are transformed into BOSS histograms, 
serving as feature set for classification. After 50 random trials, 
the BOSS classifier gives the confusion matrix to show the 
accuracy of classification.  

B. Material/Thickness Differentiation  

To compare the performance of the G2 DMDSM sensor 
with that of the G1 sensor, the same group of targets, 
including acrylic, aluminum block, paper, rubber, steel, and 
also aluminum sheets with different thickness are used for 
material/sub-surface structure (thickness) differentiation. The 
captured waveforms, including the optoacoustic and / or 
ultrasound signals, are similar as Fig. 5(b), which carry the 
distinctive features about the material properties and 
sub-surface structures. The representative DMDSM acoustic 
spectra are shown in Figs. 8 and 9. The confusion matrices 

given by BOSS classifier (Fig. 10) indicate 98.0% overall 

accuracy of the material differentiation and 99.5% overall 



  

accuracy of the thickness classification, which are similar 
with those obtained with the G1 sensor [25].  

    
 (a)                                                         (b) 

    
 (c)                                                          (d) 

  

(e) 

Figure 8. Representative DMDSM acoustic spectra from (a) acrylic, (b) 
aluminum block, (c) paper, (d) rubber, and (e) steel.  

    
                              (a)                                                        (b) 

   
 (c)                                                          (d) 

    
(e)                                                            (f) 

  

(g) 

Figure 9. Representative DMDSM acoustic spectra from aluminum sheets 
with different thickness. 

  

(a) 

 

(b) 

Figure 10. BOSS classifier averaged confusion matrix of (a) different 

materials and (b) aluminum sheets with different thickness. 

C. Differentiation of Challenging Targets  

To further investigate the material sensing capabilities of 
the G2 DMDSM sensor, the same eight optical and acoustic 
challenging targets (OACTs) once used to characterize the 
G1 sensor [25] are tested (Fig. 11), including four 
optically-transparent targets of glass, acrylic, PET 
(polyethylene terephthalate), PDMS (polydimethylsiloxane) 
(Figs. 11(a)-(d)) with low optoacoustic generation efficiency, 
and four dark thin/porous targets of fabric, foam, paper, 
window tint film (Figs. 11(e)-(h)) with weak acoustic 
reflection. To compensate the target thickness difference, the 
height of Z-axis stage is adjusted until the target top is at the 
focus of the parabolic mirror (Fig. 2). The representative 
DMDSM acoustic spectra from the eight targets are shown in 
Fig. 12. BOSS classifier gives the confusion matrix showing a 
97% overall accuracy for all the targets (Fig. 13), which are 
also similar with those obtained with the G1 sensor [25].  



  

    
(a)                           (b)                           (c)                          (d) 

     

(e)                           (f)                             (g)                          (h) 

Figure 11. Photos of the eight OACTs: (a)−(d) optically-transparent targets 

of glass, acrylic, PET (with contour marked by dash line), PDMS with 

thicknesses around 1.0 mm, 1.6 mm, 0.11 mm, and 1.5 mm separately, and 

(e)−(h) dark thin/porous targets of fabric, foam, paper, window tint film with 

thicknesses around 2 mm, 8 mm, 0.1 mm, 0.06 mm separately. 

       
(a)                                                         (b) 

       
   (c)                                                        (d) 

    
   (e)                                                         (f) 

    

   (g)                                                         (h) 

Figure 12. Representative DMDSM acoustic spectra from (a)−(d) 

optically-transparent targets and (e)−(h) dark thin/porous targets. 

 

Figure 13. BOSS classifier averaged confusion matrix of the eight OACTs.  

V. CONCLUSION AND FUTURE WORK 

In this paper, we demonstrate the second-generation (G2) 
fingertip-mounted DMDSM sensor for near-distance 
pulse-echo ultrasound and optoacoustic ranging and 
material/structure sensing for robotic grasping. The G2 
DMDSM sensor is much simpler and easier to operate than 
the G1 sensor, while providing improved ranging and similar 
sensing performances. These improvements make it much 
more practical to be used on a robotic hand for facilitating the 
grasping. Before mounting the sensor on a robotic hand, some 
additional work needs to be completed. First, as Table I, the 
OA and US working range (DOF) is relatively limited, which 
is expected to be enlarged for more flexible moving and 
vibration of the robotic finger. Second, laser pulses were 
directly delivered from a relatively bulky laser head in current 
setup, which is expected to be replaced by optical fibers from 
a portable light source.  

In the future, we plan to solve these challenges as well as 
test more materials and sub-surface structures to optimize the 
ranging and sensing performance. After that, we will integrate 
the sensor onto robot fingers to characterize its performance, 
develop perception algorithms, and enable real time 
close-loop grasping.  
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