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A B S T R A C T   

This paper compared the static theoretical modelling, numerical simulation, and experimental results of a 3D 
electro-thermal actuator that is built by three fingers. Each finger is composed of a U-shaped (two DOFs) and a V- 
shaped (one DOF) electrothermal actuator for three DOFs. The heating source of those actuators is from poly-
imide films that is attaching with those beam actuators. When voltage or current (Joule heating) is applied to the 
polyimide film, the temperature of the beam increases since the thermal energy is transmitted from the film to 
the beam actuator. Then, the beam elongates due to the thermal expansion of the metal, resulting in displace-
ment of the beam. In addition, we also perform the parameter analysis to discuss the effect of parameter change 
on the output displacement of actuator. Finally, the 3D electrothermal microgripper is used to implement 
micromanipulation experiments such as picking, moving and rotating on micro balls and zebrafish embryos in 3D 
space to verify its usability.   

1. Introduction 

Manipulation of micro objects of various kinds such as micro parts 
[1,2], micro balls [3–5], and even biological cells [6–8] has long been 
one of the most attractive and challenging research topics. In recent 
decades, basic operations, such as picking, moving, and releasing of 
micro objects [9,10], have been investigated with an increasing devel-
opment of micro tools. These tools in general can be classified into two 
categories: the contact and contactless types. Contactless tools like op-
tical tweezers can capture biological cells without inducing direct con-
tact to the fragile cells [11–13]. Even though contactless tools can avoid 
surface damage to the cells, they are limited to certain kinds of 
micro-objects possessing certain kinds of characteristics. For instance, 
the contactless optical tweezer requires micro-objects have a higher 
refractive index than the surrounding medium, and the larger difference 
in refractive index, the micro-object is more distinct and thus easily to be 
acquired by the optical tweezer [14]. The contact tools, on the other 
hand, have no particular requirements for the micro objects. The direct 
contact to the micro objects makes it possible to not only pick and 
release but also feel the objects with the help of various sensors [15–17]. 
A micropipette, with controlled positive and negative air pressure, has 
widely been applied in manipulation of cells [18,19]. One of the 

limitations of the micropipette is that it must be immerged to the liquid, 
and hence it might not be suited to micro assembly tasks. A mechanical 
microgripper with a pair of or multiple fingers offers direct contact to 
the micro objects with little requirement for the operation environment 
[20–22]. Mechanical microgrippers can be categorized as various types, 
such as electro-static, electrothermal, electro-magnetic, and piezoelec-
tric, etc., based on their actuation mechanisms [23]. Numerous articles 
have been published on the mechanical microgrippers, and they focus 
mainly on the structure, fabrication, and performance of the micro-
grippers vary with different types of actuators. Comparing with other 
micromanipulation, the mechanical microgrippers have the advantages 
over other types of microgrippers in case like micro assembly [24] and 
force-sensing [25]. Mechanical grippers can be designed with various 
structures and fabricated via different methods. However, due to the 
limitations of manufacturing and design, the mechanical microgrippers 
developed and reported in most literatures are limited to planar (2D), 
single DOF and two-fingered tweezers. For example, the electro-static 
microgrippers [26,27] can only have planar structures as limited to 
the MEMS machining technology. The electro-magnetic [28,29] and 
piezoelectric actuators [30,31] are bulk, and it is very difficult, if not 
impossible, to integrate multiple actuated fingers in 3D space. 

Although basic operations like picking and releasing can be 
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achieved, it seems necessary to extend the base functionalities of a 
microgripper like the orientation of the micro objects and can be 
accomplished by 3D multi-fingered microgripper. 3D microgripper with 
multiple DOFs has long been one of the most advanced topics in the field 
of micromanipulations. Many efforts toward this issue can be found in 
the literature. For instance, Aravind et al. [32] proposed a four fingered 
microgripper, however it had only one DOF for each finger. Chen et al. 
[33] proposed a two-DOF piezoelectric-actuated microgripper, but it 
was limited to the planar structure. In comparison to the other micro-
grippers, electrothermal microgrippers are special because the output 
displacement is generated with elongation of the heated slender beams 
[23]. Unlike the other types of actuators, the electrothermal actuator 
itself can be designed into different structures for a variety of micro-
manipulation applications such as microstates [34], microgrippers [35], 
and microsensors [36]. 

The concept design of the 3D microgripper proposed in this work has 
been briefly presented in our previous preliminary work [37]. Each 
finger of the designed 3D microgripper possesses three linear DOFs 
provided by a 3D U-shaped electrothermal actuator and a V-shaped 
electrothermal actuator. The 3D U-shaped electrothermal actuator 
provides two DOFs with four slender beams, and the V-shaped electro-
thermal actuator offers one DOF. The polyimide film is utilized to pro-
vide external heating source for both the 3D U- and the V-shaped 
actuators. The 3D microgripper is fabricated with 3D printing. Many 

research efforts have been made towards the statics theoretical model-
ling of the electrothermal micro-actuators and microgrippers [38–42], 
which are usually divided into two sub models, that is, the electro-
thermal model and the thermal-mechanical model. However, these 
models in current literature are developed basically about the planar 
electrothermal actuator and microgrippers, of which the relationships of 
force and deformation can be formulated with either the principle of 
virtual work [38] or the beam theory [41,42]. For the 3D U-shaped 
actuator, the main part of the 3D microgripper, the connection rela-
tionship of the beams occurs in 3D space and makes the statics theo-
retical modelling much more challenging. To the best knowledge of the 
authors, there is no report on the statics theoretical modelling of 3D 
electrothermal actuators in the literature. 

In this paper, the static theoretical model of the 3D U-shaped elec-
trothermal actuator is established and validated by both the finite- 
element simulations and experimental tests. Based on the static theo-
retical model, parameter analyses are conducted to provide guidance 
and insight for further improvement of the 3D U-shaped electrothermal 
actuator performances. Finally, micro-manipulations of micro balls and 
zebrafish embryos are conducted to demonstrate the capability of not 
only picking, positioning, and releasing but also orientating the micro 
objects using the proposed 3D microgripper. 

This work is structured as follows. In Section 2, the structural design 
of the 3D U-shaped actuator and the V-shaped actuator is presented. 

Fig. 1. The planar U-shaped actuator and the V-shaped actuator. (a) the structure of the planar U-shaped actuator, (b) the structure of the V-shaped actuator.  

Fig. 2. Detailed structural design of the 3D electrothermal microgripper: (a) the structure of the 3D microgripper, (b) the sectional view of the 3D electrothermal 
microgripper, (c) the 3D U-shaped actuator (2 DOF), (d) the sectional view of the 3D U-shaped actuator, and (e) the V-shaped electrothermal actuator (1 DOF). 
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Section 3 describes the static theoretical model of the 3D U-shaped 
electrothermal actuator in detail. Section 4 shows the finite-element 
analyses of the 3D U-shaped actuator. Comprehensive experimental 
tests are conducted in Section 5 to validate the static theoretical model. 
Section 6 presents the parameter analyses of the 3D U-shaped actuator 
based on the static theoretical model. In Section 7, micro-manipulation 
of micro balls and zebrafish embryos using the proposed 3D micro-
gripper to demonstrate the functional feasibility and versatility of the 3D 
microgripper. Finally, summary remarks are given in the conclusion 
section. 

2. Working principle of the 3D electrothermal micro-gripper 

Inspired by the planar U-shaped electrothermal micro-actuator, as 
shown in Fig. 1(a), which is composed of a pair of thick and thin beams, 
we designed a 3D U-shaped electrothermal micro-actuator, as shown in 
Fig. 2(c). The planar U-shaped actuator produces displacement due to 
the thermal elongation differences between the thick and thin beams. 
When applying a voltage on the two anchors, electric current and the 
thermal energy are generated across the beams. Since the cross section 
varies between the thick and thin beams, heat conduction rate is 
different on the two beams leading to different temperature rise of the 
beams. As a result, the thin beam elongated much greater than the thick 
beam, thus pushing the thick beam to bend to produce the displacement 
[23]. Instead of directly applying a voltage to the actuator, in this work, 
a piece of polyimide film is glued to the surface of each actuator beam, 
utilized as the heating source. The structure of the 3D U-shaped actuator 
is shown in Fig. 3. The polyimide film is heated with an input voltage 
due to Joule heating. One of the biggest advantages of the external 
heating is that it allows an overall design of more complex actuator 
structures without the need to consider the insulation problem. The 
polyimide film has a sandwich structure: the inner layer is conductive, 
made up of a thin nickel-chromium film and the outer two layers are the 
polyimide film so that the inner conductive film is insulated from the 
actuator beams. 

The 3D U-shaped electrothermal actuator is made up of four slender 
beams allocated at the four sides of the base, as shown in Fig. 2(c). The 
3D U-shaped actuator can be thought of as two planar U-shaped actu-
ators with the planes where the planar U-shaped actuator is perpen-
dicular to each other. In this way, when heating one of the four beams, 
the heated beam will be elongated causing the whole structure to bend 
and produce displacement. Since each beam is heated via an external 
heating source, the polyimide film, the thick beam where the planar U- 
shaped actuator has is no longer needed. When controlling the input 
voltages to the polyimide films on the four beams, the 3D U-shaped 
actuator can produce displacement on two independent directions on 
the plane perpendicular to the axial of the beams. Furthermore, with the 
combined controlling of the four inputs, the 3D U-shaped actuator can in 
theory produce any desirable motion within corresponding plane. 

For the microgripper finger to have 3D manipulation capabilities, a 
V-shaped electrothermal actuator is designed and connected to the 3D 
U-shaped actuator, as shown in Fig. 1(b). The V-shaped actuator, the 
most commonly used electrothermal actuator in many applications, is 
heated with pieces of polyimide films as well. The V-shaped actuator 
generates rectilinear motion due to the symmetric thermal elongation of 
the beams. As shown in Fig. 2(a), the V- and the 3D U-shaped actuator 
can provide three DOFs in total, as the displacement provided by the V- 
shaped actuator is along the direction perpendicular to the plane where 
the output displacement of the 3D U-shaped actuator is generated. 
Therefore, each microgripper finger with the V- and 3D U-shaped elec-
trothermal actuators possesses three DOFs. 

Since the minimum number of fingers in constructing a 3D micro-
gripper is three, a three-fingered microgripper is designed in this paper, 
as shown in Fig. 2(a). Obviously, four- or more-fingered 3D can be 
conveniently designed with the proposed 3D U-shaped actuator and the 
structure of the three-fingered 3D microgripper. The number of fingers 
chosen to construct a 3D microgripper is a balance between the 
manipulation flexibility and the complexity of the system. Optimizing 
the number of fingers for micro-manipulation is beyond the scope of this 
work, and therefore is not to be discussed here. The three-fingered 3D 

Fig. 3. Polyimide film utilized as external heating source of the 3D U-shaped actuator. (a) Bending of the 3D U-shaped actuator with heated polyimide film; (b) 
Structure of the polyimide film. 

Fig. 4. The structure analysis of the 3D U-shaped actuator.  
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microgripper has 9 DOFs in total. The 3D microgripper is fabricated with 
3D printing and AlSi10Mg is chosen as the actuator material for its larger 
thermal conductivity and coefficient of thermal expansion [43]. Table 6 
in Appendix A lists the detailed dimensions of the fabricated 3D 
microgripper. 

3. Statics theoretical modelling of the 3D U-shaped 
electrothermal actuator 

Apparently, the output displacement of the 3D U-shaped electro-
thermal actuator is determined by two parts, namely the electrothermal 
part, i.e., the polyimide film, and the thermal-mechanical part, i.e., the 
beams. The electrothermal part converts electrical energy of input 
voltage to thermal energy leading to the temperature rise of the poly-
imide film due to Joule heating of the inside Nickel-chromium alloy 
wire. The rise of temperature of the polyimide film then causes an in-
crease of the temperature of the beam due to thermal conduction. Then 
rise of the beam temperature leads to elongation of the beam leading to 
bending of the overall structure. For the polyimide film, the ability to 
generate a large temperature rise is important since larger elongation 
will be obtained for the heated beams which results in larger output 
displacement. For the thermal-mechanical part, the dimensions of the 
beams determine the output displacement for the given temperature rise 
of the beam. 

In this section, a static thermal-mechanical model of the 3D U-shaped 
actuator is established. The 3D U-shaped actuator is shown in Fig. 4(a), 
where the red beam represents the heated beam. To calculate the 
deformation of the structure, we first disconnect the other three beams 
except for the heated beam to the right end block to let the heated beam 
elongate freely for the given temperature rise, as shown in Fig. 4(b). 
Then, we connect the beams again to the right end block with the same 
connection relationship as original. Due to deformation coordination 
between connected beams, the extra elongated beam length will cause 
the whole structure to bend. As shown in Fig. 4(b), the original length of 
beams is L, the elongated beam length is ΔLT, and the resultant beam 
length of the heated beam is denoted as L0. 

In order to establish the statics theoretical model of the 3D U-shaped 
actuator, the following relationship and assumptions were made. 1) The 
angle between the beam and the right end block remains right angle 
during bending; 2) The right end block is assumed to be rigid, only the 
beam is deformable; 3) Because of symmetry, bending of the actuator 
only occurs in the plane as shown in Fig. 4(b). With the assumption of 
one-dimensional expansion of the beam, the elongated beam length ΔLT 
is calculated as in Eq. (1). 

ΔLT =

∫L

0

α(T − T0)dx (1)  

where α is coefficient of thermal expansion of the beams, T0 is initial 

temperature of the beam, T is temperature of the beam, and L is original 
beam length. When the heated beam is elongated, the corresponding 
moment and force are generated at the right end of the beams, as 
illustrated in Fig. 5, where Pi, Vi, and Mi (i = 1,2, 3,4) are axial force, 
shear force and bending moment, respectively. Because the right end 
block is assumed rigid, an equilibrium system of equations of force and 
moment can be derived as in Eq. (2) ~Eq. (6). 

P1 +P2 + P3 + P4 = 0 (2)  

V1 +V2 + V3 + V4 = 0 (3)  

P1 ⋅
d
2
− M1 − M2 − M4 − M3 − P3⋅

d
2
= 0 (4)  

V2 ⋅
d
2
− V4⋅

d
2
= 0 (5)  

P2 ⋅
d
2
− P4⋅

d
2
= 0 (6) 

According to the appendix B, the elongations of the four beams can 
be obtained as follows: ΔuAE = P1L

EA , ΔuBF = P2L
EA , ΔuDH = P4L

EA , and ΔuCG =
P3L0
EA , where L0 = L+ ΔLT, E and A are the Young’s modulus and the 

cross-sectional area of the beam, respectively. The resultant length of the 
beams AE′ , BF′ , DH′ , and CG′ can be obtained as follows: uAE′ = L+
ΔuAE, uBF′ = L+ ΔuBF, uDH′ = L + ΔuDH , and uCG′ = L0 + ΔuCG. Ac-
cording to Eq. (7*) and Eq. (9*) in appendix B, the deflection and slope 
of the deflection curve at the free end can be obtained as follows: 

w(uAE′ ) =
M1u

AE′
2

2EI −
V1u

AE′
3

3EI , w(uBF′ ) =
M2u

BF′
2

2EI −
V1u

BF′
3

3EI , w(uCG′ ) =
M3u

CG′
2

2EI −

V3uCG′
3

3EI , w(uDH′ ) =
M4u

DH′
2

2EI −
V4u

DH′
3

3EI , w′

(uAE′ ) =
M1u

AE′

EI −
V1u

AE′
2

2EI , w′

(uBF′ ) =

M2u
BF′

EI −
V2u

BF′
2

2EI , w′

(uCG′ ) =
M3u

CG′

EI −
V3u

CG′
2

2EI , and w′

(uDH′ ) =
M4u

DH′

EI −
V4u

DH′
2

2EI . 
Since the right end block is assumed rigid, the slopes of each beams at 

the free end are the same, which gives 

w
′

(uAE′ ) =w
′

(uBF′ ) = tanθ (7)  

w′

(uBF′ ) =w
′

(uCG′ ) (8)  

w′

(uCG′ ) =w
′

(uDH′ ) (9) 

The deformation and connection relationship for the beams is shown 
in Fig. 4(b), which can be described with the following equations. 

d ⋅ cosθ − w(uAE′ ) = d − w(uCG′ ) (10)  

d
2

⋅ cosθ − w(uAE′ ) =
d
2
− w(uBF′ ) (11)  

d
2

⋅ cosθ − w(uAE′ ) =
d
2
− w(uDH′ ) (12) 

Fig. 5. Free-body diagram used in determining the bending moment, axial force, and the shear force acting on the beams.  
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ΔuAE + d⋅sinθ = ΔLT + ΔuCG (13)  

ΔuAE +
d
2

⋅sinθ = ΔuBF (14)  

ΔuAE +
d
2

⋅sinθ = ΔuDH (15) 

Solving the system of Eq. (2) ~ Eq. (15) using the Newton iteration 
method, all the unknown variables as well as the deflection of the beam 
w(uAE′ ) at E can be obtained. In order to facilitate measurement of the 
output displacement in simulations and experiments, the output 
displacement of the 3D U-shaped actuator Δ is defined as the deflection 
of the block at point S instead of E as shown in Fig. 6, where S is the 
center of the upper surface of the block. 

Obviously, 

Δ= S′ E′ ⋅ cosα − EQ + w(uAE′ ) (16)  

where 

S′E′
= SE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

QS2
+ EQ2

√

(17)  

α= cos− 1EQ
SE

− θ (18)  

4. Finite element analysis 

In this section, finite element analysis (using ANSYS, version 19.0) is 

used to verify the established model, as shown in Fig. 7. The Tet 10 node 
227 elements is used as the actuator element. The material properties 
and actuator dimensions are listed in Table 1 and Table 6 respectively. 
The Young’s modulus for the end block is set much larger than that of 
the beams to be in line with our assumption that the end block was rigid. 
The initial temperature of the actuator is set to be 300K. The simulation 
begins by applying a temperature input to every nodes of the beam to be 
heated. The error δ1% between the analytical and simulation results is 
calculated as in Eq. (19). 

δ1%=
dAnalytical − dANSYS

dAnalytical
× 100% (19) 

It is seen from Table 2 that, the analytical prediction for the output 
displacement agrees well with the simulation results for a wide range of 
temperature inputs. 

5. Experimental validation of the statics theoretical model 

In this section, the analytical model of the 3D U-shaped actuator is 
further validated via experimental testing. Table 6 in Appendix A lists 
the dimensions of the fabricated 3D U-shaped actuator. The experi-
mental setup is shown in Fig. 8(b). Both analytical modelling and 
simulation of 3D actuator by changing the temperature applied to the 
beam obtain the tip displacement of microgripper. However, in the 
actual operations, the temperature rise of the beam is achieved via the 
polyimide film, the external heat source, as shown in Fig. 8(a). A 
controllable direct current (DC) power supply is used to provide the 
input voltages to heat the polyimide film. In our analytical model, the 
average temperature rise along the beam is used as input. In the 

Fig. 6. The geometric relationship between w(uAE′ ) and output displacement of the 3D U-shaped actuator.Δ  

Fig. 7. Finite element analysis of the 3D U-shaped actuator.  

Table 1 
Material properties of the AlSi10Mg.  

Properties Value Unit 

Young’s Modulus (E) 6× 1010 Pa 
Poisson’s Ratio (μ) 0.34 ─ 
Coefficient of thermal expansion (α) 23 10− 6/

◦C 
Thermal conductivity (k) 203 W/(m⋅K)  

Table 2 
Comparison between analytical and simulation results.  

Temperature (K) dANSYS(mm) dAnalytical (mm) δ1 (%) 

400 0.7042 0.6967 − 1.08 
500 1.4085 1.3915 − 1.22 
600 2.1127 2.0850 − 1.33 
700 2.8169 2.7774 − 1.42 
800 3.5212 3.4694 − 1.49 
900 4.2254 4.1614 − 1.54  
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experiment testing, the temperature is measured at six points along the 
beam as shown in Fig. 8(a). Because the six points are positioned evenly 
along the beam, an average of the temperatures at the six points minus 
the initial temperature of the beam is the average temperature rise of the 
beam, which is the input temperature to the statics theoretical model. A 
thermocouple thermometer with accuracy of 0.1 ◦C is utilized to mea-
sure the temperature. The output displacement of the actuator is 

measured with a microscope as shown in Fig. 8(b), and the pixel size is 
calibrated to be 2.859 μm per pixel. 

A group of voltages is applied to the polyimide film leading to the 
temperature rises and displacement outputs, listed in Table 3. The 
average temperature rises are used as the inputs to the analytical model. 
As seen from Table 3 that, the deviations between analytical predictions 
of the output displacement and the measured results are below 10%. The 
error is calculated based on Eq. (20). 

δ2%=
dAnalytical − dMeasured

dAnalytical
× 100% (20) 

A comparison curve of the measured, analytical, and simulation 
output displacements of the 3D U-shaped actuator under the same 
temperature rise as listed in Table 3 is shown in Fig. 9. It can be seen 
from Fig. 9 that the analytical and the simulation results agree very well 
with each other compared to the experimental results. It is seen that the 
experimental results are lower than the analytical predictions, which 
can be explained with that the temperature is measured only on the 
surface of the beam, and the temperature is used as the input to the 
system in the theoretical calculations and the simulations with FEM. 
However, the average temperature should be lower inside the beam, 
leading to the larger output displacements of the actuator in the results 
from theoretical analyses and FEM simulations. In addition, the tem-
perature and displacement measurement method via the thermocouple 
and image processing respectively can induce system errors as well. The 
error can be reduced by measuring the displacement of the microgripper 
for many times and adopting a more accurate temperature measurement 
method. 

6. Parameter analyses of the 3D U-shaped actuator 

In this paper, the initial size of the 3D U-shaped actuator is not ob-
tained after parameter analysis, but according to the limitations of 
processing technology, in order to verify its feasibility in micromanip-
ulation experiments. The parameter analysis of the 3D U-shaped actu-
ator is to put forward theoretical guidance for its size, so that maximize 
the output displacement of the 3D U-shaped actuator in future work. 
Table 6 in Appendix A lists the dimensions of the manufactured 3D U- 
shaped actuator, and are used in these analyses. The output displace-
ments of the 3D U-shaped actuators with one of the dimensions changing 
while keeping the rest of the dimensions unchanged are calculated with 
the established model. The influences of the length L, width d4, and 

Fig. 8. Experimental setup: (a) the fabricated 3D U-shaped actuator with the polyimide film (b) measuring devices.  

Table 3 
Comparison between analytical and experimental results.  

Actuation 
voltage (V) 

Average 
temperature 
(◦C) 

Measured output 
displacement 
(μm) 

Analytical output 
displacement 
(μm) 

δ2 

(%) 

0 25.4 0 0 0 
2 28.1 17.153 18.840 8.95 
4 33.5 51.485 56.514 8.95 
6 41.5 102.917 112.315 8.37 
8 53.8 180.104 198.081 9.08 
10 67.6 268.727 294.267 8.68  

Fig. 9. Measured, analytical and simulation output displacement of the actu-
ator under the same actuation voltage. 
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thickness d3 of the beam, as well as the distance between two opposite 
beams d on the output displacements are analyzed as shown from 
Fig. 10. 

As it can be seen from Fig. 10 that the output displacement of the 3D 

U-shaped actuator increases with an increase of the beam length L. This 
is because, for the longer beam, the elongation of the beam under the 
same temperature load will be greater, resulting in larger output 
displacement, as shown in Eq. (1). From Fig. 10 (a)–(d), it can be seen 

Fig. 10. Parameter analyses of the 3D U-shaped actuator. (a) Output displacement vs. L. (b) Output displacement vs. d3. (c) Output displacement vs. d4. (d) Output 
displacement vs. d. 

Fig. 11. Experimental setup for manipulating (a) a micro ball and (b) the zebrafish embryo.  
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that the output displacement decreases with an increase of the beam 
sectional dimensions, i.e., the beam width d4 and thickness d3, including 
the distance between the opposite beams d, since the whole structure 
can be thought of as a beam. The sectional dimensions of the beam 
determine the inertia moment of the beam. The larger the inertia 
moment is, the harder the beam can bend to produce a larger 
displacement, as indicted in Eq. (3*) in appendix B. 

7. Manipulation testing of micro objects with the 3D 
microgripper 

7.1. Experimental setup and manipulation strategies using the 3D 
microgripper 

The experimental setup for micromanipulation is shown in Fig. 11. 
The fabricated microgripper is mounted on a manual manipulator and 
the polyimide films are glued to each beam surface for both the V- and 
3D U-shaped actuators. A controllable DC power supply is used to apply 
voltages to the polyimide films. In this experiment, a micro ball with a 
diameter of 2 mm and the zebrafish embryo with a diameter of 600–800 
μm are used. The fabricated 3D microgripper is shown in Fig. 12. The 
procedure for micro-manipulation of the micro ball and zebrafish em-
bryo is shown in Fig. 13. First, the microgripper is moved to approach 
the micro object with the manual manipulator, and then the micro ob-
ject is gripped by the microgripper. Second, the micro object is held and 
moved to a distance and rotated by the microgripper. Finally, the micro 
object is released. As each finger possesses up to three DOFs, the micro 
object can be rotated about axes X, Y, Z with proper cooperation of the 
three fingers. One of the strategies to rotate the micro object around 
each axis is illustrated in Fig. 14. As shown in Fig. 14(a), to rotate the 
micro object around axis X, this is achieved by applying a voltage to the 
beam 4 of the 3D U-shaped actuator of the top finger, which needs to 
move in the negative direction of axis Z. In addition, the other two 
fingers do not move during rotation. As shown in Fig. 14(b)–(c), to rotate 
the micro object around the Y and Z axes, it is necessary to adjust the 
clamping angle of the microgripper and then apply voltage to the V- 
shaped actuator of one finger to cause the finger to move in the positive 
direction of axis X. In the following sub-sections, the micro ball and 

Fig. 12. The fabricated 3D microgripper with the Polyimide films.  

Fig. 13. The procedure for micromanipulation: (a) the microgripper is moved to approach the micro object, (b) the micro object is gripped by the microgripper, (c) 
the micro object is moved to a distance, (d) the object is rotated by the microgripper, and (e) the micro object is released. 
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zebrafish embryo are utilized as the micro objects to be manipulated to 
demonstrate the function and performance of the 3D microgripper and 
the manipulation strategy. The detailed rotation strategy of a micro 
object with the 3D microgripper is shown in Table 4. 

7.2. Manipulations of a micro ball 

The manipulation progress of gripping and rotating the micro ball 
around the X-axis is illustrated in Fig. 15. The solid yellow line is a fixed 
vertical reference line. The solid red line represents the initial position of 
the mark with respective to the yellow vertical line, i.e., β0. The dotted 

Fig. 14. Rotation strategy of the micro object: the object is rotated about (a) axis X, (b) axis Y, and (c) axis Z.  

Table 4 
The manipulation strategy of rotating a micro object.   

Rotation about axis X Rotation about 
axis Y 

Rotation about 
axis Z 

Heated 
finger 

Top finger Right or left 
finger 

Top finger 

Heated 
beams 

Beam 4 or 2 of the 3D U- 
shaped actuator 

V-shaped beams V-shaped beams  

Fig. 15. Manipulation of a micro ball: (a) approaching the micro ball, (b) the micro gripper tips are moved to enclose the micro ball, (c) the micro ball is gripped, (d) 
the micro ball is moved to a distance, (e) the micro ball is rotated about axis X, and (f) the micro ball is released. 
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red line indicates the position of the mark, and the rotated angle is β1. 
The manipulation process is in general in line with the process in Fig. 13. 
To grip the micro ball, voltage is applied to the beam 1 of the 3D U- 

shaped actuator for three fingers, as shown in Fig. 2(b). To rotate the 
micro ball about axis X, voltage is applied to the beam 4 of the 3D U- 
shaped beam for the top finger, as shown in Fig. 15(e). The micro ball is 

Fig. 16. The micro ball is rotated about axis Y.  

Fig. 17. The micro ball is rotated about axis Z.  

Fig. 18. Manipulation of a zebrafish embryo: (a) approaching the micro embryo, (b) the micro gripper tips are moved to enclose the embryo, (c) the embryo is 
gripped, (d) the embryo is moved to a distance, (e) the embryo is rotated about axis X, and (f) the embryo is released. 
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released by setting the input voltages to zero. To rotate the micro ball 
about axis Y, voltage is applied to the V-shaped actuator of the right 
finger to apply a force to the micro ball, as shown in Fig. 16. Similarly, to 
rotate the micro ball about axis Z, voltage is applied to the V-shaped 
actuator of the top finger, as shown in Fig. 17. The rotation method is 
illustrated in Table 4. 

7.3. Manipulations of a zebrafish embryo 

Following the same procedure, micromanipulation of a zebrafish 
embryo is conducted, as shown in Figs. 18–20. Figs. 18, Fig. 19, and 
Fig. 20 show the rotation of the zebrafish embryo about axes X, Y, and Z, 
respectively, following the same strategy summarized in Table 4. As the 
zebrafish embryo is much smaller compared to the micro ball, three 
micro needles are used as the finger tips. It is demonstrated that the 3D 
microgripper can not only grip the zebrafish embryo firmly, but also can 
rotated the zebrafish embryo about the three independent axes. 

The rotation angle of micro objects can be changed by adjusting the 
voltage applied to the polyimide film on the actuator. At present, the 
maximum rotation angle of micro ball and zebrafish embryos is shown in 
Table 5. It should be noted that, compared to the micro ball which is 
made of stainless-steel, the zebrafish embryo is quite light and kept in 
liquid. The impact of the gravity and inertia force is weak compared 
with the drag force of the liquid, and the adhesion force between the 
micro-finger tip and the zebrafish embryo surface relatively larger. This 
causes challenge in gripping and releasing the embryo, especially in 
liquid, since in liquid the impact of the gravity of the embryo can be 
ignored, and the embryo can swim in the liquid with the liquid flow. 
When the micro finger tip makes contact and is inserted into the liquid, 

the surface tension of the liquid becomes the dominant factor to cause 
the embryo swim. Overcoming the impact of the forces in micro-scale 
like capillary force, cohesion force, double-layer force, van der Waals 
force, etc., in micro-manipulations, is of great importance [44], which 
will be our ongoing work. It is also seen that the operation time for the 
microgripper is approximately 30 s which is slow for fast manipulation 
requirements. 

During experimental operation, the responding time for the micro-
gripper is approximately 30 s for this design. The maximum rotation 
angles of micro ball and zebrafish embryos are 12.56◦, 15.42◦, 11.89◦

and 22.56◦, 19.65◦, 15.86◦ for Rx, Ry and Rz. Comparing the stainless- 
steel micro ball with solid body, the zebrafish embryo is quite light and 
kept in liquid, which caused challenges in gripping and releasing since 
the impact of the gravity of the embryo can be ignored, and the embryo 
can swim in the liquid with the liquid flow. 

8. Conclusion 

This paper presents the static theoretical modelling of 3D U-shaped 
actuator and numerical simulations are performed and verified with the 
results of finite-element analyses by ANSYS and confirmed by experi-
ments. This novel electrothermal actuator is combined with the 3D U- 
shaped and the V-shaped actuators, each finger of the microgripper has 
three DOFs. The polyimide film is utilized as the external heating source 
to both the 3D U-shaped and V-shaped electrothermal actuators. A 
statics theoretical thermal-mechanical model for the 3D U-shaped 
actuator has been established for the first time. Finite element analyses 
showed that the output distance is influenced by length of the actuator 
and temperature of the film. Experiment tests showed that it is feasible 
for the microgripper to handle and rotate a micro ball and the zebrafish 
embryo in 3D space. With this model, parameter analyses are conducted 
to provide theoretical support on improving the 3D U-shaped actuator in 
the future. Finally, micro-manipulation experiments of handling and 
rotating a micro ball and the zebrafish embryo have been conducted to 
demonstrate the feasibility of the microgripper design and the capability 
of both gripping the micro object firmly and rotating the micro object. 

Our ongoing research efforts will be focusing on the control and 
optimization of the developed microgripper for practical applications. 

Fig. 19. The zebrafish embryo is rotated about axis Y.  

Fig. 20. The zebrafish embryo is rotated about axis Z.  

Table 5 
The rotation angles of the micro ball and the zebrafish embryo in experiments.  

Objects Rotation about 
axis X 

Rotation about 
axis Y 

Rotation about 
axis Z 

Micro ball 12.56◦ 15.42◦ 11.89◦

Zebrafish 
embryo 

22.56◦ 19.65◦ 15.86◦
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Appendix A. Dimensions of the 3D electrothermal microgripper  

Table 6 
Dimensions of the 3D electrothermal microgripper (unit of length: mm)  

Symbol Actuator Definition Value 

d1 3D U-shaped actuator Height of the block 1.78 
L Length of the beam 49.84 
d2 Width of the block 6.20 
d3 Thickness of the beam 1.20 
d4 Width of the beam 1.20 
d5 Distance between the beam and block boundary 0.50 
d6 Distance between the beam and block boundary 2.50 
d  Distance between two opposite beams 4.00 
HA V-shaped actuator Height of the anchor 10.94 
HS Height of the shuttle 10.24 
HB Thickness of the beam 1.32 
LA Width of the anchor 2.28 
LB Span of the beam 23.72 
LS Width of the shuttle 2.20 
TA Thickness of the actuator 3.24 
β Incline angle of the beam 2.17◦

Appendix B. Elongation and deflection of a cantilever beam 

Elongation of a cantilever beam subjected to a force acting at the free end, as shown in Fig. 21, is calculated as in Eq. (1*). 

ΔuAB =
PL
EA

(A1)  

where E and A are the Young’s modulus and the cross-sectional area of the beam. L is the original length of the beam. Then, the elongated beam length 
is calculated as in Eq. (2*). 

uAB′ = L + ΔuAB (A2)  

Fig. 21. Elongation of a beam .  

Consider a cantilever beam with the concentrated loads, the bending moment M and the shear force V, acting at the free end, as shown in Fig. 22(a). 
The deflection curve of the cantilever beam is shown in Fig. 22(b), in which w(x) refers to the deflection of the beam, i.e., the displacement in the y 
direction of any point on the axis of the beam.

Fig. 22. Deflection of a cantilever beam: (a) the cantilever beam subjected to bending moment and shear force, and (b) deflection curve of the cantilever beam. .  

The basic differential equation of the deflection curve of a beam is 

d2w
dx2 =

M(x)
EI

(A3) 
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in which M(x) is the bending moment, E is the Young’s modulus of the beam material and I is the moment of inertia of the cross-sectional area of the 
beam with respect to the neutral axis. The bending moment at any cross-sectional area is calculated as 

M(x)=M − V⋅(L − x) (A4) 

Combining Eq. (2*) and Eq. (1*), we have 

d2w
dx2 =

M − V⋅(L − x)
EI

(A5) 

Integrating Eq. (3*) along the beam axis gives 

w
′

(x)=
M − VL

EI
x +

V
2EI

x2 (A6) 

Then, for the cantilever beam shown in Fig. 22, the slope of the deflection curve for the beam at the free end can be obtained as in Eq. (7*). 

w′

(L)=
ML
EI

−
VL2

2EI
(A7) 

Further integrating Eq. (6*) along the beam axis gives 

w(x)=
M − VL

2EI
x2 +

V
6EI

x3 (A8) 

For the cantilever beam shown in Fig. 22, the deflection of the beam at the free end is derived as in Eq. (9*). 

w(L)=
ML2

2EI
−

VL3

3EI
(A9)  

Appendix C. Calculation of the rotation angle of a micro object 

The initial and rotated positions of the mark point are denoted as A and A′ , respectively. The rotation of the micro object about axis X is shown in 
Fig. 23, Since the rotation about axis X allows the mark point to rotate along a circle O′ (the radius is r), the following relationships can be derived.

Fig. 23. The micro object is rotated about axis X. .  

α= α0 − α1 (A10)  

α0 = sin− 1yA

r
(A11)  

α1 = sin− 1yA′

r
(A12)  

r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − xA

2
√

(A13)  

where R is the radius of the micro object. Since yA, yA′ and xA can be derived via image analysis, the rotation angle about axis X, α, can be obtained. 
Similarly, the rotation angle about axis Y is shown in Fig. 24, and is calculated as follows. 

α0 = sin− 1xA

r
(A14)  

α1 = sin− 1xA′

r
(A15)  

r=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − yA

2
√

(A16)   

G. Si et al.                                                                                                                                                                                                                                        



Precision Engineering 77 (2022) 205–219

218

Fig. 24. The micro object is rotated about axis Y. .  

The rotation angle about axis Z is shown in Fig. 25, and is calculated as follows. 

α0 = sin− 1yA

r
(A17)  

α1 = sin− 1yA′

r
(A18)  

r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
xA

2 + yA
2

√
(A19)  

Fig. 25. The micro object is rotated about axis Z..  
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[26] Millet O, Bernardoni P, Régnier S, Bidaud P, Tsitsiris E, Collard D, Buchaillot L. 
Electrostatic actuated micro gripper using an amplification mechanism. Sens 
Actuators A Phys 2004;114(2–3):371–8. 

[27] Chu P, Pister SJ. Analysis of closed-loop control of parallel-plate electrostatic 
microgrippers. IEEE Int Conf Robot Autom 1994;5(1):820–31. 

[28] Kim DH, Lee MG, Kim B, Sun Y. A superelastic alloy microgripper with embedded 
electromagnetic actuators and piezoelectric force sensors: a numerical and 
experimental study. Smart Mater Struct 2005;14:1265–72. 

[29] Xiao S, Li Y. Visual servo feedback control of a novel large working range micro 
manipulation system for microassembly. J Microelectromech Syst 2014;23(1): 
181–90. 

[30] Wang F, Liang C, Tian Y, Zhao X, Zhang D. Design of a piezoelectric-actuated 
microgripper with a three-stage flexure-based amplification. IEEE ASME Trans 
Mechtron 2015;20(5):2205–13. 

[31] Nah SK, Zhong Z. A microgripper using piezoelectric actuation for micro-object 
manipulation. Sens Actuators A Phys 2007;133(1):218–24. 

[32] Aravind T, Ramesh R, Praveenkumar S. Design and material analysis for 
prototyping of four arm mechanical microgripper with self-locking and anti- 
slipping capability. Microsyst Technol 2019;25:851–60. 

[33] Chen X, Deng Z, Hu S, Gao J, Gao X. Designing a novel model of 2-DOF large 
displacement with a stepwise piezoelectric-actuated microgripper. Microsyst 
Technol 2020;26:2809–16. 

[34] Xu H, Ono T, Zhang D, Esashi M. Fabrication and characterizations of a monolithic 
PZT micro stage. Microsyst Technol 2006;12(9):883–90. 

[35] Saba R, Iqbal S, Shakoor RI, Saleem MM, Bazaz SA. Design and analysis of four- 
jaws microgripper with integrated thermal actuator and force sensor for 
biomedical applications. Rev Sci Instrum 2021;92:045007. 

[36] Du H, Su C, Lim MK, Jin WL. A micromachined thermally-driven gripper: a 
numerical and experimental study. Smart Mater Struct 1999;8:616–22. 

[37] Si G, Ding M, Zhang Z, Zhang X. Design and simulation of a novel three- 
dimensional multi-degree-of-freedom electrothermal microgripper. IEEE Int Conf 
Mechatron and Autom 2020:659–64. 

[38] Hussein H, Tahhan A, Moal P, Bourbon G, Haddab Y, Lutz P. Dynamic electro- 
thermo-mechanical modeling of a U-shaped electrothermal actuator. J Micromech 
Microeng 2016;26(2):025010. 

[39] Li L, Uttamchandani D. Dynamic response modelling and characterization of a 
vertical electrothermal actuator. J Micromech Microeng 2009;19(7):075014. 

[40] Lo C, Lin M, Hwan C. Modeling and analysis of electro-thermal microactuators. 
J Chin Inst Eng 2009;32(3):351–60. 

[41] Zhuo Z, Yu Y, Liu X, Zhang X. Dynamic electro-thermal modeling of V- and Z- 
shaped electrothermal micro actuator. IEEE Int Conf Mechatron and Autom 2016: 
890–5. 

[42] Zhang Z, Zhang W, Wu Q, Yu Y, Liu X, Zhang X. A comprehensive analytical model 
and experimental validation of z-shaped electrothermal microactuators. 
Mechanisms and Machine Science. Cham, Switzerland: Springer; 2015. p. 177–87. 

[43] Si G, Sun L, Zhang Z, Zhang X. Design, fabrication, and testing of a novel 3D 3- 
fingered electrothermal microgripper with multiple degrees of freedom. 
Micromachines 2021;12(4):444–60. 

[44] Zhang R, Chu J, Wang H, Chen Z. A multipurpose electrothermal microgripper for 
biological micro-manipulation. Microsyst Technol 2013;19:89–97. 

G. Si et al.                                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0141-6359(22)00111-8/sref22
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref22
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref22
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref23
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref23
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref24
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref24
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref24
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref25
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref25
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref26
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref26
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref26
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref27
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref27
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref28
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref28
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref28
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref29
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref29
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref29
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref30
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref30
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref30
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref31
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref31
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref32
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref32
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref32
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref33
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref33
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref33
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref34
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref34
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref35
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref35
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref35
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref36
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref36
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref37
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref37
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref37
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref38
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref38
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref38
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref39
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref39
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref40
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref40
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref41
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref41
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref41
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref42
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref42
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref42
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref43
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref43
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref43
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref44
http://refhub.elsevier.com/S0141-6359(22)00111-8/sref44

	Theoretical thermal-mechanical modelling and experimental validation of a novel 3D three-fingered electrothermal microgripper
	1 Introduction
	2 Working principle of the 3D electrothermal micro-gripper
	3 Statics theoretical modelling of the 3D U-shaped electrothermal actuator
	4 Finite element analysis
	5 Experimental validation of the statics theoretical model
	6 Parameter analyses of the 3D U-shaped actuator
	7 Manipulation testing of micro objects with the 3D microgripper
	7.1 Experimental setup and manipulation strategies using the 3D microgripper
	7.2 Manipulations of a micro ball
	7.3 Manipulations of a zebrafish embryo

	8 Conclusion
	Declaration of competing interest
	Acknowledgement
	Appendix A Dimensions of the 3D electrothermal microgripper
	Appendix B Elongation and deflection of a cantilever beam
	Appendix C Calculation of the rotation angle of a micro object
	References


