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a b s t r a c t 

Background and objective: Pulse signals contain a wealth of human physiological and pathological in- 

formation. How to get full pulse information is especially challenging, and most of the traditional pulse 

sensors can only get the pulse wave of a single point. This study is aimed at developing a binocular 

pulse detection system and method to obtain multipoint pulse waves and dynamic three-dimensional 

pulse shape of the radial artery. 

Methods: The proposed pulse detection approach is image-based and implemented by two steps. First, a 

new binocular pulse detection system is developed based on the principle of pulse feeling used in tra- 

ditional Chinese medicine. Second, pulse detection is achieved based on theories and methods of binoc- 

ular vision and digital image processing. In detail, the sequences of pulse images collected by the de- 

signed system as experimental data are sequentially processed by median filtering, block binarization 

and inversion, area filtering, centroids extraction of connected regions, to extract the pattern centroids 

as feature points. Then stereo matching is realized by a proposed algorithm based on Gong -shape scan 

detection. After multipoint spatial coordinate calculation, dynamic three-dimensional reconstruction of 

the thin film shape is completed by linear interpolation. And then the three-dimensional pulse shape is 

achieved by finding an appropriate reference time. Meanwhile, extraction of multipoint pulse waves of 

the radial artery is accomplished by using a suitable reference origin. The proposed method is analyzed 

from three aspects, which are pulse amplitude, pulse rate and pulse shape, and compared with other 

detection methods. 

Results: Analysis of the results shows that the values of pulse amplitude and pulse rate are consistent 

with the characteristics of pulse wave of the radial artery, and pulse shape can correctly present the shape 

of pulse in space and its change trend in time. The comparison results with the other two previously 

proposed methods further verify the correctness of the presented method. 

Conclusions: The designed binocular pulse detection system and proposed algorithm can effectively de- 

tect pulse information. This tactile visualization-based pulse detection method has important scientific 

significance and broad application prospects and will promote further development of objective pulse 

diagnosis. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

Pulse is one of the most important and reliable source of in-

ormation to evaluate the physiological state of the human body.

n traditional Chinese medicine (TCM), pulse diagnosis is an effec-

ive method of disease diagnosis. To achieve objective pulse diag-

osis, many researchers are dedicated to the exploration and study
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Fig. 1. Schematic diagram of pulse feeling in TCM. 
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of pulse sensor. The traditional pulse sensors are mainly piezoresis-

tive, photoelectric and piezoelectric [1–4] , which convert the spa-

tial variation of pulse to a simple output of electrical signal that

cannot reflect the detailed changes in the pulse of each point in

the skin surface. Niu et al. used an ultrasonic probe to observe the

movement of a vessel cross section [5,6] . Single-probe pulse sen-

sor can only get limited information, which is quite different from

pulse feeling used in TCM. As shown in Fig. 1 , there are three im-

portant positions, Cun ( �), Guan ( � ) and Chi ( � ), for pulse feel-

ing in TCM, which are located at the wrist radial artery. Jin and

coworkers studied the multipoint pulse sensor that can simulta-

neously measure pulses of Cun, Guan and Chi [7,8] . However, due

to the sensor structure, size, performance, manufacturing processes

and other factors, this method only measures a few points and

cannot achieve simultaneous measurements in different parts of

different vessel cross sections. In 2007, Jiang et al. applying laser

triangulation measuring method detected skin surface vibration at

the radial artery and achieved the pulse wave at a single point

[9] . In 2013, Malinauskas et al. using laser triangulation method

combined with projection moiré method measured the skin sur-

face deformations of vascular graft under different input pressures

[10] . The above optical measuring methods are constrained to be

used only in laboratory and cannot be applied in practical situa-

tions, because of low signal-noise ratio, vulnerability to interfer-

ence, and extreme harsh requirements for measurement environ-

ment. Zhang et al. designed and developed a bi-sensing pulse di-

agnosis instrument that could carry out simultaneous detection at

Cun, Guan and Chi. This new method achieved good results [11–

13] . Although the pulse sensor has been developed from the orig-

inal single-position acquisition to three-position acquisition, from

single-point acquisition to array-based multipoint acquisition, and

greatly promoted the development of objective pulse diagnosis,

there are some shortcomings, such as acquisition signal is limited,

and the exact coincidence with actual pulse still needs to be fur-

ther improved. Recently, Zhang et al. successfully developed a silk-

molded flexible, ultrasensitive, and highly stable electronic skin for

real-time monitoring of human physiological signals, such as pulse,

heart rate and throat muscle group vibration, by attaching it to the

human skin [14] . However, the pulse signal currently being mea-

sured using this electronic skin is single-channel. 

To sum up, the existing usual rhythm detection methods and

systems can only detect one dimensional electrical signals varying

with time. Even the array pulse sensor can only detect a limited

number of points on the same section. Moreover, the detected am-

plitude is not the longitudinal displacement caused by the pulse

pulsation. Therefore, the three-dimensional (3D) shape of pulse

cannot be reconstructed, and the concept of multi-dimensional

pulse condition in TCM cannot be reflected. Furthermore, we can-

not obtain accurate two-dimensional pulse information such as

pulse width and pulse length, which are of great significance to

reflect the physiological state of the human body. 
If we can avoid or overcome the shortcomings in previous stud-

es to a certain extent, and find a new method to fully detect the

ulse information, to access dynamic 3D pulse shape, we could ex-

ract more pulse information and achieve a breakthrough in the

eld of objective pulse diagnosis. We have been devoted to the

tudy of pulse tactile visualization method. A single-position dy-

amic pulse image acquisition system [15] was successfully devel-

ped, which could collect pulse images from one position of Cun,

uan and Chi. A three-position dynamic pulse image detection de-

ice [16] was also developed to synchronously collect pulse im-

ges of Cun, Guan and Chi. Consequently we achieved the image-

ased detection of pulse information. However, the 3D coordinates

f spatial points are still defective based on monocular vision mea-

urement principle, resulting in the accuracies of reconstructed 3D

ulse shape and pulse wave not meeting the requirements of prac-

ical applications [17,18] . Binocular stereo vision imitates the way

uman and many animals catch spatial depth information using

wo eyes [19,20] . The use of binocular vision measurement tech-

ology for 3D detection is very suitable for our research. Therefore

n this paper we describe a new binocular pulse detection system

hich was developed in order to access 3D pulse information, and

hich allows to analyze multipoint pulse waves over a rather big

urface. 

The remainder of this paper is organized as follows. In

ection 2 , binocular pulse detection system is introduced, and fol-

owed by the methods of pulse wave extraction and 3D reconstruc-

ion of pulse shape. Section 3 shows the experimental results and

nalysis, while Section 4 presents discussions of the method. The

nal conclusions are summarized in Section 5 . 

. Methods 

First, according to the principle of pulse feeling adopted in TCM

nd the pulse characteristics of human wrist radial artery, a binoc-

lar pulse detection system is developed. Second, multipoint pulse

aves and dynamic 3D pulse shape are achieved by the proposed

lgorithm based on theories and methods of binocular vision and

igital image processing. 

.1. Binocular pulse detection system 

The system is introduced from four aspects, which are working

rinciple, system hardware, system software and working process. 

.1.1. System working principle 

The general working principle of the system is to visualize the

ulsation of radial artery first, and then extract pulse information

rom visual information. The main part of the designed pulse de-

ection system is shown in Fig. 2 (a). A flexible thin film with mark

atterns combined with an aluminum alloy cavity is used in the

ystem to make an airbag probe which simulates the action of the

nger pressing on radial artery. Pulse beating of the radial artery

s reflected by the motion of the thin film. Two cameras above the

robe synchronously collect dynamic images of thin film, i.e., the

ulse images. Using the theories of imaging model and digital im-

ge processing, as well as binocular vision measurement principle,

o process and analyze the pulse images, then the multipoint pulse

mplitudes can be obtained. And multipoint pulse waves are ac-

uired based on the collected pulse image sequences. 3D recon-

truction of the thin film surface can be realized by the method

f interpolation, then the 3D pulse shape is subsequently obtained

y analyzing the motion and deformation of the thin film. Finally,

ynamic 3D pulse shape is achieved. Fig. 2 (b) shows a diagram of

ulse detection. 
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Fig. 2. Pulse detection. 

2

 

m  

t  

i  

a  

t  

t  

a  

m  

a  

b  

v  

s  
.1.2. System hardware 

The hardware consists of an image acquisition module, a fixed

odule and an air supply module. Specifically, the image acquisi-

ion module used for collecting pulse images is composed of two

ndustrial cameras, two industrial lenses, a probe (including an

luminum alloy cavity, a thin film printed with mark patterns, a

ransparent glass and a probe inner light source), two power lines,
wo trigger signal lines, a computer, two Gigabit Ethernet cables,

 dual-port Gigabit Ethernet card (installed in the computer), a

p425 data acquisition module, a high precision calibration board

nd a backlight source. Fixed module adopts a lifting bracket, a

racket base, a camera fixed plate to fix the image acquisition de-

ice, and a little pillow for pulse feeling to fix the wrist of the

ubject. As pulse feeling in TCM, the pillow is placed on the back
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Fig. 3. Pulse images of a certain moment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The process of feature point extraction. 

w  

o  

p  

a  

t  

a  

r  

t  

i  

e  

i  

t  

i  

s  

t  

p

2

 

e  

F  

c  

a  
of the wrist to keep the wrist steady and comfortable during the

whole process of detection. The air supply module consists of an

airway and an air pump, and is used to provide a suitable air pres-

sure for the probe. 

We first use the air pump to inflate the probe through the air-

way, then press the airbag probe on the radial artery of the wrist.

In this way, pulse beating of the radial artery is transformed into

the deformation of thin film. The changes in thin film are con-

tained in the pulse image sequences synchronously captured by

two cameras, so the pulse information can be extracted from pulse

images. 

2.1.3. System software 

This includes the following four modules. One is synchronous

trigger signal generation software [18] , which is used to gener-

ate two synchronous signals to trigger the simultaneous exposure

of two cameras. The second is dual-camera synchronous acquisi-

tion software [18] . It can actualize stable synchronous acquisition

of two cameras and automatic continuous image saving. Another

is dual-camera stereo calibration algorithm [21] , which is used to

obtain the calibration parameters of the binocular vision system.

The last module is pulse wave extraction and 3D pulse shape re-

construction algorithm, in which methods of image processing and

analysis as well as stereo vision theory are adopted to acquire

pulse wave and pulse shape. 

2.1.4. System working process 

The working process of the system, shown as Fig. 2 (c), is

described as follows. First the system power is turned on, and

then the synchronous trigger signal generation software and dual-

camera synchronous acquisition software are opened, followed by

adjusting the dual-camera fields of view and working distance suit-

able to the collection of pulse images of wrist radial artery. This all

helps collect the clearest images. Then multi-set calibration images

are synchronously collected to calibrate the binocular vision sys-

tem based on the dual-camera stereo calibration algorithm. And

then the air pump is adjusted to make probe pressure an appro-

priate value. The pulse images are continuously collected over a

period of time. According to the pulse images, pulse waves and

3D pulse shape can be achieved by pulse wave extraction and 3D

pulse shape reconstruction algorithm. 

2.2. Pulse wave extraction and 3D pulse shape reconstruction 

In the experiment, 10 healthy graduate students were taken as

subjects (6 male and 4 female). The pulse images of each subject
ere continuously collected at the frame rate of 14 frames per sec-

nd for one minute. See Supplementary Material 1(a) and 1(b) for

arts of pulse image sequences of a subject. The subject’s pulse im-

ges of a particular moment are shown in Fig. 3 . The black spots in

he images are the mark patterns printed on the thin film, which

re used to artificially generate the feature points. According to the

epeatability, uniqueness and stability of the feature point, the cen-

roid of each black spot is chosen as the feature point of pulse

mage. Take a subject’s pulse image sequences of 6.5 seconds for

xample (See Supplementary Material 1(a) and 1(b)), the follow-

ng describes the detailed process of multipoint pulse wave extrac-

ion and dynamic 3D pulse shape reconstruction based on pulse

mage sequences. Feature point extraction is carried out first, then

tereo matching, followed by multipoint spatial coordinate calcula-

ion, and finally extraction of pulse wave and 3D reconstruction of

ulse shape are realized. 

.2.1. Feature point extraction 

Feature point extraction is the key of multipoint pulse wave

xtraction and dynamic 3D pulse shape reconstruction algorithm.

ig. 4 shows the extraction process. First, pulse images are prepro-

essed by median filtering. Then block binarization and inversion

re implemented. After area filtering, centroids extraction of con-
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Fig. 5. Process of feature point extraction (shows the processed results of left image). (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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2

ected regions are carried out and feature points are finally ob-

ained. 

Due to the structures of probe and light source, as well as the

ngle of camera, the brightness of pulse image is not uniform. In

ddition, the thin film of the probe is translucent because of its

aterial and thickness, resulting in the skin texture of wrist be-

ng reflected in the pulse image through the thin film, as shown in

ig. 3 . The existence of these interferences will affect the accuracy

f subsequent feature point extraction, and need to be processed.

or the superiority of median filtering in noise removal and edge

nd details information preservation [22] , we used the median fil-

er with window size of 7 ×7 pixels to filter the pulse images.

ig. 5 (a) shows the filtered result of the left image in Fig. 3 (only

he processed results of left image are shown in this section). The

edian filter effectively reduces the interferences due to uneven

llumination and skin texture. 

If each black spot is regarded as a connected region, extracting

ts centroid as the desired feature point will become very simple.

or this reason, the image must be binarized and inversed, and the

lack spot area is processed into a white connected area, which

s easier for programming to extract the centroid. As the image

rightness is not uniform, if we use a global threshold for bina-

ization, the result will be poor. Therefore the idea of block bina-

ization is introduced to solve the problem. The image is divided

nto several blocks, each of which is binarized using its optimum

hreshold. The number of blocks can be determined according to

he specific image. For the pulse images collected in this experi-

ent, each image is divided into 16 ×16 blocks, each block using

tsu algorithm [23] for binarization. The result of binarization and

nversion is shown in Fig. 5 (b). 

 

t  
The feature points we expect are the centroids of each black

attern region in the original image. In Fig. 5 (b), there are some

solated points, burrs, smaller and larger connected regions. If we

irectly extract the centroids, we will get some undesirable feature

oints. Isolated points and burrs can be removed by median filter-

ng. Smaller and larger connected regions appear around the image

oundary, usually due to uneven illumination during image acqui-

ition. Feature points of these regions with poor quality will not be

sed in the following processing. Therefore, before extracting cen-

roids, too small or too large connected regions should be removed

y area filtering to ensure the validity and accuracy of the feature

oints. The result is shown in Fig. 5 (c). 

The centroid of each connected region is then extracted us-

ng Eq. (1) [24] . Where I ( i, j ) is the gray value of point ( i, j ) in a

onnected region S k , and ( X k , Y k ) are the centroid coordinates of

he target region. The red dots in Fig. 5 (d) indicate the positions

f centroids in binary images, and Fig. 5 (e) shows the centroids

arked in original images (the marked centroids are magnified to

acilitate observation). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

X k = 

∑ 

( i, j ) ∈ S k 
iI ( i, j ) 

∑ 

( i, j ) ∈ S k 
I ( i, j ) 

Y k = 

∑ 

( i, j ) ∈ S k 
jI ( i, j ) 

∑ 

( i, j ) ∈ S k 
I ( i, j ) 

(1) 

.2.2. Stereo matching 

Stereo matching is a necessary procedure to obtain the spa-

ial coordinates of feature points, here it refers to identifying the
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Fig. 6. Stereo matching. 
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one-to-one correspondence relationship between feature points in

the left and right images collected at the same time. The process

of stereo matching algorithm designed in this paper is shown in

Fig. 6 (a), which can be described as follows. We first select the

region of interest (ROI) that contains conspicuous pulse pulsation,

then choose a starting point to detect feature points and carry out

sequence labeling using Gong -shape scan detection method, and fi-

nally store coordinates of feature points in sequence. By perform-

ing the above process to the left and right feature point images, we

can obtain the left and right coordinate matrices of feature points,

and stereo matching is achieved. 

From the acquired dynamic pulse image sequences (see Supple-

mentary Material 1(a) and 1(b)), it is observed that the area with

conspicuous pulse pulsation is concentrated in the middle of the

image, and pulsation is hardly observed in the surrounding area.

Moreover, the image quality of the surrounding area is so poor that

it is worth no effort to study. The feature points of this region were

not extracted in Section 2.2.1 . Therefore, the middle region, which

has better quality, can be selected as the ROI. It can be seen from

Fig. 5 (e) that some noise points in the image make it easy for the

naked eye to observe the corresponding relation between the left

and right feature points, but it is hard for a computer to recognize

the relationship. In order to reduce the time spent on the matching

process, we select the ROIs which contain the same feature points

in the left and right images collected at the same time. That can be

achieved by human-computer interaction in Matlab program (i.e.,

using mouse to click the upper-left and the bottom-right of an im-

 

ge to select the ROI). As shown in Fig. 6 (b), the area surrounded

y four lines is the ROI, where the pulsation is conspicuous. 

If the coordinates of feature point positions in the left and right

OIs are stored in the same order, the matching of the left and

ight feature points is achieved. In this paper, we first choose a pair

f corresponding feature points in the left and right ROIs (usually

he first point in the sequencing, such as the feature point “1”in

ig. 6 (b)). In the upper-left near this feature point, we manually

elect a starting point ( P 0 ( X 0 , Y 0 ), the “+ ” marked point shown

n Fig. 6 (b)), and then according to the distribution characteristics

f feature points in the image, the idea of Gong -shape ( �) scan

shown in Fig. 6 (a)) is introduced to detect feature points and carry

ut sequence labeling. The detection idea can be described as fol-

ows. 

Assuming that the total number of feature points in ROI is n .

he distance D ( P i , P j ) between two feature points, P i and P j , is mea-

ured by Euclidean distance, shown as Eq. (2) . 

 ( P i , P j ) = 

√ (
X i − X j 

)2 + 

(
Y i − Y j 

)2 
(2)

Step 1 : If D ( P k ,P 0 ) = min { D ( P i ,P 0 ), i = 1, 2, ..., n }, then k = 1.

Namely that the feature point closest to the starting point

( P 0 ( X 0 , Y 0 ) is point number “1”, that is P 1 ; 

Step 2 : If|min 2 { D ( P i ,P k )} −min { D ( P i ,P k )}| > T, i = k + 1, ...,

n (min 2 { D ( P i ,P k )} means the second smallest value of

{ D ( P i ,P k )}, and T is a user-defined threshold), the feature

point with min { D ( P ,P )} is selected as the point next to
i k 
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Table 1 

Calibration results. 

Parameters Values 

F = [ f l f r ] [2282.82565 2281.81172] 

T = [ t x t y t z ] [ −44.71803 −0.18991 11.17504] 

R = [ r 1 r 2 r 3 ; r 4 r 5 r 6 ; r 7 r 8 r 9 ] [0.8214 −0.0035 0.5703; 0.0002 1.0000 0.0058; 0.5703 −0.0047 0.8214] 
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Fig. 7. The spatial distribution of feature points. 

Fig. 8. Pulse waves. 
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P k ( X k ,Y k ); otherwise, the feature point with min { Y i } is se-

lected; and then k = k + 1; 

Step 3 : If k = n , end; otherwise, go back to Step 2 . 

∗ Note that labeled points are no longer included in the next de-

ection range. 

Sequentially store the coordinates of feature points in a matrix.

nce the coordinate matrices of the left and right feature points, P l 
nd P y , are obtained, the stereo matching is completed (shown in

ig. 6 (a)). The elements of the corresponding positions in the left

nd right matrices represent the coordinates of feature points in

he left and right images. In the subsequent calculation of feature

oint spatial coordinates, we can directly access the correspond-

ng coordinates in the left and right images. Fig. 6 (b) shows the

esults of the Gong -shape scan, in which the Arabic numerals are

he labels of feature points. The selected ROI contains 107 feature

oints. Fig. 6 (c) shows the matching results. It is clear that all fea-

ure points are matched correctly. 

It is well known that the pulse amplitude is very small, so the

rame-to-frame differences of pulse image sequence are extremely

mall. When the whole image sequence is processed, the human-

omputer interaction is only carried out when the first frame im-

ge is processed, that is, the ROI and the starting point are selected

anually in the first frame image. When processing the subse-

uent frames, it is very efficient to use the ROI and the starting

oint coordinates selected in first frame instead of manually oper-

ting on each frame image. 

.2.3. Multipoint spatial coordinate calculation 

Based on the binocular stereo vision theory and the results of

ystem calibration, the 3D spatial coordinates ( x, y, z ) of each fea-

ure point can be obtained precisely according to the mathemat-

cal Eq. (3) [19] , in which ( X l , Y l ) and ( X r , Y r ) are the coordinates

f feature points in the left and right images respectively, and the

emaining quantities are the calibration parameters. In this exper-

ment, 29 sets of calibration images with different angles and dif-

erent positions were collected (as shown in Supplementary Mate-

ial 2(a) and 2(b)), to calibrate the binocular vision system by the

alibration scheme presented in [21] , and the results are shown

n Table 1 . Where F is the effective focal length, T is the transla-

ion vector, and R is the rotation matrix. The calculated results are

isplayed in a 3D coordinate system, as shown in Fig. 7 , and the

patial distribution of all feature points is observed. 

 

x = z X l / f l 
y = z Y l / f l 
z = f l ( f r t x − X r t z ) / [ X r ( r 7 X l + r 8 Y l + f l r 9 ) − f r ( r 1 X l + r 2 Y l + f l r 3 ) ] 

(3) 

.2.4. Extraction of pulse wave 

The pulse amplitude information of a certain feature point is

ontained in the z value of its spatial coordinates. For this feature

oint, calculating the spatial coordinates at each time point (that

s, the time represented by each frame image), finding a suitable

eference origin, taking a further step to extract information from

 value, we can get the pulse amplitudes of this point at any time.

ombining the calculated pulse amplitudes to a data sequence us-

ng the same time sequence as used in the pulse image collec-

ion process, the pulse wave of the studied feature point can be
chieved. In this way, the pulse waves of all feature points can be

btained. 

The obtained spatial coordinates of feature points are the re-

ults of taking the left lens optical center as the origin. According

o the binocular pulse detection system shown in Fig. 2 (a), when

he amplitude of pulse beat is the largest, the probe thin film

s closest to the camera, and the z value is the smallest. On the

ther hand, when the pulse amplitude is the smallest, the probe

hin film is furthest away from the camera, and the z value is the

argest. Taking the feature point 92 in Fig. 6 (b) as an example, the

aveform obtained by directly taking the z -value as amplitude is

hown in Fig. 8 (a). From the waveform characteristics, it looks like

he inversion of a pulse wave. So we negate the z -value, that is

 z , and the resulting waveform is shown in Fig. 8 (b). The wave-

orm characteristics reflect the pulse beating trend, but the ampli-

ude values are not obvious. Therefore, it is necessary to change
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Fig. 9. 3D shape at a moment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Sorting of maximum pulse amplitudes of all feature points. 
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the reference origin to obtain the correct pulse amplitudes. Here,

the maximum z -value of the feature point at all times (the entire

pulse image sequence) works as a reference value, and the current

z -value is subtracted from the maximum z- value to obtain the cur-

rent pulse amplitude, as shown in Eq. (4) . That is, convert the ref-

erence origin from the left lens optical center to the trough point

of the pulse wave to achieve the waveform as shown in Fig. 8 (c),

in which the waveform periodicity is clear, the main wave and di-

crotic wave are obvious, and much in line with the characteristics

of the pulse wave. 

Amplitude = z max − z (4)

2.2.5. 3D reconstruction of pulse shape 

The 3D pulse shape can be reconstructed by using the following

approach. We first reconstruct the 3D shape of thin film at any

time, then find the appropriate reference time to obtain the 3D

pulse shape. 

Fig. 7 is only a preliminary observation of spatial distribution

of a limited number of feature points. To achieve a complete 3D

shape of thin film in the ROI at a given time, the number of feature

points should be as many as possible in this region. However, the

number of mark patterns printed on the probe’s thin film with ex-

tremely small area is limited, so we use the interpolation method

to solve this problem. Based on the spatial coordinates of feature

points, the linear interpolation method is used to obtain a 3D im-

age. Fig. 9 (a) is the results of interpolation based on Fig. 7 , vividly

presenting the 3D thin film shape of the ROI. 

When the longitudinal displacements of all points on the thin

film reaches the minimum, the deformation of the thin film is the

smallest. At this moment, the dilation of radial artery is minimal,

and is closest to the natural state of the radial artery. Take the 3D

shape of the thin film at this moment as a reference value, and

calculate the difference between 3D shape of the thin film at an-

other moment and this reference value, then we can obtain the

relative displacement of skin surface caused by the pulse beating.

We call this the 3D pulse shape. Fig. 9 (b) is the 3D pulse shape of

a moment. At this moment, the points with larger displacements

are located at the positions with more conspicuous pulsations. 

3. Results 

3.1. Pulse amplitude 

Fig. 10 shows the statistical results of the maximum pulse am-

plitudes sorting for all feature points. As we can see, among all

the feature points studied, feature point 6 has the smallest pul-

sation range with maximum amplitude 0.0519 mm, and feature
oint 92 has the largest pulsation range with maximum amplitude

.2919 mm. It can be seen from Fig. 6 (b) and Supplementary Ma-

erial 1(a) and 1(b) that feature point 92 is close to the center of

he vessel but point 6 is located away from the center of the ves-

el. The result given in Fig. 10 corresponds to the characteristics of

ulse amplitude that it decreases as the distance from the artery

enter increases. 

Fig. 11 (a) shows the waveforms of seven consecutive feature

oints along the direction close to the vessel axis. As can be seen

rom the waveforms, the differences of pulse amplitudes of fea-

ure points in this direction are not obvious. Fig. 11 (b) shows the

aveforms of seven consecutive points along the direction close

o the cross-section of the vessel. As is shown in the figure, the

loser to the vessel center, the larger the pulse amplitude is, and

he farther from the vessel center, the smaller the pulse amplitude

s. The above results are in accordance with the characteristics of

ulse wave. 

.2. Pulse rate 

In order to further verify the effectiveness of the proposed

ethod, the extracted waveforms are further processed and the

ulse rate is extracted for analysis. Taking the waveform of fea-

ure point 92 as an example, using the peak extraction method in-

roduced in [25] , we can get the positions of seven peak points

n 91 frames. As shown in Fig. 12 , the red circles mark the peak

oints and the red Arabic numerals are the occurrence time of

eak points, i.e., the frame numbers. The period of pulse signal can

e obtained from the positions where the peak points are located.

he difference between the positions of each two adjacent peak
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Fig. 11. Pulse waveforms in two directions. 

Fig. 12. Detection result of peak points. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this arti- 

cle.) 

p  

t  

E  

i  

r  

t  

s  

g  

T  

m

T  

 

3

 

3  

a  

s  

p  

c  

d  

fi

 

d  

u  

f  

t  

i  

f  

t  

f  

g  

i  

i  

a  

t  

c  

t  

t

 

i  

a  

d  

g  

T  

s  

i  

m  

t  

b

oints can reflect the period. In order to obtain an accurate period,

he data should be fully utilized to calculate average period T by

q. (5) . Where L is the array composed of the red Arabic numerals

n Fig. 12 , diff ( L ) is the difference between the elements of L, sum

epresents summing, length is the length of the array, and 14 refers

o the camera frame rate when capturing images (unit: frames per

econd). After obtaining T , according to formula (6) , we can easily

et the pulse rate f of this pulse signal, which is 68.1081 times/min.

he obtained pulse rate is in the range of 60–100 times/min of nor-

al adult pulse rate. 

 = (sum (di f f (L )) /length ( di f f ( L ) )) / 14 (5)

f = (1 /T ) × 60 (6)
.3. Pulse shape 

Adopting the proposed method presented in Section 2.2.5 , the

D reconstruction of the thin film shape and pulse shape are

chieved according to the pulse image sequence. Fig. 13 shows 3D

hapes of the thin film at six different moments. Fig. 14 shows 3D

ulse shapes of the same six moments. According to Fig. 13 , we

an hardly see the difference in the shapes of thin film between

ifferent moments. However, the relative displacements of the thin

lm caused by pulse beating can be seen clearly in Fig. 14 . 

From frame 44 to frame 49, the change trend of relative

isplacements is “upward → downward → downward → upward →
pward”, which is the same as the change trend of pulse wave-

orm of feature point 92 shown in Fig. 15 . Fig. 16 shows the posi-

ion corresponding relations between feature points distributed in

mage plane and their displacements displayed in 3D space (take

rame 45 for example). Since feature point 92 is close to the cen-

er of the vessel, its surrounding area has the most obvious de-

ormation, and the feature points in this area have maximum lon-

itudinal displacements. On the contrary, because feature point 6

s far away from the center of the vessel, so the deformation of

ts surrounding area is not obvious, and the feature points in this

rea have small longitudinal displacements. This result is consis-

ent with the statistical result shown in Fig. 10 . The correctness of

hange trend and position correspondence, and the similarity be-

ween the reconstructed pulse shape and result in [26] , indicate

hat our method is effective and the pulse shape is correct. 

Composing the reconstructed 3D pulse shape images to a new

mage sequence, and using the same time sequence and frame rate

s used in the image collection process, we can make a video of

ynamic 3D pulse shape by linking all the frames of 3D image to-

ether, which makes the pulse beats more intuitively presented.

he result is shown in Supplementary Material 3. The dynamic 3D

hape of the thin film can be acquired using the same method, and

s presented as Supplementary Material 4, which shows the move-

ent of the thin film. Similarly, a dynamic 3D view of a single fea-

ure point can be obtained to facilitate observation of single-point

eating, as shown in Supplementary Material 5. 



70 D. Lin et al. / Computer Methods and Programs in Biomedicine 155 (2018) 61–73 

Fig. 13. Thin film shapes at different moments. 

Fig. 14. Pulse shapes at different moments. 
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4. Discussion 

In this section, the proposed method is compared with other

methods, and the limitation as well as the future work are dis-

cussed. 

4.1. Comparison with other methods 

Many approaches to pulse detection of the radial artery have

been proposed in recent years. Mainly advances are state-of-the-

art wearable tactile sensors, but most commonly referred to as

strain and pressure sensors [27–30] . These sensors transform the

pulse beats into weak voltage or current outputs, not the exact val-

ues of displacement. T. Sirkis designed a new fiber sensor for non-

contact estimation of vital bio-signs, which was incorporated into
 shirt to produce smart clothing, but the measured wrist pulse

aves are not very good judged from the results presented in [31] .

.F. Chung’s research group obtained 3D pulse mapping based on

ulse sensor array, but the measured amplitudes were not the ex-

ct displacement values [26,32,33] . Some pulse information detec-

ion methods based on imaging technology were also studied, such

s infrared imaging [34] , Optical Coherence Tomography [35] , and

ltrasound imaging [36] , but no exact displacement values of pulse

ere obtained by these methods. 

The method presented in this paper is compared with the fol-

owing two methods in order to further verify the correctness of

he pulse rate. One is the method based on image entropy I pro-

osed in [17] , and the other is the method based on pattern area

ariation previously proposed by our research group [37] . The syn-

hronism of the pulse waveforms obtained by the three methods,
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Fig. 15. Annotation of frame 44 to frame 49 on the pulse waveform. 
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hown in Fig. 17 , is analyzed. Fig. 17 (a) is the waveform of feature

oint 92 obtained by the method presented in this paper, Fig. 17 (b)

hows the waveform of the right image sequence based on image

ntropy method, and Fig. 17 (c) is the waveform of feature point

2 in the left image sequence obtained by the method based on

he area variation of pattern printed on the probe thin film. It can

e seen that the peak points of the three waveforms appear si-

ultaneously, that is the waveforms achieved by the three meth-

ds are synchronous, which indicates that the obtained pulse rates
Fig. 16. The position corresponding relations between feature points distrib
re the same. Thus the correctness of pulse rate extracted by the

ethod proposed in this paper is verified. In addition, the method

f [17] can only get the trend of pulse of the radial artery, but

ot the true pulse amplitude value. Moreover, it can be seen from

ig. 17 that amplitude values obtained by the proposed method are

reater than those of [37] , and the waveform is better. Therefore,

he proposed method is more accurate than the other two previ-

usly used methods, and it is an effective pulse detection method. 

.2. Limitation of the proposed method and future work 

According to Three Positions and Nine Indicators, the pulse feel-

ng method can be divided into Simultaneously Palpation (SP) and

he Pressing with One Finger (PWOF) in TCM [26] . The proposed

inocular pulse detection system can only simulate PWOF. The

ulses from Cun, Guan and Chi three positions should be collected

s a whole for accurate pulse diagnosis. So the designed system

eeds to be improved to a three-probe detection system in future

tudy. 

More studies are needed to further improve the proposed sys-

em. For example, a mechanical device for wrist and finger fixation

ill be helpful in keeping the hand fixed during the whole detec-

ion process, and improve the accuracy of detection results. A rea-

onable verification scheme could be designed to further verify the

ccuracy of extracted pulse waveform and reconstructed 3D pulse

hape. Upgrading the synchronous acquisition program and related

ardware can achieve a higher camera frame rate of synchronous

cquisition and improve the accuracy of the result. Improving sys-

em function, realizing the automatic control and synchronous ac-

uisition of pulse feeling pressure and probe internal pressure can

enefit objective and necessary multi-source analysis data for the

ollow-up continuous blood pressure wave extraction. It is neces-
uted in image plane and their displacements displayed in 3D space. 
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Fig. 17. Pulse waves obtained by three different methods. (a) Method proposed in this paper; (b) Method based on image entropy [17] ; (c) Method based on pattern area 

variation [37] . 
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sary to find smaller cameras to replace the large industrial cameras

used in the system. It is also very important to propose a suitable

automatic calibration algorithm for this system. All of the above

work is for the purpose of making the designed system intelligent,

light and portable, simple and easy to apply. 

Furthermore, after the improvements, the system has the po-

tential to make pulse diagnosis more objective, and even realize

automatic pulse diagnosis. This is the ultimate goal of our research

on this system. 

5. Conclusions 

Based on the theory of binocular vision measurement, the

binocular pulse detection system was designed. In the proposed

method, the centroid of mark pattern was taken as the fea-

ture point. Combined with digital image processing method, the

pulse image sequences acquired by the system were analyzed. Fi-

nally, the extraction of multipoint pulse waves and the dynamic

3D reconstruction of pulse shape were realized. The experimen-

tal results, analyses of pulse amplitude, pulse rate, and pulse

shape, comparison with other methods all show that the proposed

method is effective for pulse information detection. In addition,

since the proposed image-based method can detect full informa-

tion of pulse of the radial artery, more information about physio-

logical parameters such as systolic duration and diastolic duration

can be obtained based on the time-domain analysis of pulse wave.

Pulse width and pulse length can also be obtained in time-spatial

domain. 

Overall, the binocular pulse detection system designed in this

study has high application value and broad application prospects,

and could contribute to the further development of objective and

automatic pulse diagnosis. 
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