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time. The pressing point is electronically updated by an ultrasound 
phased array described below. 

Noncontact pressurization is achieved by ultrasound acoustic 
radiation pressure [8][9]. The acoustic radiation pressure is non-
zero bias of sound pressure proportioned to the sound energy. In 
the case of obliquely incident at an angle of �� to an object surface 
from air, magnitude of the acoustic radiation pressure P is 
represented as 

P = 2E cos2�� ���s��
where E is the acoustic energy density on the surface [10]. The 
acoustic energy density is proportional to the squared sound 
amplitude, and it is possible to press an object surface stationarily 
from a remote position. As a different point from air flow pressing, 
it is easy to press a small spot area on an object surface by using 
an ultrasound phased array. 

An airborne ultrasound phased array [11] is used for generating 
converging ultrasound beam whose focal point is set at an object 
surface for pressurization. The ultrasound amplitude at the focal 
point is a summation of the amplitudes from all transducers on the 
phased array. Thus large acoustic radiation pressure occurs at the 
focal point according to Eq. (1). Due to the sufficiently large array 
aperture size, the focal diameter is comparable to the ultrasound 
wave length at a point around the phased array. The pressing point 
can be updated rapidly along an object surface. The updating time 
of the focal position is determined by control system performance. 
The actual updating time in this research within 1ms [11].  

2.2 Evaluation of Minimal Measurement Time 

The minimal measurement time for each point is limited by the 
SN ratio of displacement measurement and required accuracy. The 
measured RMS noise �1, which depends on the experimental 
environment, is less than 0.7 ��m/ Hz  in our typical situation for 
a stationary surface. 

If the measurement noise is white Gaussian noise, the pointwise 
measurement time Tmd should satisfy 

�1�t�� T�•�†��≤ ���0�t�á ���t��
for determining surface displacement �0, caused by the 
pressurization with a known waveform. Whole distribution 
measurement time Tm is represented as 

T�•  = N ( Tmd + T0 )�á ���u��
where N is the number of scanned points on a target surface, and 
T0 is overhead time for each measurement that contains the motor 
stage movement time and the update time of the ultrasound focal 
position. In our experimental setup, the stage movement time is 

dominant since the movement speed is up to 4cm/s. 
For obtaining the best estimate �0 in the given measurement time 

Tm, we use a quadrature detection of the displacement component 
for modulated ultrasound pressurization. Since the noise power 
spectrum is practically not white, the modulation frequency 
should be chosen in the frequency range with the lowest 
background displacement noise. In the case of a linear elastic 
object, the displacement frequency equals the ultrasound 
modulation frequency. Then the surface compliance is calculated 
as the ratio of displacement amplitude to the applied force 
amplitude. In the experiment, we choose 40Hz square wave 
pressurization because the background noise is small and the 
surface compliance frequency characteristics can be assumed to 
be flat with negligible phase delay for typical elastic surfaces. In 
the procedure of the displacement estimation, we removed the 
data drift as shown in Figure 2 before frequency analysis. 

In the skin displacement measurement, both voluntary and 
involuntary motion of the skin should be considered. In this paper, 
we measure the human hand for (1) a stationary case where hand 
position is fixed voluntarily with involuntary vibrations and (2) a 
translational motion cases where the hand is intentionally moved 
laterally and vertically at constant speeds. 

2.3 Coaxial Setup of Convergent Ultrasound and 
Displacement Measurement 

Our method uses a triangulation-type laser displacement sensor 
for the robustness against the surface optical property variation. In 
previous method, there is a problem that the large laser incident 
angle magnifies the displacement measurement error.  As shown 
in Figure 3(a), a measured displacement d’ is based on the laser 
that was obliquely incident at an angle �� to the surface with an 
angle �. inclined. The displacement d’ is approximated as 

)cos(
'

αθ +
≈

d
d � � � �� v� �

where d is the measured displacement of the surface for 
perpendicular incidence of the laser as shown in Figure 3(b).  

We adopt a transparent acrylic plate to achieve the coaxial setup 
and maximizing the SN ratio. As shown in Figure 1(a), the sensor 
head measures displacement from just above the target surface 
through the acrylic plate. At the same time, the phased array is 
arranged perpendicularly to the target surface, and the generated 
ultrasound beam is reflected to the target surface by the acrylic 
plate. Traveling ultrasound wave in air is almost perfectly 
reflected by a solid flat surface and the spatial phase distribution 
is conserved relatively. Therefore by placing the transparent plate 
at an angle of 45 degrees with respect to the phased array, the 
phased array is virtually placed at the same position of the 
displacement sensor. The sensor is scanned by a mechanical stage 
while keeping the coaxial setup. 

Figure 2: Involuntary movement of a fixed hand and movement 

after removing the linear drift of the involuntary movement. 
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Figure 3: (a) Measured displacement d’ for obliquely incident 

laser on a tilted surface. 

(b) Measured vertical displacement d at the center of the 

deformation area for a horizontal surface. 



 
Figure 9: Power spectrum of the measured displacement at (x, 
y) = (1.5cm, 1.5cm). The hand moves upward vertically in the z-
direction shown in Figure 1(a) at moving speed 1cm/s from the 
ultrasound focal point while the measuring point is fixed in the 
environment. 
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Figure 8: Power spectrum of the measured displacement at x = 
1.5cm shown in Figure 4. The hand is moving in the y-direction 

for moving speed 1cm/s. T measurement point (x, y) = (1.5cm, 
1.5cm) at t = 0 in the hand coordinate while the measuring point 

is fixed in the environment.  
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results reflect not only muscle contraction but also internal 
structure of the tissue such as bones. 

3.3 Experimental Evaluation of Hand Motion Effect 
Compared to Previous Setup 

Since the current system needs large measurement time, 1.0 
second for sufficient SN ratio, the hand motion causes significant 
error. Figure 8 shows the power spectrum of the measured 
displacement at x = 1.5cm shown in Figure 4 for the moving hand 
in the y-direction at 1cm/s. The hand moves horizontally to 
moving distance 1cm from the point (x, y) = (1.5cm, 1.5cm) while 
the measuring point is fixed to the environment. The difference of 
the 40Hz component power between the contraction and 
relaxation situations is about 14dB. Figure 9 shows the power 
spectrum at (x, y) = (1.5cm, 1.5cm) for a moving hand in the z-
direction at 1cm/s. The hand moves upward vertically by 1cm 
from the ultrasound focal point. The difference of the 40Hz 
component power between the contraction and relaxation 
situations is about 12dB. Figure 10 shows the measurement error 
of the compliance on the moving hand in the y-direction for 
relaxed hand. The measurement point shifts from (x, y) = (0, 0) to 
(0, Y [cm]) where Y = vTm and Tm = 1.0 second in the motion. We 
compare the two cases of the previous non-coaxial experiment 
setup and the current one. The experimental result shows 2mm/s is 
the acceptable speed for ensuring less than 0.1mm/N errors in the 
previous experimental condition. On the other hand, for the 
proposed coaxial setup, the acceptable speed is improved to 
10mm/s. We need the further studies for generalizing the 

improvement of the measurement. But a certain improvement is 
surely seen in this experiment. 

4 CONCLUSIONS AND FUTURE WORK 

In this paper, we proposed a coaxial noncontact surface 
compliance distribution measurement method for sensing human 
muscle contraction. The proposed measurement system includes a 
transparent plate for reflecting convergent ultrasound beam and 
transmitting laser for displacement measurement. The required 
measurement time for human skin including moving situation is 
evaluated, using the improved system in this paper. The difference 
of the pressing frequency component of the displacement between 
contraction and relaxation states is about 20dB. For obtaining 
10dB SN ratio for the hardest part in contracted state, we needed 
1.0 second measurement time. Since the system requires such a 
relatively long measurement time, the hand motion causes a 
significant error. One possible solution for this error is to increase 
the radiation pressure and to implement a tracking system 
following the fixed measurement point on the skin.  
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