
 
 

 

 
 

Specimen's plane misaligned installation solution based on charge fluctuation inside SEM

Lu, Haojian; Liu, Yanting; Yang, Yuanyuan; Wang, Panbing; Shen, Yajing

Published in:
Applied Physics Letters

Published: 02/04/2018

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1063/1.5025324

Publication details:
Lu, H., Liu, Y., Yang, Y., Wang, P., & Shen, Y. (2018). Specimen's plane misaligned installation solution based
on charge fluctuation inside SEM. Applied Physics Letters, 112(14), [144102]. https://doi.org/10.1063/1.5025324

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/specimens-plane-misaligned-installation-solution-based-on-charge-fluctuation-inside-sem(d4f52195-685a-4eac-9bc1-9dcfe88b54cd).html
https://doi.org/10.1063/1.5025324
https://scholars.cityu.edu.hk/en/persons/haojian-lu(28335b3a-2782-4ec4-a1e7-49d35747cdab).html
https://scholars.cityu.edu.hk/en/persons/yanting-liu(3e53fc92-ad0b-4f82-8e65-2c6a4324097e).html
https://scholars.cityu.edu.hk/en/persons/yuanyuan-yang(1440ccf9-7f7f-4169-a1fd-6118e43a5e25).html
https://scholars.cityu.edu.hk/en/persons/panbing-wang(34f2a0f9-13b3-476e-9c4b-928df783bbcb).html
https://scholars.cityu.edu.hk/en/persons/yajing-shen(30db622a-f5a6-4625-ae23-fb71add6cc3c).html
https://scholars.cityu.edu.hk/en/publications/specimens-plane-misaligned-installation-solution-based-on-charge-fluctuation-inside-sem(d4f52195-685a-4eac-9bc1-9dcfe88b54cd).html
https://scholars.cityu.edu.hk/en/publications/specimens-plane-misaligned-installation-solution-based-on-charge-fluctuation-inside-sem(d4f52195-685a-4eac-9bc1-9dcfe88b54cd).html
https://scholars.cityu.edu.hk/en/journals/applied-physics-letters(174f865c-32bf-4bef-8dbc-7378d4f999ef)/publications.html
https://doi.org/10.1063/1.5025324


Appl. Phys. Lett. 112, 144102 (2018); https://doi.org/10.1063/1.5025324 112, 144102

© 2018 Author(s).

Specimen's plane misaligned installation
solution based on charge fluctuation inside
SEM
Cite as: Appl. Phys. Lett. 112, 144102 (2018); https://doi.org/10.1063/1.5025324
Submitted: 08 February 2018 • Accepted: 20 March 2018 • Published Online: 02 April 2018

 Haojian Lu, Yanting Liu, Yuanyuan Yang, et al.

ARTICLES YOU MAY BE INTERESTED IN

 Less-invasive non-embedded cell cutting by nanomanipulation and vibrating nanoknife
Applied Physics Letters 110, 043701 (2017); https://doi.org/10.1063/1.4975004

Surface defect detection of magnetic microwires by miniature rotatable robot inside SEM
AIP Advances 6, 095309 (2016); https://doi.org/10.1063/1.4962965

Artificial bacterial flagella: Fabrication and magnetic control
Applied Physics Letters 94, 064107 (2009); https://doi.org/10.1063/1.3079655

https://images.scitation.org/redirect.spark?MID=176720&plid=1947475&setID=378288&channelID=0&CID=714035&banID=520845036&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=e2ae5b51cd618c9a7a74337d7403b140eba81b67&location=
https://doi.org/10.1063/1.5025324
https://doi.org/10.1063/1.5025324
http://orcid.org/0000-0002-1393-3040
https://aip.scitation.org/author/Lu%2C+Haojian
https://aip.scitation.org/author/Liu%2C+Yanting
https://aip.scitation.org/author/Yang%2C+Yuanyuan
https://doi.org/10.1063/1.5025324
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5025324
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5025324&domain=aip.scitation.org&date_stamp=2018-04-02
https://aip.scitation.org/doi/10.1063/1.4975004
https://doi.org/10.1063/1.4975004
https://aip.scitation.org/doi/10.1063/1.4962965
https://doi.org/10.1063/1.4962965
https://aip.scitation.org/doi/10.1063/1.3079655
https://doi.org/10.1063/1.3079655


Specimen’s plane misaligned installation solution based on charge
fluctuation inside SEM

Haojian Lu,1 Yanting Liu,1 Yuanyuan Yang,1 Panbing Wang,1 and Yajing Shen1,2,a)

1Department of Mechanical and Biomedical Engineering, City University of Hong Kong, Hong Kong 999077,
China
2Shenzhen Research Institute, City University of Hong Kong, Shenzhen 518057, China

(Received 8 February 2018; accepted 20 March 2018; published online 2 April 2018)

Precise specimen’s installation is a sticking point to ensure the characterization accuracy of the

in-situ material property test. Although it is common knowledge that specimen’s plane misaligned

installation (PMI) would cause extra force loading during mechanical testing, there are few effective

solutions available to deal with it at the current stage, especially during the in-situ scanning electron

microscopy (SEM) test. Taking into consideration the charge fluctuation phenomenon under SEM,

this paper proposes a highlight area variation (HAV) method for specimen deformation judgment,

i.e., the specimen deformation is defined when the highlight area changes greater than 20% of the

initial value of the specimen surface. Three types of specimens with different resistivities, i.e., human

hair (electrical resistivity �3� 1012 X cm), optical fiber (electrical resistivity �1017 X cm), and

magnetic wire (electrical resistivity �2� 10�5 X cm), are chosen to verify the effectiveness of the

HAV method. Furthermore, combined with the developed robot-aided alignment system, the speci-

men’s PMI problem can also be solved. In the demonstration, the human hair specimen is installed

across two specimen stages and its in-situ twisting (in 360�) test is implemented. The results clearly

indicate that the HAV method and the robot-aided alignment system are practical and reliable, and

the specimen can be aligned on the same plane and installed precisely with accuracy up to 3 lm. This

method will benefit the in-situ SEM material mechanical property test and has a significant impact in

fundamental material research. Published by AIP Publishing. https://doi.org/10.1063/1.5025324

Precise characterization of the mechanical properties of

micro/nanomaterials finds widespread applications in various

areas.1–5 Among all techniques, in-situ characterization tech-

nologies inside a scanning electron microscope (SEM)6–10 are

regarded as one of the most powerful methods considering the

tiny size of the micro/nanomaterial. However, the commercial

standard SEMs can only provide high resolution 2D (x–y axis)

images but without the precise z axis information. Thus, when

the specimen is installed across two specimen stages, the lack

of z axis information of SEM cannot always ensure that the

two ends of the specimen are aligned on the same plane,

which is defined as specimen’s plane misaligned installation

(PMI). As a result, the extra bending force will load along the

z axis on the specimen during bending, tension, or torsion

tests, which will finally lead to inaccurate experimental results

[Fig. 1(a)]. Up to now, few effective solutions are available to

address the PMI problem due to the limited imaging region/

orientation and low manipulation flexibility inside SEM.7,9

The specimen in SEM is imaged based on the secondary

electrons and backscattered electrons produced by the interac-

tion between the electrons and the specimen.11 Owing to

SEM’s unique working mode, it produces charge accumula-

tion in the incident electron bombardment and electron beam

instability, leading to the highlight area on the specimen sur-

face,12–14 like the example (human hair) shown in Fig. 1(b).

When the specimen is deformed, the charge accumulation

area on the specimen surface will also change, which presents

highlight area variation (HAV) in the SEM image. This HAV

method provides a possibility to determine the specimen

deformation during specimen’s plane installation.

On the other hand, the nanorobotic manipulation system

(NMS) offers an effective solution for the precise manipula-

tion inside SEM.15,16 For example, several NMSs have been

utilized in many fields, including precise characterization

and manipulation of the material and the cell,17–25 high pre-

cision assembly,26–29 and nanoprobing.6,30 What is more, the

robot-aided in-situ SEM mechanical test has been a primary

means to study small scale specimens due to its real-time

imaging ability at nanometer resolution.31–35

Herein, this paper presents a robot-aided HAV method to

address the PMI problem. As illustrated in Fig. 2, the NMS

mainly consists of one 3-DOF (degrees of freedom) manipula-

tor and one specimen holder. The 3-DOF manipulator is

mainly composed of three independent linear positioners

(LP_1, LP_2, and LP_3), and their movement directions are

mutually perpendicular to each other [Fig. 2(a)]. These types

of nanopositioners (ECS3030, Attocube, Inc.,) have extremely

high precision with a repeatability of 50 nm and a maximum

load of 90 N. The nanorobotic manipulator is assembled inside

the SEM chamber, and the PC (personal computer) controller

and the motor driver communicate with the manipulator

through a self-designed connection port [Fig. 2(b)]. As

depicted in the schematics of our NMS, the vision feedback is

used to monitor the position of the manipulator and the speci-

men holder, and the specimen can be controlled to solve the

PMI problem through the vision feedback precisely [Fig.

2(c)]. What is more, a grounding design of the NMS is
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developed for creating a conducting path through the speci-

men to discharge most of the charges accumulated. The real

time observation of the micro/nanomaterial mechanical prop-

erty test can be realized through the vision feedback system.

The specimen is fixed on the left stage first, and then, the

right stage is operated to the same z plane with the specimen

[Fig. 1(c)]. In the initial state, the right specimen stage is

located under the specimen and the distance between the initial

position and the desired position is defined as Derr¼ [Dxerr

Dyerr Dzerr]
T. Due to the fact that SEM could provide high reso-

lution x–y information, the distance along the x axis and the y
axis between the left specimen stage and the right specimen

stage can be obtained easily. During the alignment, the dis-

placement error along the x axis (Dxerr) and the y axis (Dyerr)

would not have an influence on the specimen installation accu-

racy, so that Dxerr and Dyerr are ignored during the plane align-

ment calibration process, i.e., define Dxerr¼Dyerr¼ 0. To align

the specimen along the z axis (Dzerr), we move the right speci-

men stage up until HAV occurs, which means that the right

stage contacts and deforms the specimen.

Under the trigger of electrons, the surface charge of the

specimen is in a state of non-stop motion and fluctuates in

any direction constantly, the fluctuation of which can be sta-

tistically counted.36 Assume that the charge fluctuation area

Si increases and decreases Ds with the same probability

p¼ 1/2 after time Dt, which is independent and random.

Si ¼
1;
�1

the ith increase

; the ith decrease:

�
(1)

Define S(t) as the charge fluctuation area at time t under

steady state conditions

S tð Þ ¼ Ds S1 þ S2 þ � � � þ S t
Dt½ �

� �
: (2)

Obviously, ESi¼ 0 and DSi ¼ ES2
i ¼ 1, so that,

ES tð Þ ¼ 0; DS tð Þ ¼ Dsð Þ2 t

Dt

� �
: (3)

Through the preliminary experiments, when Dt is

smaller, the charge fluctuation area variation Ds is smaller,

i.e., Dt! 0 and Ds! 0. Define Ds ¼ c
ffiffiffiffiffi
Dt
p
ðc > 0Þ and c is

constant, when Dt! 0 and Ds! 0

lim
Dt!0

DS tð Þ ¼ lim
Dt!0

Dsð Þ2 t

Dt

� �
¼ lim

Dt!0
c2 Dt

t

Dt

� �
¼ c2 t: (4)

On the other hand, SðtÞ ¼ Ds S1 þ S2 þ � � � þ S½ t
Dt�

� 	
can

be represented as the sum of independent identically distrib-

uted random variables. When Dt ! 0, S(t) tends to be the

standard normal distribution according to central-limit theo-

rem. After that

lim
Dt!0

P

Pt
Dt½ �

i¼0

Ds Si � 0

ffiffiffiffiffiffi
c2t
p � s

8>><
>>:

9>>=
>>; ¼ U sð Þ (5)

in which 8s 2 R, t> 0, and U(s) is the standard normal dis-

tribution so that the HAV locates a certain range and presents

normal distribution under the steady state conditions. This

phenomenon is in conformity with the charge fluctuation in

the microenvironment inside SEM.

To validate the proposed HAV method for solving the

PMI problem, fifteen experiments are designed indepen-

dently by taking three typical specimens with different resis-

tivities, i.e., human hair (electrical resistivity �3� 1012 X
cm), optical fiber (electrical resistivity �1017 X cm), and

magnetic wire (electrical resistivity �2� 10�5 X cm) [Fig.

3(a)]. The nanorobotic manipulator is installed initially, and

the specimen (human hair without any chemical or physical

treatment, optical fiber without plastic shells, and magnetic

wire without glass shells) is fixed on the left specimen stage

via glue (Aron alpha, Toagosei Co., Ltd.). After integrating

FIG. 2. Nanorobotic manipulation system. (a) Schematics of the 3-DOF

nanorobotic manipulator. (b) Overall nanorobotic manipulation system

installation with a video-microscope and a communication system. (c)

Schematic diagram of the whole nanorobotic manipulation control system

setup.

FIG. 1. Plane misalignment installation. (a) In-situ characterization failure

caused by specimen plane misalignment installation error. z axis bending

force error occurs during the bending, compression, tension, and torsion test.

(b) Human hair specimen observation under SEM. The highlight area indi-

cates the area where the charge fluctuation occurs on the specimen surface.

The scale bar is 50 lm. (c) Illustration of the initial position and the desired

position of the right specimen stage.

144102-2 Lu et al. Appl. Phys. Lett. 112, 144102 (2018)



the nanorobotic manipulator system with SEM and calibrat-

ing the whole system, rough alignment needs to be done to

ensure the experiment efficiency. Although the grounding

design of the NMS can discharge the charge accumulation to

a certain extent, the local charge accumulation occurring on

the irradiated specimen surface still exists, especially for the

high electrical resistivity material [Figs. 3(b) and 3(e)].

During the experiment, LP_1 and LP_2 are moved manually

to an appropriate position to make Dxerr¼Dyerr¼ 0 and then

LP_3 is moved manually to allow keeping Dzerr a small

value without contacting the specimen. During the fine align-

ment part, the first grey-scale SEM image is captured and the

highlight area of the initial image S0 is calculated.

According to the measurement results, the fluctuation of

the highlight area is counted between �12% andþ12%

before specimen deformation, which is present as normal

distribution for all specimens. Considering the uncertainty of

HAV after deformation, we set a safety factor n to calculate

HAV r¼ n� 12%� S0.

This specimen image is in the equilibrium state before

deformation and experiences non-equilibrium evolution

under the action of external force.37 The charge fluctuation

area on the specimen surface will change and can be defined

as Sd(t)¼ S(t)þ l, l is the deformation constant. Obviously,

Sd also obeys normal distribution, and it changes dramati-

cally compared to the initial highlight area S0. For adopted

three typical kinds of materials, the HAV safety factor n is

set as 1.7 so that the trigger value r is calculated as

S0� 20%. During the experiment, LP_3 is moved along the z
axis by dstep with a fixed step size of dstep ¼ 6 lm, and the

highlight area of the current image is calculated in step n
(Sn). Compute HAV

DS ¼ jSn � S0j; n 	 1; (6)

if DS>r, move LP_3 half step back, else move one step for-

ward. As depicted in Fig. 3(a), at the beginning, the highlight

area has minor changes. When it comes to step 4, the high-

light area changes dramatically, beyond the set trigger per-

centage 20%, which means that the specimens are deformed

at this step. From the highlight area variation results of the

three specimens, it is found that the proposed HAV method

is practical for different kinds of materials with different

electrical resistivities, which validates the initial hypothesis.

The side view image is taken at step 3.5 corresponding to the

human hair specimen, which indicates that the specimen is

well aligned on the same plane between two specimen

stages.

Three types of specimens with different resistivities are

taken as examples to show how the HAV method can be

applied (Fig. 3). First, for the human hair specimen [Figs.

3(b)–3(d)] under the magnification of �500, the area of each

pixel is 0.29 lm� 0.29 lm. The total highlight area is 47 870

pixels at the initial condition (step 0) and changes to 80 538

pixels (step 4) as the right specimen stage moves along the z
axis gradually with fixed step size dstep. In this condition,

DS¼ 32 668 is satisfied DS 	 jSnþ1 � S0j � 20%. After con-

tacting the specimen, the step size of LP_3 is halved (3 lm)

and moves down for one step. The error can be controlled

within 3 lm, which can be ignored compared to the human

hair specimen’s size (diameter �50 lm). Second, as for the

optical fiber specimen [Figs. 3(e)–3(g)] under the magnifica-

tion of�1200, the area of each pixel is 0.12 lm� 0.12 lm.

The initial highlight area is 180 283 pixels and changes to

131 329 pixels (step 4), which indicates that the specimen is

deformed. After that, LP_3 moves half step back to control

the alignment error within 3 lm. Finally, the magnetic wire

[Figs. 3(h)–3(j)] is tested under the magnification of�600,

and the area of each pixel is 0.24 lm� 0.24 lm. The initial

highlight area is 32 693 pixels and changes to 52 958 pixels

FIG. 3. Experimental results of the proposed PMI solution based on the

HAV method and NMS. (a) Highlight area percentage variation during the

upward movement of the right stage. Fifteen experiments are designed inde-

pendently by taking three typical specimens (human hair, optical fiber, and

magnetic wire). The side view image is taken at step 3.5 corresponding to

the human hair specimen. (b)–(d) Selected experimental results of human

hair specimen image processing in the HAV method based on charge fluctu-

ation; the scale bar is 50 lm. (e)–(g) Selected experimental results of optical

fiber specimen image processing in the HAV method based on charge fluctu-

ation; the scale bar is 50 lm. (h)–(j) Selected experimental results of mag-

netic wire specimen image processing in the HAV method based on charge

fluctuation; the scale bar is 50 lm. (b), (e), and (h) Initial SEM grey-scale

image. (c), (f), and (i) Highlight area by contour extraction. (d), (g), and (j)

Highlight area filled by red color.
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(step 4), which shows that the specimen is deformed. Then,

LP_3 moves 3 lm downwards to realize more precise align-

ment. Therefore, the HAV method has been proved via dif-

ferent kinds of materials with different electrical resistivities.

The human hair specimen is selected and twisted 360�

in-situ (Fig. 4) to demonstrate the practicability of our pro-

posed HAV method for in-situ material property test applica-

tions. The rotary nanopositioner (ECR3030, Attocube, Inc.,)

utilized for the in-situ twisting test has a fine positioning res-

olution of 1 l� and a maximum dynamic torque around the

axis of 2 N cm. During the demonstration, the human hair is

assembled on across the two stages based on the proposed

method in this paper. According to the SEM images from

different directions (0�, 90�, 180�, and 270�) during the

twisting test, it is clear that the human hair specimen is

located precisely on the same plane between two stages with-

out any extra bending force.

Precise sample assembly is a prerequisite for in-situ
characterization inside SEM. Yet, due to the limitation of

imaging region/orientation and low manipulation flexibility,

it is still a big challenge, which greatly affects the accuracy

of in-situ SEM characterization. The proposal robot-aided

HAV method is able to solve the specimen’s PMI problem.

Moreover, the proposed method is based on the changing of

surface charge, which is a general method that can be applied

for most materials regardless of the electrical resistivity. As

the above theoretical analysis and experimental results show,

the proposed method is practical, precise, and robust. Such a

precise specimen installation method provides us a new

approach to eliminate the installation errors, which is very

significant for the in-situ material study at small scales.

In conclusion, this paper reports a highlight area varia-

tion (HAV) method via a nanorobotic manipulation system

(NMS) to solve the specimen’s plane misaligned installation

(PMI) problem inside SEM towards the in-situ material prop-

erty test. The results indicate that the proposed HAV method

and NMS are practical and reliable. This approach offers a

new solution to solve the challenge in micro/nanomaterial

precise installation inside SEM. Moreover, the experimental

results energize the development of the mechanical property

test of micro/nanomaterials and the application of micro/

nanomaterials, which is expected to have a significant impact

in the micro/nanomaterial field.

This work was supported by the Basic Research Project

of Shenzhen (Nos. JCYJ20160329150236426 and

JCYJ20170413140519030).
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