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Abstract. Ultrasound diagnosis enables us to evaluate lifestyle diseases noninvasively and it is valuable 
for detection of plaque and obtaining several indices, such as flow mediated dilation. On the other hand, 
it is difficult to diagnose by using ultrasound device at home or clinic where there is no medical 
specialist. Previous study proposed a reassemblable robot with ultrasound diagnosis. However, 
assuming home or clinical use, the robot must control its probe automatically by itself. In this study, 
we propose the automatic measurement by using reassemblable robot for ultrasound diagnosis. Firstly, 
we improve kinematics of the robot and confirm that the influence of noise from sensor was small from 
simulation. Secondly, we design and create a new phantom for calibrating position of two probes and 
we show we can measure with enough accuracy. Thirdly, we confirmed the restriction of movement 
territory in brachial and carotid artery measurement with the robot. Finally, assuming measurement for 
brachial artery, we build an automatic ultrasound diagnosis method and evaluate it by phantom. These 
results show the possibility of an automatic diagnosis by the reassemblable robot. 
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1. Introduction 
Lifestyle diseases are the leading cause of death in Japan, therefore early diagnosis of them is 

important [Japan Atherosclerosis Society, 2007]. Ultrasound diagnosis can enable us to evaluate 
lifestyle diseases noninvasively. It is valuable for detection of plaque and some indices from medical 
ultrasound images such as flow mediated dilation (FMD) [Celermajer et al., 1992]. Lifestyle diseases 
cause us to occur serious symptom unconsciously, thus we need to detect them earlier and spread how 
to diagnose them widely. Besides, bio instruments for home use have become more popular associated 
with trend of health-conscious. Some index from ultrasound diagnosis varies corresponding to lifestyle 
[Allen et al., 2003]. Developing simple measurement devices will improve health care at home. 

On the other hand, ultrasound diagnosis needs professional skills and enough experiences. 
Consequently, it is difficult to diagnose where there is no medical specialist. Several robots were 
developed for direct assistance for manipulating probe and mechanism construction for remote 
inspection. However, ultrasound diagnosis has many requirements in inspection. Hence, it was desired 
to build new robots fulfilling those requirements for various inspection. To solve this problem, 
reassemblable robot with ultrasound diagnosis was proposed for measuring multiple body regions 
[Iwahashi et al., 2013; Matsuno et al., 2014]. Assuming home or clinical use, the robot must control its 
probe automatically, therefore improving mechanism of the robot is desired.  

In this study, we consider about automatic measurement with the reassemblable robot for 
ultrasound diagnosis. We establish automatic measurement system and evaluate it. Firstly, we consider 
the robot can be improved. Particularly in kinematics, we implement certain kinematics taken into 
account constraint condition following reality and estimate about locating the probe. Secondly, we 
confirm installing another probe is effective for diagnosis and create new phantom for measuring probe 
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location. Thirdly, we investigate space restrictions of probe operation in automatic recognition system 
in actual measurement. Finally, assuming measurement for brachial artery, we build an automatic 
ultrasound diagnosis method. 

2. Kinematics 

2.1. Methods 
Iwahashi and Matsuno developed reassemblable robot for home care which has a parallel link 

construction having six degrees of freedom [Iwahashi et al., 2013; Matsuno et al., 2014] (Fig. 1 and 
Table 1). The robot has three trays and the trays can move in two directions. There are two coordinate 
systems in this robot. First one is top board orthogonal coordinate system (System 1) and second one is 
general orthogonal coordinate system (System 2). In system 1, the directions of x axis is determined 
the directions to tray 1 from the center of top board, z axis is determined as normal vector of top board 
and y axis is orthogonal to x and z axis. In system 2, the origin of coordinate is initial position of tray 3. 
X and Y axis are the direction of movement of tray and Z axis is determined as opposite direction to 
the ground. The robot obtains three angles between top board and each link with angle sensors. When 
the top board is fixed, each link moves on one particular plane. We define the angle between top board 
and link as φi (i = 1, 2, 3). These angles are obtained from angle sensor values. 

 
Figure 1. (A) Schematic of the reassemblable robot, (B) Two coordinate systems in the reassemblable robot, (C) 

Definition of r1,2,3 and θ, (D) Definition of l1,2,3.  

Table 1. Size of  the reassemblable robot for measuring several arteries. 
 r1[mm] r2,r3 [mm] l1[mm] l2, l3 [mm] θ [deg] 

Brachial artery 45 55 237 264 153.5 
Carotid artery 60.1 90.1 464 482 166.7 
 
The position of each tray (xi, yi, zi) is calculated from φi by solving inverse kinematics. Previous 

study [Iwahashi et al., 2013] calculated the top board position from an angle and accelerate sensors. 
However, the kinematics of the previous study [Iwahashi et al., 2013] was redundant, because it had no 
constrains in position information. 

We propose a new kinematics including realistic constrains. Because each tray moves on same 
plane, we can add a constraint condition by the following equations 
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From each tray position, the normal vector of the tray plane n = (n1, n2, n3) can be obtained. Finally, 
the angle of the top board (θX, θY) in system 2 can be calculated by 
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The rest of the procedures for calculating the operation command of robot movement is same with 
previous study [Iwahashi et al., 2013]. 

The advantage of proposed kinematics is to know the probe position only from angle sensor. When 
the probe moves, firstly, initial tray position is derived by solving inverse kinematics about initial 
probe position obtained from angle sensor. Secondly, same calculation about moved tray position is 
conducted. Finally, the amount of movement about tray is decided. However the output value from 
angle sensor contains noises, there is an error between measured and calculated value of probe position. 
We evaluate the accuracy and the robustness to sensor noise in new kinematics by simulation. Firstly, 
we set initial probe posture using an angle sensor added noise. Secondly, we send movement command 
to the robot shifting ±50 mm in increments of 1mm and ±20 degrees in increments of 0.5 degree in 
each direction and rotation. We compare measured posture and calculated posture derived from 
forward kinematics in simulation. The noise is set from specification of the angle sensor (TS5667N120, 
Tamagawa seiki co., ltd.). It is white Gaussian noise and the average is zero. Standard deviation is 
5.5×10-2 degrees. 

2.2. Results 
When the probe moved in each direction and rotation, the maximum error has occurred in z-

direction (data is not shown). Thus, we moved the probe -50mm to z-direction 100 times. We got the 
difference between command and measured result. The mean error about position was 0.028 mm and 
standard deviation was 0.014 mm (Fig. 2 (A)). About orientation, the mean error was 0.013 degrees 
and standard deviation was 0.01 degrees (Fig. 2 (B)). This robot was designed as motion resolution of 
probe was 0.1mm about its position and 0.1 degrees about its orientation [Iwahashi et al., 2013]. Each 
error was smaller than this motion resolution, therefore we conclude the new kinematics has enough 
performance for calculating the probe position against the sensor noise. 

 
Figure 2. Errors generated from probe movement -50mm to  z-direction, (A) Position error, (B) Orientation 

error. 

3. Probe attachment and calibration 

3.1. Methods 
We normally handle a probe by using information of the latest image in ultrasound diagnosis. 

Therefore, the robot also needs to carry out the appropriate manipulation of probe from image in 
diagnosis. However, information from images is limited and there are regions where we cannot get 
information about position and orientation. To solve this problem, we attach second probe 
orthogonally (Probe 2) to the original probe (Probe 1). Diagnosis with multiple probes is valuable 
owing to improvement of inspection efficiency and simplification of tracking target. Moreover, we will 
be able to manipulate more precisely because of additional information from Probe 2.  

In order to inspect with multiple probes, we must decide relation between position and orientation 
of each probe. We need to build simple calibration method because we attach and calibrate probes 
according to targets. By the way, measuring a phantom is a simple calibration method. However, it is 
impossible to measure six degrees of freedom by conventional calibration methods [Kowal et al., 2003; 
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Leotta, 2004; Chen et al., 2009]. In this chapter, we design and create new phantom with which we can 
measure position and orientation of probes from ultrasound image.  

Proposed phantom is designed that the distance between wires are different depending on the x, y 
and z positions. Therefore, we can obtain position values of the probe by the wire locations in the 
ultrasound images. In the calibration, we set the θy as zero and estimate other position values from wire 
information by following procedure. 

 Figure 3 (A-D) show a conceptual diagram and each cross-sectional view of new phantom and Fig. 
3 (E) shows arrangement of probes and phantom in the calibration. We create the phantom by drilling 
holes on an acrylic plastic like each cross-sectional view and plastic rods through holes like the 
conceptual diagram. We can calculate position and orientation of each probe from slope of dots of wire, 
length of line and distance from bottom drawn in ultrasound image. Using this phantom, we can 
convert x-coordinate from distance dx which is a length between diagonally stretched wire and bottom 
(Fig. 3 (F)), y-coordinate from distance dy1 and dy2 which are length between wire and bottom (Fig. 3 
(C)), and z-coordinate using between the top of ultrasound image and bottom of the phantom (Fig. 3 
(F)). When the probe rotates around x-axis, two dots of wires in the same y position tilt diagonally 
toward probe in Fig. 3 (C). Therefore, we can obtain θx from coordinate of these two dots. Regarding 
θy, we determine there is no slope around y-axis when two vertical wires in same x position (Fig. 3 
(C)) are displayed like Fig. 3 (G). When the probe rotes around z-axis, the length of a wire extending 
in the y-direction becomes shorter. Consequently, we can get θz from the wire-length in the ultrasound 
image like Fig. 3 (G). 

 
Figure 3. (A) Caligration phantom design, (B) Cross-section of x-z plane. Blue dots show diagonally stretched 

wires and white circles mean crossed wires, (C) y-z plane, (D) x-y plane, (E) Arrangement of probes 
and phantom, (F) Positional relation of probe and wires when measuring x, (G) Ultrasound image 
when no slope around y-axis and z-axis. 

 
Figure 4. (A) Setting of two probes on reassemblable robot, (B) Placement of phantom and robot. 

In this method, we can derive a relation between position and orientation of each probe by the 
measured images of the phantom. Therefore, when we move and rotate the probe to each direction, we 
speculate calculated position and orientation will move similarly. Then, we examine correspondence 
between measured movement and true movement after the probes were moved and rotated from initial 
posture to each direction. Figure 4 shows setting of two probes and conditions of experiment. 
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3.2. Results 
Figure 5 shows lateral and rotation movement of probe to each direction corresponds to measured 

probe variation of position and orientation. Table 1 gives errors about position and orientation. We 
evaluated these errors by calculating the diameter of brachial artery which was important index for 
FMD. Diameter of brachial artery is about 4 mm typically. About an error of x-direction, when we put 
the probe on 0.52 mm shifted place from the center of blood vessel, the measured diameter of vessel 
was 3.86 mm assuming blood vessel was a cylinder. In this case, error of FMD was 3.6 %. Similarly, 
about an error around z-axis, when we put the probe on 0.93 degrees shifted place from the center of 
blood vessel, vessel diameter was 3.95 mm and the error was 1.3 %. Influence on inspection accuracy 
of FMD is smaller than 5-10% in each case which is coefficient of variation at hospitals [Donald et al., 
2008]. Thus utilizing this method can calibrate with enough accuracy. For more precise measurement, 
we need to reconsider the material for phantom and redesign taking into account target for 
measurement. 

 
Figure 5. Measured probe movement versus true probe movement, (a) x, (b) y, (c) z, (d) θx, (e) θz. 

Table 2. Result of errors in probe movement (mean ± standard deviation). 
x (mm) y (mm) z (mm) θx (deg) θz (deg) 

0.11±0.41 0.15±0.33 0.16±0.17 0.20±0.22 0.55±0.38 

4. The space restrictions of probe operation in automatic recognition system 
In actual measurement by using robot, we need to take into consideration of calibration of probe 

and the space restrictions of probe operation varying in accordance with the target. Thus, we 
investigated the space restrictions in some artery measurement situations. We defined targets as the 
carotid artery and brachial artery, which are popular in medical inspection. We reassembled the robot. 
The length of links in Fig. 1 (B) were 464 mm (link 1) and 482 mm (link 2, 3) for the carotid artery. 
On the other hand, the length of them was 237 mm (link 1) and 264 mm (link 2, 3) for the brachial 
artery. Figure 6 shows the state of the actual measurements for arteries and ultrasound images of them 
by using the reassemblable robot. Especially in the carotid artery, it is more complicated to build an 
automatic recognition system than brachial artery because we need to take into consideration of the 
restriction of movement territory, as probes may hit against a jaw. Also, we need to consider the 
involuntary movement caused by breathing. Thus, the proper instructions for controlling the breathing 
should be given to the patients. 
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Figure 6. Measurement of  the arteries and color Doppler images. (A,a) Brachial artery, (B,b) Carotid artery. 

5. Automatic blood vessel recognition 

5.1. Methods 
We discuss the automatic blood vessel recognition system for brachial artery. We set brachial 

artery as a target for inspection and identify issues from actual inspection and robot movement. The 
robot demands automatic target recognition for inspection. We propose a new inspection technique for 
measuring the blood vessel. 

Figure 7 is a schematic of the proposed automatic blood vessel recognition method with two 
probes for brachial arteries. Some part is referenced from the recognition method of Nakadate et al. 
[Nakadate et al., 2011]. First, the probes were controlled to downwards until it touched the skin (Fig. 7 
(a)). The judgement of touching was evaluated with a rate of brightness variation (contrast) of the 
probe 1. When the probe is above the skin, the brightness is low. When the probe touches the skin, the 
brightness is high. Second, the angle of the probe θx was adjusted as the probe 1 touches firmly (Fig. 7 
(b)). The judgement of firmly touching was evaluated with a ratio of black pixels in the left of the 
image and those in the right. Third, the probes were moved to the center of the vessel (Fig. 7 (c)). The 
position was evaluated by the image of the probe 2 as the vessel was on the center of the image. Finally, 
the angle of the probe 1 was rotated to the correct position (Fig. 7 (d)). The angle was evaluated with a 
length of the vessel in the image.  

We performed following three experiments with Doppler flow phantom (Model 524 Peripheral 
Vascular Doppler Flow Phantom, ATS Laboratories) in order to detect blood vessel; (a) touching 
judgement by position z and the contrast, (b) firmly touching judgment by and the ratio of black pixels, 
and (c) correct rotation by θz. 

 
Figure 7. Procedure to contact on the surface and automatic detection of the vessel. 

5.2. Results 
Figure 8 shows results. From the experiment (a), after the amount of movement was over 7 mm 

variation ratio of brightness was more than four (Fig. 8 (a)). From the experiment (b), the initial value 
in the black pixel was more than two, and we confirmed the value fell to near one when the probe 
rotated in parallel (Fig. 8 (b)). From the experiment (c), we confirmed the length of vessel increased as 
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the probe rotated and decreased after the maximum length was detected (Fig. 8 (c)). From these results, 
the proposed method can be used for the vessel recognition system. 

 
Figure 8. Evaluation of probe contact judgement on phantom. 

6. Conclusions 
We propose an automatic measurement system using reassemblable robot for automatic ultrasound 

diagnosis. Firstly, we improved kinematics of the robot. Secondly, we designed and created a new 
phantom for calibration of two probes. Thirdly, we confirmed the restriction of movement territory in 
brachial and carotid artery measurement with the robot. Finally, we performed an automatic blood 
vessel recognition experiment and evaluation by phantom. We showed the possibility to inspect 
automatically with this robot. 
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