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Abstract

Microgrippers are commonly used for micromanipulation of micro-objects from 1 to 100 pm and attain features of reliable
accuracy, low cost, wide jaw aperture and variable applied force. This paper aim is to review the design of different
microgrippers which can manipulate and assemble p-wire to PCB connectors. A review was conducted on microgrippers’
technologies, comparing fundamental components of structure and actuators’ types, which determined the most suit-
able design for the required micromanipulation task. Various microgrippers’ design was explored to examine the suitability
and the execution of requirements needed for successful micromanipulation.

1 Introduction

In recent decades, demands for micromanipulation have
increased in industrial assembly fields due to the nature of
technology progressing to micro scales components
assembly. Micromanipulation is the study of positioning
micro-objects ranging from 1 to 100 um in size. These
micro-sizes can be a challenge task to manoeuvre without
the use of micromanipulator tools due to additional
attractive forces, viewing difficulties, high precision, and
accuracy requirements (Adriaens et al. 2000; Yuan et al.
2015; Duc et al. 2006). To improve product quality and
lead times, the use of robotic automation is being investi-
gated to support micromanipulation equipment. There are
two major techniques used for micromanipulation known
as contact and non-contact methods, examples of these
technologies are the electromagnetic fields, piezoelectric
materials, electrostatic forces, electro thermal effect, shape
memory alloys, magnetic guiding systems, and optical
technologies (Nikoobin and Niaki 2012). These technolo-
gies can be utilised in the form of probes, needles, grippers
and contactless devices. These methods have various
advantages and disadvantages and are all at different stages
of continuous development within research domain. The
following section will discuss and review these methods.
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2 Microgrippers

Microgrippers are commonly developed in order to
manipulate micro-objects, such as microwires and micro-
spheres. It has been stated that microgrippers are often the
most suggested technology in use for micromanipulation,
often due to their reliable accuracy, low cost, wide jaw
aperture, and variable applied force (Nikoobin and Niaki
2012). All microgrippers are developed with different
structure designs and different actuator types to control the
gripper. A standard microgripper normally consists of a
pair of gripping jaws, an actuator mechanism, and an
amplification method (Long et al. 2017). Microgrippers
have two major classifications based on their structure;
cantilever and flexible hinge, these will be evaluated ini-
tially below.

2.1 Structure types of microgrippers

There are two different groups of structural designs for a
microgripper; cantilever or flexible hinge. Both of these
methods are used to ensure that the arms of the grippers are
capable of opening and reverting back to its original
positions. The structure suitability is dependent on the
shape and size of the object to be grasped. The design of
cantilever microgrippers are built around each arm being
fixed at the base, whilst a form of actuator forces the
material to bend apart or together, causing the structure to
flex (Haddab et al. 2000; Suzuki 1994; Du et al. 1999; Jain
et al. 2015; Giouroudi et al. 2008). This form of structure
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results in a mechanical stress being distributed throughout
the material as a force is applied to it. It is then the elastic
potential energy within the material of the cantilever that
ensures that the structure springs back to its original
position. The flexible hinge structured microgripper are
often more advanced and contain complex designs. They
are commonly developed using computer modelling and
mathematical analysis methods (Zubir et al. 2009). The
design of the majority of flexible hinge microgrippers
available are described as monolithic due to being manu-
factured out of a single material and are often produced
using microfabrication techniques (Zubir et al. 2009). This
is one advantage over cantilever structures as they are
capable of being scaled down to a size of 33 mm x 9
mm x 3 mm and are capable of manipulation smaller
sized objects, whereas cantilever structures can only be
used to manipulate larger objects however they may apply
excessive force to the object (Yang and Xu 2017; Kawa-
moto 2009). The most important element of this type of
gripper are the flexible hinges themselves. These sections
of the structure are comprised of thin sections of the
material and hence the most susceptible to bending. These
features ensure that the stresses of the structure are con-
centrated within certain point whilst the other sections of
the structure remain rigid. This can be advantageous in
various aspects of the microgripper use.

Various shapes of hinges have been studied in previous
literature. Circular notch hinges are an increasingly popular
design of flexible hinge as studied in previous literature
(Liang et al. 2018; Wang et al. 2013a, 2015; Kyung et al.
2008; Nah and Zhong 2007; Shi et al. 2018; Keoschkerjan
and Wurmus 2002). This type of flexible hinge contains
many advantages including being capable of achieving a
large defamation prior to exceeding the tensile yield limit
of the material being used. The use of a circular hinge also
ensures a more precise and constant point of rotation along
its axis throughout the deflection process (Keoschkerjan
and Wurmus 2002). The flexible circular hinges are
designed to closely mimic ideal hinges thus creating
maximum displacement at the tips due to the minimum
stiffness of each hinge. This hinge design also ensures high
position accuracy and repeatability of the movement of the
jaws of the microgripper due to the circular structure of the
hinges.

Another common shape is flexible leaf hinge which is
capable of producing large displacements of the jaw tip,
along with a reduced experienced stress along each hinge
due to the larger area of where the stress is dispersed.
However, due to the lack of circular rotation, the accuracy
of the system decreases (Qingsong 2015; Beyeler et al.
2007; Qu et al. 2017). The advantages of the flexible leaf
hinge do not however justify its use as the most important
required feature is the accuracy. There are differences
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between the operating jaw angles of each structure type.
Firstly, as a force is applied to the arms of a cantilever
material the length of it bends, therefore the angle of each
jaw will change whilst open and closed. In this situation,
this angle change may be problematic, especially when
attempting to manipulate objects with curved edges such as
microwire or microspheres. The flat edges of a two-armed
gripper may not be parallel to each other when closed
around the object, causing an inadvertent force applied to
it. This results in an insecure grasp of the object and may
lead to its unintentional release. On the other hand, flexible
hinge microgrippers are often a monolithic structure and
are designed to ensure that the jaws remain parallel during
the gripping process (Zubir et al. 2009). This is beneficial
when attempting to manipulate a wide range of object
shapes and sizes. A commonly used structure design to
ensure this parallel movement is described as a parallelo-
gram shaped flexible hinge structure. It often comprises of
four flexible hinges and two rigid beams per arm. As the
arm is actuated, the beams remain parallel and hence
ensure that the jaws remain parallel. The flexible hinge
designs have the advantage of a greater position repeata-
bility and accuracy. Various types of monolithic flexible
hinge grippers have been studied along with the different
configurations available to produce a flexible hinge with a
large jaw aperture (Nah and Zhong 2007; Beyeler et al.
2007; Qu et al. 2017; Cauchi et al. 2018). Prior research
has suggested to employ the corner fillet hinge design to
enable the maximum change in jaw tip displacement (Zubir
et al. 2009). The advantages and disadvantages of both
structures are displayed in Table 1. Along with the chosen
structure of a microgripper, it is essential to consider a
suitable technology which is used to apply force to the
gripper to enable it to open and close. These are referred to
as actuators and are further analysed in the next paragraph.

2.2 Actuator types of microgrippers

When developing a microgripper, the choice of actuator
remains an important part of the process. The actuator is
the component of the microgripper which applies force to
the structure to enable the jaws to open and close.
Throughout the development of microgrippers, various
technologies have been trialled to find the most suit-
able type of actuator, such technologies include; piezo-
electric (Fig. 1) electromagnetic (Fig. 2), electrostatic
(Fig. 3), electro-thermal (Fig. 4), and shape memory alloys
(SMA) (Fig. 5). A literature report published an algorithm
which described the design process of a microgripper
(Nikoobin and Niaki 2012). Within this report, the vari-
ables that were capable of affecting the design require-
ments of a microgripper were highlighted, such as jaw
aperture, shape of jaw, and actuator type (Nikoobin and
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Table 1 Advantages and disadvantages of different microgripper structures

Structure Advantage Disadvantage
type
Cantilever ~ Easy to fabricate Difficult to scale down to lower micro-scale

Larger jaw tip displacement with larger size of Jaw tips not consistently parallel

gripper Increase in length of arms results in increase in jaw aperture size, but decrease in
Suitable to utilize with various actuator applied force
technologies

Typically, large jaw aperture size

Flexible Can be scaled down to 33 mm x 9 mm Complex design
hinge Often designed to ensure consistently parallel ~Often requires electrical discharge machine to manufacture
jaw tip Fragile at smaller scale

Grasp a wide range of object sizes
High position accuracy and repeatability

Suitable to utilize with various actuator
technologies

PZT stack Flexible mechanism

- Fixing hole

Fig. 1 Image of a monolithic microgripper actuated using stack
piezoelectric material, developed by Haddab et al. (2000)

il
e Coil core (FeSi sheet)

((

N\ -
\ \ & Fig. 3 Electrostatic comb structure developed by Chen et al. (2009)

Microgripper tips Agglutination

Microgripper fingers
Fig. 2 Image of a cantilever style microgripper actuated using an :
electromagnet, developed by (Giouroudi et al. 2008)
Niaki 2012). A state of the art review was published
afterwards, which describes the use of different actuator
types used within microgrippers (Jia and Xu 2013). Dis- .
coveries from the paper and other research are explained in
the next five sections of this review. The types of actuators
will be evaluated by comparing the advantages and dis-
advantages for each (Table 2).

Fig. 4 Electro-thermal U-shaped microgripper developed by Kolah-
doozan et al. (2017)
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N\

Silicon

SMA springs springs

SMA springs

Fig. 5 Shape memory alloy actuated cantilever microgripper devel-
oped by Munasinghe et al. (2016)

2.2.1 Electromagnetic microgrippers
Electromagnetic actuated microgrippers utilize electro-

magnets to open and close the jaw of the gripper. This type
of microgripper is often utilized in the form of a cantilever

style gripper as presented in Kim et al. (2005). The most
common assembly of this actuator type is to place the
electromagnet in the centre of two magnetic arms and jaws.
Electrical current is conducted through the electromagnet
and as it is increased, the magnetic arms are attracted
towards it and the aperture size of the gripper tips
decreases. Development and experimental trials have been
carried out on this type of gripper. An electromagnetically
actuated microgripper was developed that is capable of
producing a maximum jaw gap of 250 um (Liaw et al.
2008). Trials of the gripper consisted of testing the grasp-
ing technique on a 50 pm metal wire and a 125 pm glass
fibre. Manipulation of both objects were successfully
gripped without errors in release or accuracy. The gripping
force of the system was adjustable with an alteration of the
electromagnet current, producing a maximum gripping
force of 130 uN (Liaw et al. 2008). However, concerns
were noted about this system regarding to heating prob-
lems. While the microgripper was in operation its metallic
components, manufactured using cold laser cutting, were
noticed to increase in temperature from 27 to 38 °C over
the course of a half hour where the length of the gripper
arm increased by approximately 0.1 um/°C (Liaw et al.
2008). This causes problems over time as the position and
accuracy of the gripper may become unknown and will
produce errors during the manipulation process. A similar

Table 2 Comparison of the

. Actuator type
main advantages and P

Advantages

Disadvantages

disadvantages of different

Linear response

Large power to weight ratio

Large jaw displacement
Fast response

Large applied force

Large components required

Difficult to scale down

High operating temperature

Difficult to fabricate

Impacted by external magnetic fields
Low displacement

Hysteresis error

High displacement accuracy

Low energy usage

Predictable displacement

Fast response

Electromagnetic
actuator types collaborated from
the literature above
Piezoelectric
Electrostatic
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Electro-thermal

Shape memory alloy

Fast frequency response
Low energy usage
No hysteresis error

Large jaw tip displacement
Low voltage required

Low energy usage
High jaw displacement
High gripping force

Complex circuitry

High voltage

Large structure sizes

Low maximum gripping force
High operating temperature
Slow time response
Non-linear response

High hysteresis error

Large energy usage

Slow response time
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gripper was developed with the intention of becoming an
automated system for the purpose of manipulating a
microwire (Ruiz et al. 2018). The gripper jaw had a can-
tilever structure using electromagnetic actuator. The grip-
per system was developed in order to manipulate a
50-70 pum diameter copper wire and move it to a desired
position (Ruiz et al. 2018). The research trialled various
arm lengths and jaw angles of microgripper and recognised
the disadvantages of using a long tip as it reduces the
clamping force available to grip the wire (Ruiz et al. 2018).
Further experiments were carried out using different
weight of objects at different orientations. The results
concluded the microgripper’s capability of manipulating
the copper wire as required. Despite these successes, one
report claims that producing a microgripper with an elec-
tromagnetic actuator is not preferable due to the com-
plexity of the structure and the negative interference from
external electromagnetic fields (Haddab et al. 2000). An
additional disadvantage was that these types of micro-
grippers are often heavier than others due to the compo-
nents required and may slow down the manoeuvring
process and reduce the systems precision (Haddab et al.
2000). These actuator types are agreed to be able to pro-
duce a large jaw movement and gripper force which is ideal
for larger object. However, due to the structure and com-
ponents required it is difficult to scale down and hence a
limitation for micromanipulation (Kolahdoozan et al.
2017).

2.2.2 Piezoelectric microgripper

Piezoelectric materials are a type of material that is capable
of changing its shape when an external electrical voltage is
applied to it. This form of technology has recently been
utilised to produce an actuator for use within microgrippers
as shown in Wang et al. (2015), Liaw et al. (2008), Ruiz
et al. (2018) and Conway and Kim (2004). These actuators
have been researched for uses in many different industrial
fields such as medicine, robotics, space exploration and
semiconductor fabrication (Long et al. 2017; Zubir et al.
2009; Beyeler et al. 2007; Chen et al. 2009). Piezoelectric
grippers have been proven to be a suitable end-effector
type capable of precisely manipulating small objects
(Rakotondrabe and Ivan 2011). When compared to other
gripper technologies, piezoelectric gripper have advantages
that include: compact design, light weight structure, low
energy usage, unaffected by electromagnetic fields, pre-
dictable displacement, high precision, fast response time,
large bandwidth, no slip effect, high gripping force and a
high force to weight ratio (Xu 2014). Multi-layer piezo-
electric materials are often used to produce a large jaw
displacement and high force when compared to a single
piece of piezo materials, therefore multi-layer stacking is

used in the majority of piezoelectric actuators (Yang and
Xu 2017; Wu and Xu 2018). Piezoelectric microgrippers
have been proven to grip objects with a size as low as
15 pm (Haddab et al. 2000). The work was focused on
developing a system that was capable of accurately
grasping and manipulating microwires (Haddab et al.
2000). The report stated that the gripper was able to
achieve a maximum jaw aperture size of 170 pum (Haddab
et al. 2000). This size of jaw was suitable to grasp a large
range of the wire diameters and micro-object sizes. The
amplification ratio for the system was found to be 17.14
(Haddab et al. 2000). A three-stage, flexible hinge structure
was designed to produce a large tip aperture (Wang et al.
2015). Each jaw of the gripper was capable of a 95 pum
displacement and had a 22.8 amplification value from the
input displacement of the piezoelectric actuator (Wang
et al. 2015). The gripper was tested by successfully grip-
ping a 25.4 um diameter gold wire. The maximum jaw gap
was 190 um while applying a voltage of 100 V (Kawamoto
2009). Moreover, using the piezoelectric material to pro-
duce a cantilever style microgripper was suggested to
reduce the weight and complexity of the structure although
it would also reduce the applied force (El-Sayed et al.
2013). Each cantilever was structured as a bimorph, by
bonding two layers of piezoelectric materials together and
therefore flexed due to the expansion of one material. The
aperture size of the gripper tips was measured using a non-
contact proximity sensor and results demonstrated that the
gripper was capable of handling an object with a width of
50 pm whilst the tip deflection reached a value of 520 pm
(El-Sayed et al. 2013). Another similar gripper fabricated
from an aluminium plate and capable of ensuring that the
system had high precision and also that the jaws remain
parallel by using the parallelogram flexible hinge structure.
Through practical experimentation, it was established that
the gripper had an amplification of 3.68 and the jaw
aperture was able to reach 100 um (Zubir et al. 2009).
Wang et al., developed a monolithic piezoelectrically dri-
ven gripper which embedded a force and tip displacement
sensor to supply feedback (Wang et al. 2013a). Each tip
was able to move a maximum distance of 18 um when a
voltage of 200 V is applied (Wang et al. 2013a). The
coarse displacement of the jaw gripper is altered by
adjusting a screw attached to the gripper (Wang et al.
2013a; Nah and Zhong 2007). The amplification of the
gripper was measured to be around 16 (Wang et al. 2013a).
The gripper design created the ability to move the jaws
parallel to each other whilst achieving a large jaw aperture
of at least 230 um (Wang et al. 2013a). The practicality of
this microgripper was proven by grasping an optical fibre
of this diameter (Wang et al. 2013a). One reported stated
that the researchers successfully produced a flexible hinge
style gripper that was capable of gasping and releasing
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object of a size range between 100 and 800 um, which is a
very large range compared to other grippers (Nah and
Zhong 2007). However, this is due to the use of a pre-
adjusting system and the microgripper had a maximum jaw
tip displacement of 170 pm. The gripper with a monolithic
design, had an amplification value of 3 and was designed to
ensure that the jaws move in parallel to each other (Nah
and Zhong 2007). The gripper was capable of grasping and
releasing a 500 pm diameter Teflon wire (Nah and Zhong
2007). Furthermore, it was also detailed that the micro-
gripper had the potential to be scaled down further, making
it more suitable to manipulate objects with a size less than
100 pm, but this theory will need to be further proved
experimentally (Nah and Zhong 2007). Manipulating
object as small as 10 um have be proven to be achievable
through manipulating a 10 pm diameter polystyrene ball
and a 100 pm diameter human hair proving that this design
of microgripper is capable of grasping, not only cylindrical,
but also spherical micro-objects of a very small size (Shi
et al. 2018). A compliant microgripper capable of pro-
ducing a jaw gap of 280 um was developed in Xu
(2014, 2018). The initial jaw gap of the gripper has the
potential to be adjusted and was therefore experimentally
capable of manipulating 300 pum diameter copper wire. The
gripper could apply a force of around 20 mN to an object
(Xu 2018). In the majority of reported work, it is displayed
that as the jaw gap decreases, the force applied by the jaws
also decreases. However, one researcher developed a
piezoelectric actuated microgripper that was able to apply a
constant force to an object (Xu 2014). The microgripper
was able to apply the constant force by use of a passive
stiffness mechanical structure which is triggered when the
desired force on the object is reached (Xu 2018). The
fabricated microgripper was able to produce a jaw aperture
of 220 pum and produce a maximum of 530 mN of force on
an object (Xu 2018). A recently published paper describes
the design of a monolithic gripper that utilizes the move-
ment of only one gripper jaw (Wang et al. 2015). This
piezoelectric actuated microgripper has been developed in
this manner to increase the precision of the gripper. When a
conventional two moving jaw microgripper grasps hold of
a micro-object, the jaws of the gripper often dis-align from
a central position and thus effect the consistence and
accuracy of the system (Liang et al. 2018). The single
movable jaw structure comprises of a moveable jaw and a
fixed jaw. During the gripping process the micro-object
will be held by both jaws, however the fixed jaw will
remain in a constant position before and after the process
and hence is a relatable constant point of the jaw (Liang
et al. 2018). The microgripper also comprises of three
different amplification systems from the piezoelectric
material to the gripper jaws, which converts a small dis-
placement from the material to a large jaw tip displacement
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of 75 um (Liang et al. 2018). Another survey reviewed a
large quantity of various microgripper actuators and con-
cluded that the piezoelectric actuated microgrippers studied
were capable of producing jaw displacements between 16
and 8800 pm while the applied voltage ranged from O to
700 V for different microgrippers (Dochshanov et al.
2017). The force from the tips varied from 1 uN to 1.87 N.
And the amplification factor of the studied systems ranged
between 2.85 and 50 (Dochshanov et al. 2017). This dis-
plays that piezoelectrically actuated microgrippers can be
used to manipulate a wide range of object sizes.
Throughout the research of thistype of technology, various
limitations have been discovered including: hysteresis
properties of the material, amplification discrepancies of
the jaw aperture and inaccurate position placement of jaws
(Shi et al. 2018; Beyeler et al. 2007; Qin et al. 2013;
Grossard et al. 2009). One report presented the develop-
ment of a monolithic piezoelectric gripper which had a
maximum applied voltage of 150 V and a change in jaw tip
position of 65 pum (Shi et al. 2018). These researchers
noticed that the two jaw arms did not display the same
displacement and stated that this could have been due to
fabrication variation or incorrect alignment of the piezo-
electric material (Shi et al. 2018). Another researcher
declared that any fabrication inaccuracies such as this must
be reduced to ensure that the microgripper jaws achieve a
high accuracy (Ruiz et al. 2018). Limitations were also
found in another survey where it was found that using a
piezoelectric actuator, the jaw position movements were
lower in comparison to other actuator types and a hys-
teresis issue also noted (Jia and Xu 2013). Another report
produced a mathematical model that described the deflec-
tion and force values of a piezoelectric actuator (Grossard
et al. 2009). They also proved the model experimentally by
developing a microgripper with this actuator. The tip dis-
placement of the microgripper prototype was said to be
1.5 mm with a force of 0.203 N, where the maximum
applied voltage was 60 V (Grossard et al. 2009). It was
also discovered that a hysteresis error in the tip of the
gripper occurred causing the tips of the gripper to follow
different paths whilst opening and closing. This error was
successfully reduced by controlling the voltage with a
proportional derivative controller which reduced the error
of the path from 0.2 to 0.02 mm (Grossard et al. 2009). The
same researchers continued their study in 2015 and trialled
the microgripper to pick up a 1 mm diameter pin and place
it into a hole (Jain et al. 2015). The hysteresis error was
again studied and a deflection error of 116 um was pro-
duced when comparing the opening and closing paths of
the gripper (Jain et al. 2015). The proportional-derivative
controller along with a laser position sensor was able to
reduce this error and resulted in the successfully placement
of the pin (Jain et al. 2015).
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Table 3 Various researched microgripper types with a comparison of their main characteristics

Red ruby

Microgripper Max Each jaw tip Min/max | Amplification | Max Structure | References | Image
type force displacement | jaw gap ratio applied | material
applied voltage/
current
Electromagnetic | 130 pN /250 ym 0 — 600 Giouroudi GO Coil core (Fesi sheet)
oo " o /ﬂ\ (A
Microgripper tips. Agglutination
Microgripper fingers
Electromagnetic | 18 mN 150 ym 100 um 8V Nickel- Ruiz et al. pushing shaft  MOVing €0il  giljess bearing
Monolithic /400 um Titanium | (2018) elastic hinge magnets
flexible hinge alloy !
=1 []
gripping amm N § ?
voice-coil motor
i The bl of <
Elect.romagnetlc 280 mN 400 ym <50 ym/1 Copper Wang et al. wb::m S X ——
Cantilever mm (2013) ! /g NE——
RSN Lini e
Faed base 0 1| > 1 r\ o Thehoderof
w —tl DN\ g mdmm
Pl pstitions ./ 4 .
Piezoelectric 55 uN 1.18 ym 10 10V Conway
Monolithic and Kim
flexible hinge (2004)
Piezoelectric 6.09 pm 10V Ruiz et al.
monolithic (2018)
Piezoelectric 1N 95 um /190 ym 22.8 100V | Alumini Wang et al.
monolithic um alloy (2015)
flexible hinge AL7075-
T651
ixing holes
Base
Piezoelectric 160 ym 170 pm 17.14 160 V Steel Long et al. PZT stack  Flexible mechanism
Monolithic /320 pm (2017) / [
flexible hinge //
3 -

Arm

Fixing hole
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Table 3 continued

Microgripper Max Each jaw tip Min/max | Amplification | Max Structure | References | Image
type force displacement | jaw gap ratio applied | material
applied voltage/
current
Piezoelectric 200 mN 520 ym 50 ym / 100 vV El-Sayed
cantilever 1.09 mm etal.
(2013)
Piezoelectric 4.7 ym /9.4 ym 100V Grossard
monolithic etal.
cantilever (2009)
Piezoelectric 203 mN 1.55 mm 0 mm/ 0-60 V Jain et al.
cantilever 3.1 mm (2015),
Kalaiarasi
and
Thilagar
(2012)
Piezoelectric 50 mN 75 um 13.94 0oV Aluminium | Liang et al. "
monolithic alloy (2018) ' g icro-object
flexible hinge AL7075-
T651 )
{ )
I ke
z
L L]
Piezoelectric 1N 28 um /100 pm 3.68 100V | Aluminium | Zubir et al. AN
monolithic alloy (2009) m“:fz?
flexible hinge AL-7075- e -
T6
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Table 3 continued

Microgripper Max Each jaw tip Min/max | Amplification | Max Structure | References | Image
type force displacement | jaw gap ratio applied | material
applied voltage/
current
Piezoelectric 75 mN 30 um / > 230 16 100V | titanium Wang et al. — Gripping jaws
lithi I 2013 Flexible beams Single-notch
monolithic um alloy ( ) flexure hinges
flexible hinge (TC4) = g IV
Fixing hole; i 7

Parallelogram
mechanism

Double-notch
flexure hinges

Link

SPCA

Piezoelectric 170 ym 100 3 Spring Nah and
monolithic um/800 steal or Zhong
flexible hinge um aluminium | (2007)
alloy
10 mm
e
Piezoelectric 65 pm 10 pm 20 150 V Shi et al. Flexure hinge Pre-adjustment
monolithic /130 pm (2018) o
flexible hinge Pzt Amplifier beams
#1
Fixed Fixed holes
holes [Amplifier beams
#2
FILA Y
Convex plate L
strain g: train gage
Piezoelectric 25N 140 pm /300 pm Xu (2014)
monolithic
cantilever
Piezoelectric 530 mN /220 pm 10V Aluminium | Xu (2018) o--p-ndimﬁunf
monolithic alloy 7" e part
Al-6061
H
Bridge typed
amplifier
Piezoelectric 280 mN 125 ym 0 um/ 4.16 150 V No.45 Qingsong
monolithic 200 ym steel alloy | (2015)
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Table 3 continued

Microgripper Max Each jaw tip Min/max | Amplification | Max Structure | References | Image
type force displacement | jaw gap ratio applied | material
applied voltage/
current
Piezoelectric /423 pm 100 100V | Photosen | Keoschkerj
monolithic (theoretic sitive an and
ally) glass Wurmus
(2002)
Electrostatic 50 ym 0 um / 33V Si Yuan et al.
monolithic 100 pm (2015)
flexible hinge
Electrostatic 380 uN 50 ym 0O um/ 4 150 V Si Beyeler et
monolithic 200 pm al. (2007)
Electrostatic 350 uN 25 uym 30 ym / 75V Si Chen et al.
monolithic inc. 130 ym (2009) i Comb fingers
cantilever
Setype flexible
substrate
e

Electrostatic 32.5um 20 ym/ 100V | Si/SiO2 Gaafar and
cantilever type 84 um and Zarog

polysilico | (2017)

n/Si3N4
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Table 3 continued

Microgripper Max Each jaw tip Min/max | Amplification | Max Structure | References | Image
type force displacement | jaw gap ratio applied | material
applied voltage/
current
Electrostatic 6.66 um 10 ym/ 14V Kalaiarasi
cantilever type 23.3 um and
Thilagar
(2012)
Electrostatic 190 uN | 70 ym (x-axis) 120V Aluminium | Kawamoto
monolithic alloy and Tsuji
18 pym (y-axis) AL6061 (2011)
Electrothermal 28.8 ym 71.8 ym / 1.9V | Nickel foil | Bordatchev
monolithic 98.4 ym and
Nikumb
(2003)
Thermo- 120 pm /240 pm 58V Rakotondr
piezoelectric abe and
cantilever Ivan (2010)
Electrothermal 10.072 pm />20 pm 0V Silicon Kolahdooz
monolithic Si<100> an (2017)
cantilever

A
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Table 3 continued

Microgripper Max Each jaw tip Min/max | Amplification | Max Structure | References | Image
type force displacement | jaw gap ratio applied | material
applied voltage/
current
Electrothermal 55 um /110 ym 8V Elsen et al.
monolithic (2019)
cantilever
Electrothermal 2 pum 5pum / 3V Muilti- Cauchi et - S <
monolithic 9 um layer al. (2018) s :
cantilever fabrication -
PolyMUM
Ps
|
Electrothermal 20 ym 5pum/ Silicon- Qu et al.
V-beam 22.07 pym on- (2017)
with 2-axis insulator
(a)
active
aripping __
armm
\ ',./"
electrt‘){hemal actua
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Table 3 continued

Microgripper Max Each jaw tip Min/max | Amplification | Max Structure | References | Image
type force displacement | jaw gap ratio applied | material
applied voltage/
current
Electrothermal 36 um 125 195mV | SOI Zhang et -
V-beam SU-8 al. (2013) ‘]
s
=
I
Electrothermal 25.5mm and Power Nickel foil | Rubio et al.
monolithic 33.2mm along of (2009)
X and Y axes, 2.32W
respectively
Electrothermal 5mN 60 /120 ym Stainless | Du et al.
cantilever steel (1999)
Arms of the
Gripper
T
Electrothermal 10 ym /50.5 ym 650 mV | SU-8 Soma et al.
monolithic (2018) A C' s
cantilever =D
B Qo =
Shape memory | 130 mN | 7100 pym (For | /1150 pm Bimorph Abuzaiter Gripper —.«
alloy cantilever | (For same structure layer of etal.
same type, but Si02 and | (2016)
structure | longer length) SMA
type, sheets
but (Ni-Ti)
longer
length)
Shape memory | 42.9 mN 61 um 1 um / Single Munasinghe
alloy cantilever 120 ym crystal etal.
silicon (201 6) SMA springs ::::::;': SMA springs
wafer ‘
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Table 3 continued

Microgripper Max Each jaw tip Min/max | Amplification | Max Structure | References | Image
type force displacement | jaw gap ratio applied | material
applied voltage/
current
SMA wire 330 mN 123 ym /125.2 Stainless | Kyung et
monolithic um steel - al. (2008)
flexible hinge STS304
SMA wire 490 mN 5500 pm 0.1cm / 44V Lin et al.
cantilever 1.5cm (2009)
SMA wire 136 mN 121 ym 208 um / 30 mA Mono- Raparelli et
monolithic 450 uym crystalline | al. (2018)
cantilever silicon
SMA wire 70 — /500 ym 50 mA — Zhong and
500 mN 75 mA Yeong et »
(2006) \ > O
~ Sliding Unit
o Spring
OB

2.2.3 Electrostatic microgripper

Electrostatically actuated microgrippers are utilised by
applying a positive and negative voltage to two elements of
the microgripper which then attract or repel each other due
to the electrostatic force created. The structure of these
microgrippers are frequently found in literature to be in a
comb formation, which consists of two interlocking combs
(Kalaiarasi and Thilagar 2012). As a voltage is applied to
the combs, an electrostatic charge is produced, and the
combs either attract or repel. This structure is integrated
with a set of jaw, which enables them to open or close. The
structure is easy to fabricate, requires a low voltage, can
produce a large tip deflection (e.g. 70 um, Table 3) and has
a faster response to a change of voltage in comparison to
other methods, such as electro-thermal (Yang and Xu
2017). In the 2013 review by Jai and Xu, it was described
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that the benefits of using an electrostatically actuated
microgripper are that it can obtain a large jaw aperture
change whilst producing no hysteresis effects which pro-
duces a predictable response (Jia and Xu 2013). Another
report researched electrostatically controlled microgrippers
with the capability of manipulating a micro-object from 0
to 100 pm between the voltages of 0 and 33 V respectively
(Yuan et al. 2015). This report developed a novel mecha-
nism for the gripper to self-lock whilst operating, which
enabled the gripper to hold an object for a long time
without the need to apply voltage during these periods
(Yuan et al. 2015). The benefit of this is to ensure that the
gripper does not caused unnecessary stress or damage on
the object and further reduces the amount of energy used
by the microgrippers (Yuan et al. 2015). The system was
trialled by successfully holding a metal wire with a diam-
eter of 40.6 um (Yuan et al. 2015). Electrostatically
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actuated grippers have been integrated with jaws where the
applied force can be precisely controlled (Chen et al.
2009). This gripper was additionally developed to have
three tweezers within the gripper to enable the system to
grasp a wide range of object (Chen et al. 2009). The
grippers themselves were controlled using electrostatic
forces, the force sensors utilize piezoelectric materials to
detect the force that is being applied to the object (Chen
et al. 2009). Each arm tip is capable of a 25 um deflection
although the system as a whole can manipulate objects
between 30 and 130 pum (Chen et al. 2009). The gripper
was trialled on a variety of sized polystyrene microspheres
of sizes between 30 and 80 um (Chen et al. 2009). It was
measured that a force of 350 uN and 100 uN were applied
to the object, with the driving voltage of 75 V and 58 V
respectively (Chen et al. 2009). In the medical industry,
different types of piezoelectric actuated microgrippers have
been developed and utilised. It was suggested that micro-
technological devices such as microgrippers can be used to
assist in minimally invasive surgery and other challenging
scenarios regarding to technicality and small-scale sizes
(Gaafar and Zarog 2017). One type of gripper developed in
2017 contained a comb structure described above and
different types of materials were studied for use in the
conducting and insulating components of the gripper
(Gaafar and Zarog 2017). The applied voltage was of
100 V with the displacement of the two material types of
19.66 pm and 32.5 pm, this highlights that the choice of
material is an important factor to consider (Gaafar and
Zarog 2017). Another form of electrostatically actuated
comb driven microgripper was developed in 2012 where
the researchers simulated the grippers with various shapes
of combs (Kalaiarasi and Thilagar 2012). The trialled
shapes included a square notch, a 2 stepped notch, small
v-shaped notch and large v-notch. From the shapes sug-
gested, the large v-shaped notch produced the greatest jaw
tip displacement of 6.66 pm and 21.25 pm with voltages of
14 V and 25 V respectively (Kalaiarasi and Thilagar 2012).
However, the jaw displacement of this microgripper was
significantly less than other structures, therefore it should
be noted that the applied voltage in this design is further-
more less compared to others, resulting in a decrease in
energy consumption. Another survey stated that the elec-
trostatic actuated microgrippers reviewed, showed various
jaw displacement ranges between 2.5 and 275 um, with an
applied voltage range between 0 and 185 V, a force from
the jaws of 4 nN to 2.5 mN and an amplification factor
between 4 and 5.9 (Verotti et al. 2017). The jaw dis-
placement ranges of these -electrostatically actuated
microgrippers are able to achieve smaller jaw displace-
ments compared to the piezoelectric actuated grippers as
above. This suggests that electrostatic actuators are better
suited to manipulate micro-objects within the range of

1-100 pm in compared to other microgripper actuator
types. However, there are operational limitations such as
requiring a high operating voltage to produce a high jaw
displacement, unable to achieve high gripper forces and
large structure sizes (Jia and Xu 2013).

2.2.4 Electro-thermal microgripper

The method behind electro-thermal actuators is based on
the phenomena that as current is passed through a con-
ductor, it will cause it to increase heat and results in an
expansion of the material. This is often utilized within
microgrippers and is used to open and close its jaws. These
microgripper types are often fabricated with a monolithic
structure and usually created using the chip manufacturing
process (Kolahdoozan et al. 2017; Wu and Xu 2018). It is
also capable of producing cantilever structures using this
method by utilizing bi-metallic strips. The advantages of
using this form of actuator is the capability of producing a
larger gripping force and jaw displacement while low
voltages are applied (Jia and Xu 2013). With regards to
materials used to manufacture the microgrippers, it has
been stated that silicon, stainless steel and high grade
aluminium alloys are common choices for electro-ther-
mally actuated microgrippers (Nikoobin and Niaki 2012).
Monolithic electro-thermal microgrippers often come in
three structures: U, V and Z-shaped. The most common
form is the U shaped structure and is designed so that each
arm comprises of two parallel, but separately insulated
beams, only one of which is heated by an applied current,
due to this, the tip of the arm flexes away from the heated
stem (Yang and Xu 2017; Chronis et al. 2005; Zhang et al.
2013; Zhang et al. 2011). It has been stated that grippers of
this structure are capable of producing a displacement of up
to 262 pum with an applied voltage of 1.94 V (Yang and Xu
2017). The V shaped structure contains a central compo-
nent suspend from two thin lengths of material in a V shape
(Yang and Xu 2017). As the material is heated, the central
component will move a predictable distance. It has been
stated that this structure is capable of achieving a move-
ment of 173 pm with an applied voltage of 1 V (Yang and
Xu 2017). The Z structure actuator utilises the same
method as used in the V shape structure however the two
suspending materials are shaped in a Z-notch formation
and produces a linear movement of the central component
capable of moving it 80 um with an applied voltage of 6 V
(Yang and Xu 2017). Another paper described the utilisa-
tion of the electro-thermal effect to actuate a novel design
of microgripper which comprised a series of D-shaped
loops placed consecutively between the actuator arms and
the gripping tips (Bordatchev and Nikumb 2003). As a
current was applied to the structure, the D-shaped loops
would increase in temperature and hence expand, causing
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the jaw aperture to decrease. The microgripper was capable
of producing a jaw aperture between 98.4 and 71.8 pm
with applied current of 0.32-0.84 A respectively, although
the writers stated that a larger gap would be achievable by
improving the gripper design, however it was not stated
what improvement would be implemented. To incorporate
the high range capabilities of an electro-thermal actuator,
but also utilize the high speed and precision accuracy of a
piezoelectric actuator, a hybrid actuator microgripper has
been previously fabricated (Rakotondrabe and Ivan 2010).
The structure of the arm used a dual layer cantilever
comprising of a piezoelectric layer and a passive layer.
When heat is applied to it, it is capable of deflecting dis-
tances higher than 100 pum for each arm, resulting in a total
jaw aperture of at least 200 um. However, while actuated
by the piezoelectric system, each arm was capable of
deflecting a distance of approximately 15 um. The system
used the electro-thermal actuator to coarsely guide the
cantilever tips to the object to be grasped, from there the
piezoelectric actuator could finely adjusts the tips to hold
the object. The disadvantages of the system is the com-
plexity of having to provide a feedback system which
incorporates data from both actuator types, however this
was solved in the paper (Rakotondrabe and Ivan 2010).
This report stated that electro-thermally actuated micro-
grippers produce a larger jaw displacement of around
55 pum and large gripping force whilst using low voltages
of 1-8 V (Elsen et al. 2019). Results from the report
showed that the response of displacement to the applied
voltage was exponential (Qin et al. 2013). This type of
microgripper often produces a non-linear opening and
closing whilst using high temperatures, therefore the design
of the structure needs to be carefully considered to ensure
that the desired gripping aperture can be reached (Jia and
Xu 2013). However, in many applications a linear response
may not be required during operation times, hence this
limitation would not be an issue. One of the main limita-
tions of electro-thermally actuated grippers is with regard
to the amount of heat generated by the gripper in order to
alter its jaw aperture size (Jia and Xu 2013). This is often
undesired as it may result in exerting heat to the object that
is being manipulated and may subsequently cause damage.
One paper explains the development of a novel design of
electro-thermal gripper that is based on a U-shaped style of
microgripper (Fu et al. 2012). The report states that the
design presented is less complex than other electro-ther-
mally actuated structures and also states that the structure is
capable of achieving predictable jaw movement with a
certain applied voltage (Fu et al. 2012). The jaw dis-
placement for the gripper was said to be 10.072 pm while
the voltage applied was between 1 and 10 V (Fu et al.
2012). It was also stated that the maximum temperature of
the arms reached a value of 224 °C, although the
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temperature value at the tips was not able to be measured
due to equipment limitation (Fu et al. 2012). The temper-
ature of the tips must often be considered and measured
during operation, as high temperature may cause damage to
micro-objects during the manipulation process. An electro-
thermal actuated microgripper produced was capable of
achieving motion along two axis, which was stated as being
a first in research (Qu et al. 2017). The gripper also inte-
grated a capacitive force detection system capable of
measuring the amount of force applied to the gripper jaws
(Qu et al. 2017). The researchers also noted that heat
conducting along the tip may also cause micro-object
damage (Qu et al. 2017). Within the medical industry,
microgrippers have been designed to manipulate red blood
cells. An electro-thermal microgripper developed was able
to produce a jaw displacement of 9 pum, which was said to
be the value desired to manipulate the blood cells (Cauchi
et al. 2018). The difficulty with attempting to use an
electro-thermally actuated microgripper to manipulate
biological matter is that the heat produced by the gripper
has the potential to cause damage to the subject. It is also
important to ensure that the maximum temperature pro-
duced by the microgripper does not reach the limiting
temperature values of the materials of the microgripper
itself, hence causing inherent damage. The gripper
designed in this report was based on a U-shaped structure.
To ensure that heat did not conduct through the gripping
arms, each included a structure comprised of a thin sheet of
material, the width of the gripper, which contained a matrix
of holes throughout in order to dissipate heat. A simulation
of the structure showed that although the maximum tem-
perature of the structure reached 267 °C, the tips of the
gripper remained at room temperature, proving that this
structure would not apply excess heat to the micro-object
(Cauchi et al. 2018). A survey stated that after reviewing a
vast amount of electromagnetically actuated microgrippers,
the jaw displacement range are found to be between 1.2
and 260 pm, the applied voltage is between 0.1 and 90 V,
exerted force from jaws between 20 uN and 135 mN and
amplification of 1.731-100 (Dochshanov et al. 2017).

2.2.5 Shape memory alloy microgripper

Shape memory alloys (SMA) can change their character-
istic features when heat is applied. The material is capable
of transforming its shape and size whilst at high tempera-
tures and further returns to its original position when the
heat is removed (Kawamoto 2009). This ability has been
utilised for producing actuators for microgrippers as dis-
played in Kawamoto (2009). It has been shown that SMA
actuated microgrippers are able to produce high jaw dis-
placement values and gripping force. Although a delayed
reaction is produced when voltages are applied in compare
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to other gripper types. One review has stated that using
Nickel-Titanium material to create SMA actuated micro-
grippers has been proven to be very successful as it has the
ability to produce a high gripping force and jaw tip dis-
placement at temperatures around 60-80 °C (Fu et al.
2012; Choudhary and Kaur 2016). A microgripper actuator
review from 2012 revealed that SMA actuators are com-
monly studied due to the high energy density available,
resulting in the potential for the technology to be scaled
down to microscales (Fu et al. 2012). One researcher
developed a SMA actuated microgripper with three degrees
of freedom and was capable of positioning the gripper jaws
along the x and y axis (Abuzaiter et al. 2016). The structure
consisted of three bimorph SMA sections. The first was
connected to a base of the gripper and a strip of SMA
material was able control the bending of the remaining
structure along the x-axis. The second element, connected
to the first, was another strip of SMA material which
enabled the final section to be moved along the y-axis. The
final section, the gripper itself, is made up of two SMA
elements creating a cantilever-type gripper structure. These
elements are able to flex and result in opening and closing
of the gripper jaw and grasping hold of an object. Each
SMA strip is controlled by independent circuits that con-
duct a current through each strip creating heat and subse-
quently flex (Abuzaiter et al. 2016). Experiments
conducted trials using different thicknesses of SMA and
silicon dioxide materials of the bimorph strip to achieve the
greatest displacement (Abuzaiter et al. 2016). The maxi-
mum displacement of the first and second sections of the
device reached 7.1 mm (Abuzaiter et al. 2016). The system
was practically trialled and successfully manipulated a
small object. Limitations of the developed microgripper
included a time delay of approximately 10 s which
occurred when actuating the bimorph strips. Furthermore
there is a hysteresis issue when heating and cooling each
strip (Abuzaiter et al. 2016). Another developed micro-
gripper had an SMA actuator that was fabricated using
nickel titanium material with silicon as presented in Lin
et al. (2009). The materials were configured into a spring
structure to produce a large jaw size of 120 um. The
springs were connected between a solid structure and to the
middle section of cantilever arms. Using the same methods
as previous reports, heat was applied to the SMA nickel
titanium springs by supplying an electrical current which
caused the springs to expand, resulting in the closure of
gripper jaws (Lin et al. 2009). The silicon springs were put
under tension and once the current supplied to the SMA
springs is removed, the silicon springs caused the gripper
jaws to open. This report stated that the advantages of
using SMA actuators are that they supply high gripping
forces, precision and response times (Lin et al. 2009). This
last statement contradicts other reports that have stated

slow actuator response times. However, this report has not
stated the expected time delay of the developed micro-
gripper. Researchers have also investigated the use of
SMAs in the form of wire (Kyung et al. 2008; Jia and Xu
2013). This has been accomplished by creating a mono-
lithic flexible hinge microgripper structure and utilizing
SMA wires connected to the base. The gripper arms of the
structure open and close the jaws as the temperature of the
wire is altered (Kyung et al. 2008; Jia and Xu 2013).
Another method utilizing SMA wires produced a cantilever
type structure which was actuated by the wires (Raparelli
et al. 2018). The research developed a gripping arm to have
several staggered sections which were used to connect each
separate length of SMA wire. This gripper was developed
with this feature to produce a large jaw gap change.
Another SMA wire actuated gripper was developed and
manufactured (Wagner et al. 2008). The structure was
manufactured out of silicon whilst a 50 um diameter SMA
wire was utilized to close the jaws. The design of the
structure used a four-bar mechanism, this parallelogram
linkage structure ensures a parallel movement of the grip-
per tips (Wagner et al. 2008). Due to the small dimensions
required for the microgripper it is not desirable to use
physical hinges for the mechanisms (Wagner et al. 2008).
Therefore, the gripper structure was initially developed
with flexible hinges, however in the finite element model it
could be noted that the majority of the structure had no
applied stresses and a vast amount of stress were produced
at the hinges. It was stated that this was not preferred and to
utilize the material, it would be ideal to ensure that the
stresses were dissipated throughout the entire structure
(Wagner et al. 2008). To achieve this, the structure was re-
designed, and the flexible hinges were removed. Instead,
the four bars of the structure were reduced in width to
produce four thin beams, twice as thick as the original
hinges (Wagner et al. 2008). After completing another
finite element test on the amended structure, it displayed
that the stresses were now distributed throughout the thin
beams. This method increases the durability of the struc-
ture. The design of microgripper was theoretically able to
produce a large jaw displacement range, however the SMA
wires that were experimentally used were not the preferred
choice and hence produced less force than required whilst
actuating (Wagner et al. 2008). This inevitably lead to a
smaller jaw tip displacement that expected. However, there
are also various limitations related to this technology par-
ticularly when using Nickel-Titanium material for its
fabrication. These limitations include inefficient energy
usage, slow response, high heat during operation and
hysteresis and fatigue issues (Choudhary and Kaur 2016;
Nemat-Nasser and Guo 2006; Yang et al. 2017; Rubio et al.
2009). Another limitation of this system is that the response
given by the material is often unpredictable, which often
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leads to the actuator producing unknown positions whilst
between the open and closed states (Fu et al. 2012).

3 Robotic actuators in medical industry
3.1 Medical robotic systems

Surgical robots for use within the medical industry has
been thoroughly reseachered over the past few decades.
Extensive research has been conducted into use of various
types of surgical robots along with medical tools and
actuators associated with the system. An increasing amount
of research has been conducted into mechanical medical
grippers, particularly with regards to minimally invasive
surgery (MIS) and the need to manipulate delicate parts of
the body such as blood vessels which have a diameter of
less than 1 mm. Medical microgrippers have been pro-
duced because of this and are particularly accurate and
precise due to the medical nature. The majority of surgical
robots are non-autonomous and currently require a surgeon
to control the tools of the system. Robotic systems used for
MIS comprise of a set of tools, often grippers, and a vision
system which is controlled from a console situated away
from the patient. Surgical robots have been developed in
order aid surgeons during surgery and to reduce the amount
of trauma induced to a patient. In 1995, a system called
Zeus was developed which held various tools for an
operation and was capable of mimicking the controls of the
surgeon whilst increasing accuracy by reducing the sur-
geon’s tremors and converting the surgeon’s motions into
small precise movements within the patient (Beasley
2012). One of the most commercially available robotic
surgery systems is the Da Vinci system which was first
available in the year 2000. This system contains three to
four flexible arms that are used to control multiple types of
tools to be used for MIS. The tools often include grippers
which have two degrees of freedom (Beasley 2012). One
report researched into the force response from various tools
used by the system. It was discovered that whilst the dif-
ferent tool arms exerted the same gripping force, different
tools exerted a wide range of forces, declaring that
appropriate tools must be selected throughout an operation
process depending on the task required (Mucksavage et al.
2011). Another system named Telelap ALF-X, comprises
of four arms and is similar to the Da Vinci system, but also
includes a haptic feedback system with an accuracy of 35 g
(Beasley 2012). The benefit of the feedback system is that
the surgeon can approximately detect the amount of force
being applied by the grippers of tools and hence prevent
damage to the patient. The system has been successfully
trialled on animals and stated to have reduced operating
times compared to other systems (Beasley 2012; Stark
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et al. 2012). The Raven surgical robot is a system similar to
above and contains two tool arms and the system has seven
degrees of freedom (Lum et al. 2009). This report tested the
system using various experiments, predomintly for the
study of the network effect on the system. When compared
to traditional surgery methods, the above stated surgical
robots have a reduced field of vision as the surgeon often
views the procedure using only one or two cameras, also
the remote end-effector system reduces the degrees of
freedom that the surgeon can manipulate (Beasley 2012;
Gomes 2011; Dogangil et al. 2010; Kuo and Dai 2009). It
was found in a study that a large amount of errors caused
by surgeons during traditional surgery were related to
applying excess force to a patients tissue (Jin et al. 2016;
Tang et al. 2004). Due to this, force sensors are commonly
researched to integrate with the surgical robots as presented
in the Teleap ALF-X system. The above stated systems are
all non-autonomous and require surgeon control. The idea
of autonomous force control has been disregarded by many
as the intended force required within a patient is often
variable and hence unknown (Harada et al. 2011). It seems
that fully automated surgical robots will still require further
research to be capable of assisting with surgical proce-
dures. They currently would not be suitable due to the
primitive systems that provide haptic feedback. Assisted
robotic tools are more likely to be used as a surgeon would
be on hand to conduct and analysis the procedure.

3.2 Types of grippers

Traditional methods for surgical operations use various
tools that are often classified into six groups, cutting,
grasping, haemostatic forceps, retractors, clamps and
implants (Jin et al. 2016). Several of these tools involve a
form of gripper to hold an internal part of the body. Var-
ious gripper types have been developed depending on the
medical requirement, whether it involves grasping layers of
tissue to manoeuvre or blood vessels to prevent blood loss.
The surface of gripper jaws is often either smooth faced or
tooth faced depending on the desired task. It has been
stated that tooth formation grasping tools can cause an
uneven distribution of force along a layer of tissue and
hence result in additional force being applied in certain
locations, often causing damage (Jin et al. 2016). It is
suggested that numerical simulations are performed to
assess the force applied by the gripper to ensure a uniform
force is applied. A report by Xu et al. (2009) presented a
design of a cable-actuated medical gripper capable of
reaching high 40 N gripping force whilst also producing a
wide jaw angle (Xu et al. 2009). These successes were
reached by producing a hinge comprised of two slopes, one
steep slope to produce the large gripping force, while the
shallow slope ensured that the jaw can reach the wide angle
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(Xu et al. 2009). The jaw faces of the gripper were
designed with teeth structures to increase the gripping force
that could be applied. This type of design is advantages
when attempting to grasp various objects with different
sizes with different forces.

3.3 Transmission systems

Different forms of transmission systems have been studied
for use in surgical robotic systems between controller and
gripper, such transmission systems use include cable, fluid,
smart material and magnetic. Each of these types have been
stated to have multiple advantages and disadvantages with
continuing research being conducted for each. Cable-ac-
tuated systems are capable of producing high gripping
force however they often involve complicated and expen-
sive fabrication processes, hysteresis issues and a short life-
span of ten surgical procedures due to the repetitive
bending of the system (Le et al. 2016). Fluid-actuated
transmission systems are able to supply a high force par-
ticularly at microscale and also achieve large bending
angles, on the other hand they also involve a complicated
system, require a high power supply and have hysteresis
issues (Le et al. 2016). Another form of actuator uses shape
memory alloys which are capable of applying a large force
and displacement, but also can apply the force along three
axis (Le et al. 2016). This form of transmission however
has a low frequency response to controls and is stated to
have issues with accurate control (Le et al. 2016). The final
actuator type reviewed uses a magnetic system which is
capable of transferring motion wirelessly, however hys-
teresis and linearity issues do occur (Le et al. 2016).
Therefore, it is not clear what the most recommended
system to utilize is when producing a tele-operated surgical
robotic system as each transmission method has various
advantages and disadvantages associated to them. It is
recommended that further research should be conducted to
overcome or alleviate the disadvantages of the selected
system (Le et al. 2016). Despite the amount of research
studied in this area, it is important to note that these types
of grippers are designed to handle biological material that
are relatively large compared to microscale objects as
discussed in previous chapters. For example, the smallest
diameter of a human arteries is around 100 um, which is
stated as the maximum limit of microscale objects.

3.4 Magnetic guiding systems

Another method of object manipulation involves the use of
a magnetic field to guide non-magnetic flexible wire by
attaching a magnetic tip to the wire’s end. This method has
been recently studied for use in the medical industry where
minimally invasive surgery is become ever more

researched. The method is used to accurately position a
wire whilst inside of a patient. One paper studied into
externally manipulating a wire whilst inside of a patient’s
veins (Yeow et al. 2016). The system developed can adjust
the angle of the flexible wire by using a robotically con-
trolled magnetic field. As the flexible wire itself was non-
magnetic, the tip of the wire was coated in a ferro-magnetic
material and hence could be controlled by the magnetic
field (Yeow et al. 2016). The magnetic field itself was
produced by applying a current to several electromagnetic
coils distributed around the manipulation zone (Yeow et al.
2016). The magnetic tip of the wire was able to be adjusted
by altering the voltage applied to the coils (Yeow et al.
2016). The system was tested by measuring the deflection
of the wire tip and comparing it to the input movement
expected (Yeow et al. 2016). The measured deflection
angle was found to be 20°, resulting in a deflection dis-
placement of around 7 mm. One of the limitations with the
system was that the size of the manipulation zone and the
deflection angle were both limited by the applied magnetic
field. It was stated that the flux density of their system was
20 mT, whereas other researchers used values around
100 mT (Yeow et al. 2016). By increasing the magnetic
flux density, they would be able to increase the size of the
work zone and the deflection of the wire (Yeow et al.
2016). This method is capable of adjusting the position of a
wire on a fine scale. This type of system has the potential to
be utilized in order to manipulate certain micro-objects e.g.
wires. However, this research paper does not state the
precision of the system and therefore may not be accurate
enough to be able to manipulate micro-objects to a desired
location as indicated. Another area of the medical industry
where this form of technology has been researched for is
related to the internal delivery of drugs to a specific loca-
tion inside of a patients’ body (Shen et al. 2015). The
research developed an electromagnetic field which was
used to alter the position and alignment of microcapsules
which contained both the drug required, but also iron
particles which enabled the capsule to be positioned by the
magnetic field (Shen et al. 2015). The electromagnetic field
was created by using a system containing Helmoholz and
Maxwell coil pairs which produce a uniform and gradient
magnetic field respectively. This system successfully
enabled to position the magnetic particles (Shen et al.
2015). The design of the drug delivery system had
approximately a 21 mm® manipulation zone due to the size
of the coils, this system design could become unsuitable if
larger components are required to be manipulated (Shen
et al. 2015). The use of permanent magnets as a guiding
system has also been researched for the medical industry
(Schiemann et al. 2004). A guiding zone was reported by
placing two magnets parallel to each other and on either
side of the patient and were capable of producing a 0.1 T
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magnetic field (Schiemann et al. 2004). The magnets were
able to be rotated and re-positioned to orientate the mag-
netic tip of the flexible wire. The tip of the wire comprised
of a neodymium iron boron magnet due to its highly
magnetic properties (Schiemann et al. 2004). The magnetic
system was successfully able to rotate the tip of the wire in
any direction. Although the angle of the tip was controlled
using non-contact external magnetic fields, the progression
of the wire into the patient is carried out manually. The
magnetic field rotated the tip of the wire by an angle of 90°
and it was calculated that a force of 0.56 g would be
applied by the tip onto the internal walls of the patient
(Schiemann et al. 2004). The paper concluded that the
developed system was capable of accurate positioning of
the magnetic tip of the wire whilst inside of an artificial test
chambers, however the accuracy of the positioning of the
tip was not specified. A complex system comprised of a
series of eight electromagnets has also been developed
(Kummer et al. 2010). The configuration of the system was
capable of producing a non-uniform magnetic field
throughout the manipulation zone (Kummer et al. 2010).
The system, named OctoMag, was designed to control
microrobots inside of a patient, whilst also to be used to
manipulate a magnetic tipped wire, similar to the systems
presented previously in this section. It is capable of
manipulating an isolated microrobot by five degrees of
freedom, not only its orientation, but also its position
within the manipulation zone (Kummer et al. 2010). It
utilizes a vision system as a form of feedback, to monitor
the accurate location and orientation of the magnetic
object. It was stated in the report that the Octomag system
had the potential to be reduced in size and could be used
for micromanipulation under a microscope (Kummer et al.
2010). During experimentation conducted with the micro-
robots it was said stated that a variation of 29.77 pm was
present. Another successful magnetic navigation system
has been described in Chun et al. (2007). The system
includes two permanent magnets situated on either side of
the patient. The magnets were able to create a 0.08 T
uniform field across the patient and steer a tethered wire
with a magnetised tip through the body (Chun et al. 2007).
In the paper, it stated that different tip structures were
trialled which included various number of magnets along
the tip. It was concluded that the constructed tip which
comprised of four magnets was the most controllable tether
and therefore the most successful during tests (Chun et al.
2007).

3.5 Probe technology
The use of probe structures has also been studied to

manipulation micro-objects. Many different technologies
have been studied such as optical, mechanical, magnetic
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and electrostatic (Kawamoto 2009). The method of using
an electrostatic force for manipulation has been success-
fully achieved by many researchers and is often intended
for the manipulation of micro-particles such as biological
cells and micro-mechanical and micro-electronic objects.
One report concluded that tools for micromanipulation
such as probes are preferred due to their simple design,
whilst microgrippers involve a more complex design and
are often delicate and expensive (Power and Yang 2015).
Electrostatic probes are often capable of adhering to par-
ticles between the sizes of 10 um to 1 mm (Kawamoto
2009; Takahashi et al. 2001). It has been stated that use of
the probes are often limited to the manipulation of small
spheres within this size as the adhesion forces, including
van der Waals, electrostatic and liquid bridge forces are
often larger than the gravitational forces that oppose them
(Konno et al. 2005; Masuda et al. 2006; Saito et al. 2003).
It is less common to be able to attract larger metallic micro
objects as the electrostatic attraction is often weaker than
the gravitational forces applied to it (Konno et al. 2005). It
is stated that these adhesion forces occur between, the
substrate and the particle and also the probe and the par-
ticle (Konno et al. 2005; Masuda et al. 2006). To ensure
that the probe is capable of picking up the particle, the
adhesion force between particle and probe must be larger
than the sum of adhesion forces between substrate and
particle and the gravitational force applied to the particle
(Konno et al. 2005). These forces are affected by the
materials and shape of the probe, particle and substrate
(Konno et al. 2005). The force between the probe and the
particle is enhanced by applying a voltage to the probe
which increases the electrostatic force available (Konno
et al. 2005). It is this force that ensures that the particle can
be manipulated by the probe. The fabrication of the probes
is typically manufactured from tungsten wire with a
diameter of approximately 100 pm. The wire is often
polished and coated in an insulating material to avoid the
probe from short circuiting. Researchers have stated that
the fabrication and operation of the probe is simple
(Kawamoto and Tsuji 2011). Many configurations of
probes have been developed and often consist of one, two
or three metallic cores where a voltage is applied to. From
this, a non-uniform electrostatic field is formed around the
probe and generates a Coulomb force that is capable of
attracting both non-conductive and conductive micro-par-
ticles towards it (Kawamoto 2009). It was established that
for conductive micro-particles, the resistivity of the micro-
particle material must be between 10 and 10° Q cm while
the voltage of the probe was 10 V (Kawamoto 2009). The
probe is capable of releasing non-conductive particles by
setting the voltage to zero (Kawamoto 2009). The same
cannot be done for conductive particles as even after the
voltage has reached zero the Coulomb adhesion force will
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still be present and will continue to attract the particle to
the probe tip (Kawamoto 2009). The researchers investi-
gated different elements of the probe and the particle to
study what would influence the attraction forces of both.
Such elements were the dimensions and voltage of the
probe and dimensions and material of the micro-object.
Even though that increasing the voltage increased the
attraction forces, the voltage limit must be noted due to the
insulated breakdown properties of the probe (Kawamoto
2009). The research results demonstrated that the duel-core
probe, was capable of picking up non-conductive micro-
particles with diameters of 150-2000 pm and a weight of
about 1-1000 pg (Kawamoto 2009). Another configuration
of probe, with a duel-core and a staggered tip, was capable
of manipulating similar sized particles, with diameters of
100-1000 pm and a weight of 0.6-800 pg (Kawamoto
2009). The single tip probe configuration, which was
coated in a gold layer was able to move much smaller
particles, with diameters of 30-500 pum and a weight of
0.01-50 pg (Kawamoto 2009). The same researcher later
demonstrated that the developed probe was able to pick up
slightly conductive, non-spherical, lunar dust particles
(Kawamoto and Tsuji 2011). The system was similar, if not
identical to the probe developed in Kawamoto (2009).
Another researcher carried out a similar electrostatic tip
fabrication, but instead of using a tungsten wire they
simply used a cantilever from an atomic force microscope
due to it being an appropriate and repeatable shape and size
(Denisyuk et al. 2014). This ensures that the experiment
will be repeatable in the future. The experimentation of the
cantilever probe was carried out on three different types of
particles (Denisyuk et al. 2014). The particles were a
mixture of spherical and octahedron in shape. During
experimentation, it was noticed that the octahedron shaped
particles could only be picked up while the probe was in
contact with one of its vertices (Denisyuk et al. 2014). The
researchers also produced a theoretical model of the
manipulation of one of the particles. Using the model, they
calculated that the probe was capable of attracting a par-
ticle while the distance between the probe tip and the
particle was smaller than the diameter of the particle
(Denisyuk et al. 2014). Another research that was con-
ducted by previously was capable of manipulating
40-80 um diameter gold spheres using a fine probe (Konno
et al. 2005). This was accomplished by applying a 20-50
DC voltage to the probe (Konno et al. 2005). The spheres
were then released by changing the voltage to zero. The
researchers proved that their probe and system was capable
of picking up the particle and also welding it to an addi-
tional particle by significantly increasing the voltage
(Konno et al. 2005). As stated before, it was demonstrated
that their developed probes were capable of manipulating
micro-particles with a mass between 0.01 and 1000 pg

(Kawamoto 2009). The mass of the wire is within the stated
values which implies that this method would be capable of
manipulating a variety of wire materials and sizes.

4 Summary

The aim of this review was to research an array of previ-
ously designed and developed micromanipulation tools and
discuss the most suitable technology in order to manipulate
specific objects required for the assembly of p-wire.
Robotic controlled micromanipulation tools such as pre-
viously mentioned microgrippers could be also be
employed in order to achieve the high level of accuracy
and repeatability required for assembly at this scale. The
review has compared different micromanipulation tools
currently available in order to manipulate micro-objects
and specifies the most preferable solutions. A large variety
of different micromanipulation techniques involving con-
tact and contactless technologies have been summarised
and evaluated. The majority of this review has focused on
microgripper technologies, comparing the advantages and
disadvantages of both their structure and actuator types as
these are the fundamental components of determining the
most suitable design for micromanipulation. After analys-
ing, it became clear that high precision and repeatability
were the most desirable characteristics of the manipulation
tool. Robotic tools developed for the medical industry
contain state-of-the-art technology, however they may not
be suitable for this specific micromanipulation task due to
the comparatively large scale of the objects that they are
intended to grasp. Another manipulation technology stud-
ied utilized magnetic fields in order to orientate magnetic
or magnetic-tipped wires (Power and Yang 2015). This
form of technology is useful for guiding a wire through an
intended path, although the system itself could not change
the position of the object and only align it with the mag-
netic field, therefore would not be suitable for positioning
certain p-wire materials. Various technologies of probes
were also studied, such as electrostatic; however, the sys-
tem researched were only studied to have manipulated
micro-objects that were near spherical in shape. The shape
wire makes it more difficult to manipulate whilst using
these technologies.

5 Conclusion

From the previously stated various microgripper actuator
types, shape memory alloys actuated microgrippers previ-
ously developed have displayed large jaw displacement
and high gripping force compared to other types (Kyung
et al. 2008). The presented disadvantages such as high
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hysteresis error, large energy usage and a slow response
time were agreed to not greatly impact the manipulation
process of the given task (Yang et al. 2017). It seemed that
this technology was the most suitable to manipulate p-wire.
The reviewed literature failed to include a suitable micro-
gripper design that would be capable of grasping and
positioning a micro-sized object such as p-wire and larger
sized objects. It is deemed that a solution to this problem
must be addressed. Additionally, many microgrippers are
found to be inaccurate, often due to the fabrication process
which cause an undesired asymmetrical structure of
microgripper (Liang et al. 2018). A solution to this issue
has been previously presented while utilizing piezoelectric
materials as a form of actuator (Liang et al. 2018), how-
ever, alternative actuation methods are being researched
and there is potential for these to achieve a higher increase
in grasp accuracy when used with specific microgripper
designs. The microgripper design will need to ensure that a
large range of objects can be grasped ranging from sizes of
the p-wire to different components such as PCBs. The
developed microgripper must be versatile enough to assist
with the manipulation of other micro-objects including
those in other alternative industrial sectors.
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