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To ensure high uniformity of the inner space of the hollow sphere after assembly, the glass tube must be inserted into the hole on the

sphere towards the center of the sphere. This paper deals with the pose measuring of the hole on the sphere and the glass tube and

pose aligning of the two objects. The sphere is 500 mm in diameter with a 20 mm hole on it, and the glass tube is 17 mm in diameter.

Novel pose measuring method for the hole on the sphere and the glass tube is developed, using two microscopic cameras, each one

acquires a projection vector of the object to be measured. A plane containing the optical axis of the microscopic camera and the pose

vector of the object is determined, with the microscopic camera calibrated in advance. Pose vector of the object to be measured can

be calculated by the intersection of the two planes acquired by the two microscopic cameras. Error analysis of the pose measuring

method is conducted and experimental results were consistent with analytical results. Less than 0.7o pose aligning error is achieved

using the proposed pose measuring method and pose aligning method.
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1. Introduction

The increasing functionalities and complexities of Micro-electro-

mechanical Systems (MEMS) require the integration of components

fabricated with different technologies, and microassembly technology

is indispensible to fulfill the integration. Although microassembly

technologies are gaining more and more attention, much attention is

attached to the precise positioning of the micro components. The

researches of pose measurement in microassembly are relatively

developing slowly. While complex 3-D microassembly tasks requiring

precise positioning of the micro components have been developed and

improved,1-6 pose measurement of micro components are mainly

constrained to planar pose measurement, or rough estimation, or even,

the pose of the micro component are manipulated in an open-loop

manner.

There are some researches on pose measurement in the macro

world. Position information and pose information of the capsule

endoscope were measured by using 3 Hall-effect sensors orthogonally

installed inside the capsule, and an additional Hall-effect sensor was

employed to enhance the measurement accuracy.7 But to install sensors

in the micro component is not applicable. 3D model of the target was

NOMENCLATURE

MRcL = rotary matrix between microscopic camera L coordinates

and manipulator coordinates

MRcR = rotary matrix between microscopic camera R coordinates

and manipulator coordinates

kxL, kyL, kxR, kyR = pixel scale factors of microscopic camera L and

microscopic camera R

θx = adjusting angle around x axis

θy = adjusting angle around y axis

AO1 = pose vector of the hole on the sphere

BA1 = pose vector of the glass tube

VzL = optical axis of microscopic camera L

nHL = normal vector of the plane containing pose vector of the

hole on the sphere and optical axis of microscopic camera L

nTL = normal vector of the plane containing pose vector of the

glass tube and optical axis of microscopic camera L

VzR, nHR, nTR = same meaning with VzL, nHL, nTL, but of microscopic

camera R
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used for projection to generate corresponding 2D template, then images

acquired from the CCD were used to match with the dynamic-template-

library to determine the target’s pose.8 A non-cooperative geostationary

orbit (GEO) spacecraft pose measuring method based on binocular

stereo vision was developed, which took the natural circular feature on

the GEO satellite as the recognized object, and achieved less than 6.5×

estimated errors in the simulation.9 A new Kalman-based multicamera

sensor fusion approach for pose estimation was developed that could

offer higher accuracy and precision, and was robust to camera motion

and image occlusion.10 Colored markers arranged in a known geometry

were used for pose estimation of a volant robot, which was low-cost

and computationally inexpensive.11 Artificial marks were designed for

3D pose measurement using monocular vision.12 The above vision-

based pose measuring researches are in the macro domain, and there is

a big difference between the vision systems for macro manipulation

and micro manipulation. Depth of field of the microscopic camera used

in microassembly is very small, and only part of the object to be

measured can have a clear view. This drawback makes pose

measurement in microassembly a difficult task.

High precision for pose measuring can be realized by using laser

interferometer. 10 mrad pitch errors was achieved for a computer

numerical control measurement using a laser interferometer.13 But the

angular module should be attached to the object to be measured, and it

is impossible to attach such a big module to a micro sized component.

Scanning electron microscope, scanning tunneling microscope and

atomic force microscope can detect up to nano meter position precision

of a micro component, and with the help of a precise motion platform,

the pose of a micro component can be measure with high accuracy. But

these equipments are difficult to be integrated into a microassembly

system.

From the existed literature, pose measuring techniques in

microassembly have been developing relatively slowly. A method for

measuring the position and pose of the hohlraum fusing 3 CCDs

information was raised,14 and less than 1 mm accuracy was achieved.

But for the pose measurement of the hohlraum, only a theoretical

method with many constraints was proposed, and no relative

experimental results were mentioned. In a 3D rotary optical switch

assembly task,15 the pose of the micro mirror was measured and adjusted

using a pushing-based operation. But the pose estimation and adjust

was one dimensional, around y axis of the predefined coordinates, 3D

pose information of the micro mirror was not measured.

In our microassembly task, which is to insert a 17 mm diameter glass

tube into a 20 mm diameter hole on a 500 mm diameter sphere, the

glass tube is required to be inserted into the sphere in a pose towards

the center of the sphere, to ensure the high quality of the microassembly.

To realize the requirement of the microassembly task, we develop a

novel method to measure the pose of the hole on the sphere and the

pose of the glass tube.

The rest of the paper is organized as follows. Section 2 gives a brief

introduction of the system setup. In section 3, the pose measuring

method for the hole on the sphere and the glass tube is elaborated.

Section 4 gives error analysis for pose measuring of the proposed

method. Pose aligning method is described in Section 5, and

experimental results are presented in section 6. Finally, the paper is

concluded in section 7.

2. System Setup

The pose aligning system consists of a vision unit, a pose adjusting

unit, and a host computer to analyze the image information and control

the pose adjusting process.

The vision unit consists of two microscopic cameras each with a

moving platform along its optical axis. The pose adjusting unit has two

degrees of freedom, rotation around x axis of the 3-DOF manipulator

coordinates, and rotation around y axis of the manipulator coordinates.

3. Hole and Tube Pose Measuring Method

3.1 Pose measuring method for the hole on the sphere

The pose measuring for the hole on the sphere is illustrated in Fig.

2. Focal plane 1 is the plane containing an equator of the sphere and it

is perpendicular to the optical axis of microscopic camera L. The center

of the sphere is on focal plane 1. Focal plane 2 is parallel to focal plane

1 and it contains the center of the hole. O1 is the center of the sphere,

and O2L is the projection of O1 on focal plane 2. Point A is the center

of the hole.

The pose measuring for the hole on the sphere has 3 steps:

Step 1: Microscopic camera L is moved along its optical axis, and

the equator of the sphere vertical to the optical axis of microscopic

camera L is focused. Edge points on the equator of the sphere are

selected, and least-square circle fitting of the selected edge points are

conduct to determine the center of the sphere O1.

Step 2: Microscopic camera L is moved along its optical axis, and

Fig. 1 Illustration of the system setup

Fig. 2 Illustration of the pose measuring for the hole on the sphere
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center of the hole is focused. The center of the sphere O1 has a

projection point O2L on focal plane 2, where the clear part is the hole

center. Since the motion from focal plane 1 to focal plane 2 is along the

optical axis of microscopic camera L and the length of the motion is

small, the coordinates of O2L is considered to be the same as O1 on the

image.

Step 3: Calculation of the pose vector of the hole on the sphere.

Vector AO2L = [DxmL, DymL, DzmL]
T in the manipulator coordinates

can be calculated, from the image captured by microscopic camera L,

(1)

where, nxL, nyL, nzL, oxL, oyL, ozL are the elements in the rotary matrix

between microscopic camera L coordinate and the manipulator

coordinate, kxL, kyL are pixel scale factors of microscopic camera L,

DuL, DvL are the deviations between A and O2L on the image. The

rotary matrix and the pixel scale factors are calibrated in the following

way. The tip of the glass tube is controlled to move on the focal plane

of the microscopic camera for two steps using autofocus technique. By

transforming the two vectors formed by the two steps on the image into

two vectors along axes and conducting same transformation to the two

vectors formed by the two steps in the manipulator coordinates, the

pixel scale factors and rotary matrix can be calculated. For more

details, see Ref. 16.

With the vector AO2L calculated and the vector along optical axis of

microscopic camera L calibrated in advance, the normal vector to plane

O1AO2L can be calculated

(2)

where, VzL = [axL, ayL, azL]
T is the optical axis of microscopic camera L

expressed in the manipulator coordinates, nHL is the normal vector of

the plane O1AO2L.

The vector nHL is obtained from the image information of microscopic

camera L. In the same way, we can obtain a similar vector nHR from the

image information of microscopic camera R. Both the vector nHL and

nHR is vertical to vector AO1, so the pose of the hole can be calculated.

(3)

3.2 Pose measuring method for the glass tube

Pose measuring for the glass tube is similar to pose measuring for

the hole on the sphere, and it is illustrated in Fig. 3.

The pose measuring for the glass tube also has 3 steps:

Step 1: Microscopic camera L is moved along its optical axis, and

a suitable part of the glass tube is focused. Center point of the glass

tube’s clear part on the image is selected on the image as A1.

Step 2: Microscopic camera L is moved along its optical axis, and

another part of the glass tube is focused. The first selected point A1 has

a projection point A2L on focal plane 2. At this time, the clear center

point of the glass tube is B.

Step 3: Calculation of the pose vector of the glass tube.

Vector BA2L in the manipulator coordinates can be calculate0.4 from

the image captured by microscopic camera L, according to (1).

Then the normal vector to the plane A1BA2L can be calculated

(4)

Vector nTL is obtained from the image information of microscopic

camera L. Similarly, we can obtain a vector nTR from the image

information of microscopic camera R. Both the vector nTL and nTR is

vertical to the vector BA1, so the pose of the glass tube can be calculated.

(5)

4. Error Analysis

During the pose measuring process, feature points on the image are

selected manually. Suppose the error of the selected point on the image

from the ideal point is (duL, dvL) for microscopic camera L, and (duR,

dvR) for microscopic camera R.

Vector AO'2L = [∆x'mL, ∆y'mL, ∆z'mL]
T is

(6)

Normal vector n'HL is calculated to be:

(7)

Normal vector n'HR is calculated with the information of microscopic

camera R.

(8)

Pose vector of the hole AO'1 is:

(9)

x∆ mL nxLkxL u∆ L oxLkyL v∆ L+=

y∆ mL nyLkxL u∆ L oyLkyL v∆ L+=

zmL∆ nzLkxL u∆ L ozLkyL v∆ L+=⎩
⎪
⎨
⎪
⎧

nHL AO
2L VzL×=

AO
1

nHL nHR×=

nTL BA
2L VzL×=

BA
1

nTL nTR×=

x′∆ mL nxLkxL u∆ L duL+( ) oxLkyL v∆ L dvL+( )+=

y′∆ mL nyLkxL u∆ L duL+( ) oyLkyL v∆ L dvL+( )+=

z′∆ mL nzLkxL u∆ L duL+( ) ozLkyL v∆ L dvL+( )+=⎩
⎪
⎨
⎪
⎧

n′HL AO′
2L V′zL×=

x′∆ mL y′∆ mL z′∆ mL, ,[ ]T axL ayL azL, ,[ ]T×=

n′∆ mLx n′∆ mLy n′∆ mLz, ,[ ]T=

n′HR AO′
2R V′zR×=

x′∆ mR y′∆ mR z′∆ mR, ,[ ]T axR ayR azR, ,[ ]T×=

n′∆ mRx n′∆ mRy n′∆ mRz, ,[ ]T=

AO′
1

n′HL n′HR×=

n′∆ mLx n′∆ mLy n′∆ mLz, ,[ ]T n′∆ mRx n′∆ mRy n′∆ mRz, ,[ ]T×=

ao
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Fig. 3 Illustration of the pose measuring for the glass tube
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Detailed expression of Eq. (7)~(9) are shown in appendix.

When the coordinates of point A and O2L in microscopic camera L

and point A and O2R in microscopic camera R are determined, (DuL,

DvL) and (DuR, DvR) can be calculated. Pose vector of the hole with

errors, AO'1, can be calculated by substituting (DuL, DvL), (DuR, DvR),

(duL, dvL) and (duR, dvR) into Eq. (9). Pose error caused by image errors

can be determined by comparison of AO'1 and AO1,.

Pose error analysis for the glass tube is similar to pose error analysis

for the hole. Pose vector of the glass tube with errors, BA'1, shares the

same expression with AO'1.

The maximum error is investigated as follows. For example,

microscopic camera L and R are calibrated. Rotary matrix from

microscopic camera L and R coordinates to manipulator coordinates

are

Pixel scale factors of microscopic camera L and R are

kxL= 0.310 (µm/pixel), kyL = 0.313(µm/pixel);

kxR= 0.310 (µm/pixel), kyR = 0.311 (µm/pixel);

Typical deviation between hole center and sphere center on the image

(∆u, ∆v) is be (19, -761) for camera L, and (-27, -796) for camera R.

The center point of the sphere is achieved by circle fitting of the

selected edge points using the least-square method. Error for the center

point of the sphere is very small if number of the selected edge points

is increased. So the main error is from the selection of the center point

of the hole. Errors between the manual selected center point of the hole

is less than 4 pixels on the image.

When, duL = dvL = duR = dvR = 4 (pixel), normalized AO'1 is calculated

to be [-0.0122, -0.0312, -0.9994]T according to Eq. (9) and normalized

AO1 is calculated to be [-0.0067, -0.0366, -0.9993]T according to Eq.

(3). Deviation angle of AO'1 from AO1 is 0.4449o.

When microscopic camera L and microscopic camera R are both

moved 300 mm to focus on two different parts of the glass tube. That

is, A1A2L = 300 mm, A1A2R = 300 mm. Typical deviation between upper

point on the glass tube and lower point on the glass tube on the image

(∆u, ∆v) is (16, -623) for camera L, and (-12, -660) for camera R.

For the manual selection of points on the glass tube, errors are less

than 4 pixels on the image.

When, duL = duR = dvL = dvR = 4 (pixel), normalized BA'1, is calculated

to be [-0.0118, -0.0174, -0.9998] T according to Eq. (9) and normalized

BA1 is calculated to be [-0.0064, -0.0228, -0.9997]T according to Eq.

(5). Deviation angle of BA'1 from BA1 is 0.4354o.

5. Pose Aligning

Pose aligning of the glass tube and the hole on the sphere is carried

out by adjusting pose of the hole, AO1, to align it to pose of the glass

tube, BA1.

To align vector AO1 to vector BA1, the rotary axis and rotary angle

can be calculated by the following equation.

(10)

where, f is the rotary axis, and θ is the angle between vector AO1 and

vector BA1, and it is also the rotary angle.

Since the angle θ between vector AO1 and vector BA1 is small, so

sinθ ≈ θ, cosθ ≈ 1. The rotary matrix for the rotation around axis f for

the angle θ is

(11)

where, Rot(f, θ) is the rotary matrix for the rotation around axis f for

the angle θ, and fx, fy, fz are elements of the normalized rotary axis

vector f.

In the microassembly task, the sphere is placed on the sphere gripper

carefully with the hole on it facing upwards, and the glass tube is

mounted vertically downwards. So vector AO1 and vector BA1 are

almost parallel to z axis of the manipulator coordinates, which also

means that the rotary axis vector f is almost vertical to z axis. So the

third element fz of f is almost equal to 0. The adjusting angles of the

platform can be determined as follows.

(12)

where, θx is the rotary angle of the pose adjusting platform around x

axis, and θy is the rotary angle of the pose adjusting platform around

y axis.

6. Experiments

6.1 Experiment system

An experiment system (as shown in Fig. 4) was established according

to the scheme given in section 2. In the experiment system, there were

two 120× magnification microscopic cameras (Navitar 12X combined

with Mitutoyo M84010711) and a stereo microscope (Zeiss 2000-C). The

stereo microscope was used for the initiation of the pose measurement

task, which was, to bring the glass tube to the vicinity of the hole on

the sphere. The 3-DOF glass tube manipulator was Sutter MP-285, and

it had a travel of 2.54 cm with a resolution of 0.04 mm. The pose

adjusting platform had two rotary degrees of freedom, one was around

the x axis of the manipulator, the other was around the y axis of the

manipulator.

6.2 Repetitive pose measuring experiments and verification

experiments

10 consecutive experiments of measuring the pose of the hole on the

sphere were conducted, and normalized pose vector of the hole, AO1,

in the manipulator coordinates calculated by Eqs. (1)~(3) are listed in

Table 1.

Mean value of the normalized pose vectors of the hole was [0.0050,

R
M

CL

0.999  – 0.012   0.054–

0.051– 0.514– 0.856

0.019– 0.858 0.514

=

R
M

CR

0.031  0.0482   0.876–

0.999– 0.010 0.033–

0.012 0.876 0.482

=

f AO
1

BA
1

×=

θ arccos
AO

1
BA

1
⋅
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1

 BA
1

---------------------------⎝ ⎠
⎛ ⎞=

⎩
⎪
⎨
⎪
⎧

Rot f θ,( )
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fzθ 1 fxθ  –

fyθ    – fxθ 1

≈

θx fxθ=

θy fyθ=⎩
⎨
⎧



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 15, No. 12 DECEMBER 2014 / 2487

-0.0582, 0.9983]T.

Angle errors of the normalized pose vectors of the hole from mean

value were:

(0.2418, 0.2927, 0.2403, 0.2661, 0.2899, 0.3868, 0.3828, 0.3300,

0.3117, 0.3203)o

Mean angle error was 0.3062o, maximum angle error was 0.3868o,

and the variance of the angle errors was 0.0026. The repetitive pose

measuring results of the hole indicated that our method had good

repetitive accuracy, and the experimental measuring results were in

consistency with analytical results.

Fig. 5 is the graphical expression of repetitive pose measuring

results of the hole on the sphere.

10 consecutive experiments of measuring the pose of the glass tube

were conducted. The pose vector BA1 of the glass tube in the manipulator

coordinates calculated by Eqs. (1), (4), (5) are listed in Table 2.

Mean value of the normalized pose vectors of the glass tube was

[0.0061, -0.0155, 0.9999]T

Angle errors of the normalized pose vectors of the glass tube from

mean value were:

(0.2289, 0.2616, 0.2630, 0.1776, 0.2597, 0.2818, 0.1857, 0.1859,

0.1946, 0.3240)o

Mean angle error was 0.2363o, maximum angle error was 0.3240o,

and the variance of the angle errors was 0.0024. The repetitive glass tube

pose measuring results indicated that our method had good repetitive

accuracy, and the experimental measuring results were in consistency

with analytical results.

Fig. 6 was the graphical expression of repetitive pose measuring

results of the glass tube.

Two sets of verification experiments were conducted. One was to

Fig. 4 Experiment system; (a) Whole microassembly platform, (b)

Enlarged microassembly area

Table 1 Repetitive pose measuring results of the hole on the sphere

Index Normalized hole pose vector AO1

1 [0.0066, -0.0589, 0.9982]T

2 [0.0064, -0.0552, 0.9985]T

3 [0.0067, -0.0585, 0.9983]T

4 [0.0068, -0.0563, 0.9984]T

5 [0.0042, -0.0550, 0.9985]T

6 [0.0097, -0.0553, 0.9984]T

7 [0.0036, -0.0635, 0.9980]T

8 [0.0012, -0.0603, 0.9982]T

9 [0.0036, -0.0618, 0.9981]T

10 [0.0010, -0.0574, 0.9984]T

Fig. 5 Repeated pose measuring results of the hole on the sphere

Table 2 Repetitive pose measuring results of the glass tube

Index Normalized tube pose vector BA1

1 [0.0034, -0.0160, 0.9999]T

2 [0.0061, -0.0121, 0.9999]T

3 [0.0026, -0.0152, 0.9999]T

4 [0.0069, -0.0151, 0.9999]T

5 [0.0056, -0.0121, 0.9999]T

6 [0.0095, -0.0174, 0.9998]T

7 [0.0073, -0.0151, 0.9999]T

8 [0.0048, -0.0152, 0.9999]T

9 [0.0062, -0.0172, 0.9998]T

10 [0.0083, -0.0198, 0.9998]T

Fig. 6 Repetitive pose measuring results of the glass tube
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rotate the pose adjusting platform around x axis, and compare the

measured results and the theoretical results of the hole pose. The other

set was to rotate the pose adjusting platform around y axis, and compare

the measured poses and the real poses of the hole.

Real pose of the hole was determined in the following way. At the

beginning, pose of the hole was measured 10 times and the mean value

was chosen to be the initial pose of the hole. Then after rotation around

x or y axis, the hole pose could be calculated with the rotation angle.

Since the pose adjusting platform has good rotation accuracy, the hole

pose calculated with the rotation angle was considered the real pose of

the hole after rotation.

9 different rotation angles around x axis were tested, and the results

are listed in Table 3. All the measured pose vectors of the hole and the

real pose vectors of the hole were normalized.

Angles between the measured pose vectors of the hole and the real

pose vectors were:

(0.2699, 0.1645, 0.1046, 0.6741, 0.3898, 0.4132, 0.4332, 0.5618,

0.3693)o

Mean angle error was 0.3756o. The variance of the angle errors was

0.0322.

9 different rotation angles around y axis were tested, and the results

are listed in Table 4.

Angles between the measured pose vectors of the hole and the real

pose vectors were:

(0.2834, 0.6994, 0.3015, 0.4190, 0.4396, 0.4499, 0.6216, 0.5519,

0.5613)o

Mean angle error was 0.4809o. The variance of the angle errors was

0.0196.

Figs. 7 and 8 are graphical expressions of the comparisons for the

two sets of verification experiments.

The two sets of verification experiments results show that our pose

measuring method for the hole on the sphere has less than 0.7o error.

In our microassembly task of inserting the glass tube into the sphere

with direction of the glass tube towards the center of the sphere, the

relative poses of the two objects in the universal coordinates are

important. In our pose measuring method, pose of the hole on the

sphere and pose of the glass tube were all calculated and expressed in

the manipulator coordinates. The error of the angle between the two

measured poses is ensured to be less than 0.7o.

6.3 Pose aligning experiments

Pose aligning experiments were conducted using our pose measuring

and aligning methods. Figs. 9~12 are pose measuring process for the

hole on the sphere and the glass tube before pose aligning. Figs. 13 and

14 are pose measuring process for the hole on the sphere after pose

aligning. From Figs. 9 to 14, (a) and (b) are the corresponding images

from microscopic camera L and microscopic camera R, respectively.

To get the center of the sphere O1, circle fitting was first conducted

when the microscopic camera L (left image) and microscopic camera

R (right image) were focused on the outer diameter of the sphere

Table 3 Results of verification experiments of rotation around x axis

Measured hole pose vector Real hole pose vector

[0.0125, -0.1673, 0.9858] T [0.0127, -0.1719, 0.9850] T

[0.0108, -0.1569, 0.9876] T [0.0127, -0.1547, 0.9879] T

[0.0109, -0.1376, 0.9904] T [0.0127, -0.1375, 0.9904] T

[0.0025, -0.1260, 0.9920] T [0.0127, -0.1202, 0.9927] T

[0.0096, -0.1088, 0.9940] T [0.0127, -0.1028, 0.9946] T

[0.0059, -0.0878, 0.9961] T [0.0127, -0.0854, 0.9963] T

[0.0089, -0.0746, 0.9972] T [0.0127, -0.0680, 0.9976] T

[0.0032, -0.0530, 0.9986] T [0.0127, -0.0506, 0.9986] T

[0.0081, -0.0377, 0.9993] T [0.0127, -0.0332, 0.9994] T

Table 4 Results of verification experiments of rotation around y axis

Measured hole pose vector Real hole pose vector

[0.0127, -0.1891, 0.9819]T [0.0127, -0.1891, 0.9819]T

[-0.0012, -0.1854, 0.9827]T [-0.0044, -0.1891, 0.9819]T

[-0.0141, -0.1797, 0.9836]T [-0.0216, -0.1891, 0.9817]T

[-0.0340, -0.1869, 0.9818]T [-0.0387, -0.1891, 0.9812]T

[-0.0547, -0.1820, 0.9818]T [-0.0558, -0.1891, 0.9804]T

[-0.0654, -0.1881, 0.9800]T [-0.0729, -0.1891, 0.9792]T

[-0.0824, -0.1910, 0.9781]T [-0.0900, -0.1891, 0.9778]T

[-0.0964, -0.1909, 0.9769]T [-0.1071, -0.1891, 0.9761]T

[-0.1163, -0.1948, 0.9739]T [-0.1241, -0.1891, 0.9741]T

[-0.1376, -0.1982, 0.9705]T [-0.1411, -0.1891, 0.9718]T

Fig. 7 Comparison results between measured values and real values for

rotation around x axis experiments

Fig. 8 Comparison results between measured values and real values for

rotation around y axis experiments



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 15, No. 12 DECEMBER 2014 / 2489

respectively. The edge points needed to fit the outline of the sphere was

selected manually, after the edge of the sphere was focused, as shown

in Fig. 9.

Microscopic cameras were moved to focus on the hole respectively,

and the hole center on the image was select. After the center of the hole

was selected, the pose of the hole on the sphere could be calculated, as

shown in Fig. 10.

The microscopic cameras were moved to focus on the lower part of

the glass tube respectively, and the center point of the focused part of

the glass tube was selected, as shown in Fig. 11.

Then, the microscopic cameras were moved backward for 300 mm

along its optical axis to focus on the upper part of the glass tube, and

the center point of the focused part of the glass tube was selected. After

two points were selected on the glass tube, the pose of the glass tube

could be calculated, as shown in Fig. 12.

Pose measuring results for the hole on the sphere and the glass tube

are as follows.

Pose vector of the hole on the sphere AO1 = [-3095.1, 5540.5,

51267.0]T (mm).

Normalized AO1: [-0.0599, 0.1073, 0.9924]T.

Pose vector of the glass tube BA1 = [988.6, 374.7, 32650.8]T (mm).

Normalized BA1: [0.0303, 0.0115, 0.9995]T.

Angle between the pose vector of the hole on the sphere and the

pose vector of the glass tube was 7.55o.

Normalized rotary axis vector f = [0.7288, 0.6840, -0.0300]T.

The aligning actions were calculated to be θx=5.50o, θy=5.16o.

After the actions of pose adjusting platform, the pose of the hole

was measured again. Pose measuring results for the hole on the sphere

after aligning are as follows.

Pose vector of the hole on the sphere AO1 = [1776.4, 727.4, 56929.8]T

(mm).

Normalized AO1: [0.0312, 0.0128, 0.9994]T.

Since the tube pose had not changed, its pose vector remained the

same. Angle between the pose vector of the hole on the sphere and the

pose vector of the glass tube was 0.09o.

Fig. 9 Points on the outer edge of the sphere were selected

Fig. 10 The hole center point was selected

Fig. 11 First point on the glass tube was selected

Fig. 12 Second point on the glass tube was selected

Fig. 13 Points on the outer edge of the sphere were selected

Fig. 14 The hole center point was selected



2490 / DECEMBER 2014 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 15, No. 12

It is notice that vectors AO2L and BA2L, AO2R and BA2R on the image

were aligned from comparison of Figs. 12 and 14.

The assembled sphere and glass tube can also demonstrate that our

pose measuring and aligning method is very effective in improving the

assembly quality of the two components. Fig. 15 is the assembled

components whose assembly quality was ensured by our pose measuring

and aligning method. Clearly, our proposed pose measuring and aligning

has achieved good pose aligning accuracy.

7. Conclusions

Since the microscope has a small depth of field, clear image of the

whole micro components can not be achieved, and only part of the

micro components can be viewed clearly. This makes the pose measuring

in microassembly a difficult task. A novel 3-D pose measuring method

is proposed in this paper, in which two microscopic cameras are used

to get the projection vectors of the pose vector of the glass tube and the

pose vector of the hole on the sphere. Pose vector of the measured

object is determined by the intersection of the two planes, each one

containing the projection vector of the pose vector and the optical axis

of the microscopic camera. Error analysis for the pose measuring method

is conducted and repeated measuring experiments and verification

experiments are carried out. Analytical results and experiments results

are in accordance. Both analysis and experiments indicate that our pose

measuring method can achieve less than 0.7o error.
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APPENDIX

(A1)

(A2)

(A3)

(A4)

(A5)

n'HL AO'
2L V'zL×=

x'∆ mL n'∆ mL z'∆ mL, ,[ ]T axL ayL azL, ,[ ]T×=

n'∆ mLx n'∆ mLy n'∆ mLz, ,[ ]T=

azL nyLkxL u∆ L duL+( ) oyLkyL v∆ L dvL+( )+[ ]

−ayL nzLkxL u∆ L duL+( ) ozLkyL v∆ L dvL+( )+[ ]

 

azL nxLkxL u∆ L duL+( ) oxLkyL v∆ L dvL+( )+[ ]

axL nzLkxL u∆ L duL+( ) ozLkyL v∆ L dvL+( )+[ ]–

 

ayL nxLkxL u∆ L duL+( ) oxLkyL v∆ L dvL+( )+[ ]

axL nyLkxL u∆ L duL+( ) oyLkyL v∆ L dvL+( )+[ ]–

=

n'HR AO'
2R V'zR×=

x'∆ mR n'∆ mR z'∆ mR, ,[ ]T axR ayR azR, ,[ ]T×=

n'∆ mRx n'∆ mRy n'∆ mRz, ,[ ]T=

azR nyRkxR u∆ R duR+( ) oyRkyR v∆ R dvR+( )+[ ]

−ayR nzRkxR u∆ R duR+( ) ozRkyR v∆ R dvR+( )+[ ]

 

azR nxRkxR u∆ R duR+( ) oxRkyR v∆ R dvR+( )+[ ]

axR nzRkxR u∆ R duR+( ) ozRkyR v∆ R dvR+( )+[ ]–

 

ayR nxRkxR u∆ R duR+( ) oxRkyR v∆ R dvR+( )+[ ]

axR nyRkxR u∆ R duR+( ) oyRkyR v∆ R dvR+( )+[ ]–

=

ao
1x azLnxLkxL axLnzLkxL–( ) u∆ L duL+( ) azLoxLkyL axLozLkyL–( ) v∆ L dvL+( )+[ ]=

ayRnxRkxR axRnyRkxR–( ) u∆ R duR+( ) ayRoxRkyR axRoyRkyR–( ) v∆ R dvR+( )+[ ]

ayLnxLkxL axLnyLkxL–( ) u∆ L duL+( ) ayLoxLkyL axLoyLkyL–( ) v∆ L dvL+( )+[ ]–

azRnxRkxR axRnzRkxR–( ) u∆ R duR+( ) azRoxRkyR axRozRkyR–( ) v∆ R dvR+( )+[ ]

ao
1y ayLnxLkxL axLnyLkxL–( ) u∆ L duL+( ) ayLoxLkyL axLoyLkyL–( ) v∆ L dvL+( )+[ ]=

azRnyRkxR ayRnzRkxR–( ) u∆ R duR+( ) azRoyRkyR ayRozRkyR–( ) v∆ R dvR+( )+[ ]

azLnyLkxL ayLnzLkxL–( ) u∆ L duL+( ) azLoyLkyL ayLozLkyL–( ) v∆ L dvL+( )+[ ]–

ayRnxRkxR axRnyRkxR–( ) u∆ R duR+( ) ayRoxRkyR axRoyRkyR–( ) v∆ R dvR+( )+[ ]

ao
1z azLnyLkxL ayLnzLkxL–( ) u∆ L duL+( ) azLoyLkyL ayLozLkyL–( ) v∆ L dvL+( )+[ ]=

azRnxRkxR axRnzRkxR–( ) u∆ R duR+( ) azRoxRkyR axRozRkyR–( ) v∆ R dvR+( )+[ ]

azLnxLkxL axLnzLkxL–( ) u∆ L duL+( ) azLoxLkyL axLozLkyL–( ) v∆ L dvL+( )+[ ]–

azRnyRkxR ayRnzRkxR–( ) u∆ R duR+( ) azRoyRkyR ayRozRkyR–( ) v∆ R dvR+( )+[ ]



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


