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verified. Furthermore, a microgripper utilizing the proposed 
mechanism is presented. The performances of the gripper, 
including the displacement amplification and the parallel 
movement of the jaws, are verified by FEA and experiments.

1  Introduction

Micro-grasping focuses on the grasping of micro-objects 
ranging from a few to hundreds of micrometers in dimen-
sion, which is important in micro-assembly (Woern et  al. 
2000; Kim et al. 2004; Cecil et al. 2007; Agnus et al. 2013). 
A micro-grasping system mainly includes the actuator 
and the end-effector. Generally, the output direction of the 
actuator is non-collinear with the grasping movement of the 
end-effector. Meanwhile, the movement of the end-effector 
needs to be amplified compared with that of the actuator 
(Millet et al. 2003; Zubir et al. 2009; Hoxhold and Buttgen-
bach 2010; Kim et al. 2005). The movement direction trans-
formation and displacement amplification should be real-
ized in a compact size. For these reasons, two issues should 
be considered when designing micro-grasping systems.

One is to precisely transform the movement direc-
tion between the actuator and the end-effector. For most 
of the actuators in micro-manipulation, the output direc-
tion is one-dimensional (Bell et  al. 2005). A typical case 
is that the movement of the end-effector should be verti-
cal to the one-dimensional output direction of the actuator, 
i.e. the orthogonal transformation of the movement direc-
tion (Hoxhold and Buttgenbach 2010; Xiao et al. 2011), in 
which the reduction of the parasitic movement vertical to 
the desired direction is important. In the recent researches 
on precision engineering, the analysis, reduction and utili-
zation of the parasitic movement are focused on Lee and 
Lin (2007), Xiao et  al. (2011), Zhao et  al. (2012), Huang 
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(2012). Among these researches, symmetric structure is 
commonly used to reduce parasitic movement. However, 
symmetric structure can be used to reduce the parasitic 
movement of orthogonal displacement transformation 
only when the structure is of bidirectional symmetric input 
forces/displacements (Xiao et al. 2011; Huang 2012).

The other is the compact displacement amplification 
mechanism (DAM) with simple structure, especially for 
the device driven by the actuator without enough output 
displacement, such as piezoelectric stack actuator (Nah 
and Zhong 2007), electrostatic actuator (Millet et al. 2003; 
Bazaz et  al. 2011), or chevron electrothermal actuator 
(Carlson et  al. 2007; Shivhare et  al. 2015). Being free of 
clearance, friction and assembly error, flexure-based com-
pliant mechanisms are widely used to construct DAM, such 
as leverage mechanism (Jouaneh and Yang 2003), bridge-
type mechanism (Lobontiu and Garcia 2003), Scott-Russell 
mechanism (Chang and Du 1998), and topology optimized 
displacement amplification mechanism (Arunkumar and 
Srinivasan 2006). Compared with other DAMs, bridge-type 
mechanism possesses the advantages of compact size, sim-
ple structure and large displacement amplification ratio.

The combination of the issues above can be described 
as: a compact DAM with simple structure which can real-
ize precisely orthogonal movement transformation.

The DAM realizing precisely orthogonal movement 
transformation can be defined as orthogonal DAM. In the 
previous researches, the compact orthogonal DAM with 
simple structure is mainly based on triangulation ampli-
fication. In order to reduce the parasitic movement at the 
output port, typical triangulation amplification mechanism, 
e.g. bridge-type mechanism, requires the full symmetry 
of the structure as well as bidirectional symmetric input 
forces/displacements. The requirement for the bidirectional 
symmetric input forces/displacements limits the scope 
of bridge-type mechanism, because in the field of micro-
manipulation, most of the actuators with one-dimensional 
output direction can only supply unidirectional movement 
under a certain driving condition, such as lateral comb 
electrostatic actuator (Bazaz et al. 2011), arrays of electro-
static actuators (Bohringer et al. 1996; Millet et al. 2003), 
and chevron electrothermal actuator. Furthermore, for pie-
zoelectric stack actuator, it is more convenient and stable 
for preload when fixed at one end, in which the symmet-
ric bidirectional movement is transformed into the unidi-
rectional movement as well (Sun et  al. 2014; Liang et  al. 
2015). Therefore, unidirectional movement is typical for 
the actuators with one-dimensional output direction.

In this paper, a novel triangulation amplification-based 
orthogonal DAM with undetermined structural parameters, 
which can solve the combination problem without requir-
ing bidirectional symmetric input forces/ displacements, is 
proposed. The principle of the proposed orthogonal DAM 

is analyzed in Sect.  2. The design process is presented in 
Sect. 3, where finite element analysis (FEA) is used to ver-
ify the effectiveness of the novel design. In Sect. 4, a pre-
cise model of the displacement amplification is derived. In 
Sect.  5, the natural frequency of the proposed orthogonal 
DAM is modeled and verified by FEA. In Sect. 6, an appli-
cation of the novel design in micro-grasping is presented 
and verified by FEA and experiments.

2 � Principle of the novel orthogonal DAM

The proposed compliant othogonal DAM is based on trian-
gulation amplification, as shown in Fig. 1a, which is of four 
kinematic pairs I-IV. The displacement amplification ratio 
Q is derived by instantaneous center method, as shown in 
Eq. 1, which is a kinematic model.

In the case that the inclined angle α is in the range of (0, 
π/4), the displacement amplification ratio Q is larger than 
1, resulting in a displacement amplification mechanism.

In Fig. 1a, rigid body Ao is the input structure. The verti-
cal input force Fin acts at point o. The output structure BC 
is restrained by the horizontal sliding pair IV. The displace-
ment boundary conditions of rigid body BC are: xC = 0 , 
θB = 0, θC = 0, yB = yC. The sliding pair I is designed  
as symmetric structure to realize grasping movement.  
The displacement boundary conditions of rigid body Ao 
are: yA = 0, θA = 0. Figure  1b shows the forces and tor-
ques acting on rigid body BC, which is in equilibrium. The 
mark (′) represents reaction forces or torques. When point 
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C is on the left of point C1, lCC1 > 0. When point C is on 
the right of point C1, lCC1 < 0.

Mechanism EABCD is a single loop mechanism. The 
degree of freedom DOFEABCD can be formulated as:

where DOFEABCD is required to be one, and ζ is the rank 
of the output displacement characteristic equations. For 
the qth kinematic pair, only one degree of freedom exists. 
According to Eq. (2), the rank ζ is three, which equals the 
rank of the output velocity characteristic equations.

A screw $ (Huang and Li 2002) is used to express the 
relative motion between the fixed ends E and D, where no 
relative motion exists. Thus, the screw $ equals zero.

Furthermore, the rigid bodies E, Ao, AB, BC, D com-
prise a serial chain. The screw $ can be expressed as (Wal-
dron 1967):

Denote all the undetermined structural parameters as a vec-
tor a = [a1, a2, . . . , am](m ≥ 1). Substituting $ = 0 into 
Eq. (3), the output velocity characteristic equations are 
obtained:

The rank of Eq. (4) is three, leading to that the equations 
in Eq. (4) are independent. Three undetermined parameters 
are needed to make the solution of Eq. (4) feasible.

For bridge-type mechanism, the sliding pair IV is 
designed to be symmetric to linkage AB and input structure 
Ao. However, the proposed orthogonal DAM is designed 
for the actuators with typical one-dimensional output direc-
tion. Therefore, the sliding pair IV is designed as elastic 
support CD with three undetermined structural parameters.

The design of the proposed orthogonal DAM is: (1) 
design beam AB to make the inclined angle α in the range 
of (0, π/4); (2) find three equations Dn(a)(n = 1, 2, 3) sat-
isfying all the displacement boundary conditions and the 
equilibrium equations to solve the undetermined structural 
parameters a.

For elastic support CD, loads FxC, FyC, MC are exerted 
at end C. Considering xC = 0 and θC = 0 as well as the dis-
placement-load relation, the relations among the loads are:

(2)DOFEABCD =
IV
∑

q=I

DOFq − ζ

(3)$ =
IV
∑

i=I

(

vxi vyi vzi
ωxi ωyi ωzi

)

=
(

vxI vyIV 0

0 0 ωzII + ωzIII

)

(4)

vxI =
.
xo(a, Fin) = 0

vyIV = − .
yC(a, Fin) = 0

ωzII + ωzIII =
.
θC(a, Fin) = 0

(5)MC = f1 · FxC + f2 · FyC

(6)FxC = g · FyC

where the coefficients f1, f2, g are the functions of the com-
pliances of elastic support CD, which are denoted as Ŵ(a), 
as shown in Eqs. (7)–(8).

At end C, the relation between y-axis displacement and 
loads can be expressed as:

Equations (5)–(9) lead to yC-FyC relation:

For beam AB, considering θB = 0 and the displacement-
load relation, the relation among the loads FxB, FyB, MB is:

where the coefficients i1, i2 are related to the compliances of 
elastic beam AB, which are denoted as S:

The mechanism in Fig.  1a is a statically indeterminate 
structure. Rigid input structure Ao is supported by structure 
AB-BC-CD and structure oE. The moment MA depends on 
the bending stiffness of structure AB-BC-CD (Klef) and the 
bending stiffness of structure oE (KoE). Due to Klef ≪ KoE , 
the moment MA → 0, which simplifies the rotation-loads 
relation at point A to: θA = SθA−FxA · FxA + SθA−FyA · 
FyA. Considering θA = 0 and the force equilibrium of beam 
AB, the relation between the forces FxB and FyB is:

At end B, the relation between y-axis displacement and 
loads can be expressed as:

The compliances S are the functions of the dimensions of 
beam AB and the material. The dimensions of AB should 
be determined to make α in the range of (0, π/4). Equations 
(11), (13) and (14) lead to yB − FyB relation:

With the combination of the displacement boundary con-
dition yB = yC, force equilibrium equation FyB = −FyC as 
well as Eqs. (10) and (15), the first equation D1(a) is:

(7)f1 = −
ŴθC−FxC(a)

ŴθC−MC(a)
, f2 = −

ŴθC−FyC(a)

ŴθC−MC(a)

(8)

g =
[ŴxC−FyC(a) · ŴθC−MC(a)− ŴxC−MC(a) · ŴθC−FyC(a)]
[−ŴxC−FxC(a) · ŴθC−MC(a)+ ŴxC−MC(a) · ŴθC−FxC(a)]

(9)yC = ŴyC−FxC(a) · FxC + ŴyC−FyC(a) · FyC + ŴyC−MC(a) ·MC

(10)

yC = [ŴyC−FxC(a)g+ ŴyC−FyC(a)+ ŴyC−MC(a)f1g

+ ŴyC−MC(a)f2] · FyC

(11)MB = i1 · FxB + i2 · FyB

(12)i1 = −
SθB−FxB

SθB−MB
, i2 = −

SθB−FyB

SθB−MB

(13)FxB = jFyB = −
SθA−FyA

SθA−FxA
FyB

(14)yB = SyB−FxB · FxB + SyB−FyB · FyB + SyB−MB ·MB

(15)

yB = q · FyB = (SyB−FxBj + SyB−FyB + SyB−MBi1j

+ SyB−MBi2)FyB
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With the combination of Eqs. (6) and (13), the second 
equation D2(a) can be obtained as:

With the combination of the equilibrium of rigid body BC, 
as well as Eqs. (5), (6), (11) and (13), the third equation 
D3(a) can be obtained as:

3 � Design process

Based on the principle in section 2, the design process of 
the proposed orthogonal DAM can be summarized as:

(1)	 set three undetermined structural parameters for elastic 
support CD, and derive the compliances Ŵ;

(2)	 design the dimensions of beam AB to make α in the 
range of (0, π/4), and derive the compliances S;

(3)	 design input structure Ao to make it rigid enough and 
design output structure BC;

(4)	 use Dn(a) to calculate the undetermined parameters.

3.1 � Design of elastic support CD

Constant cross-sectional elastic beam can be designed as a 
elastic support with three undetermined structural parameters, 
which is straightforward and applicable. When elastic support 
CD is designed as a elastic beam, the schematic illustration of 
the proposed DAM is shown in Fig. 2a. For being applicable 
in micro-grasping system, the filleted corners with constant 
radius rd are set. If the undetermined structural parameters are 
chosen as the length Ld, the width B, and the inclined angle γ,  
as shown in Fig. 2b, other structural parameters rd, h should 
be assigned as initial design parameters.

Free end C is required to move along yC axis towards 
right. Thereby the xC-axis movement is the parasitic move-
ment. Castiglianos second theorem describes the generalized 
displacements of point C in terms of the strain energy VCD:

Beam CD is an Euler–Bernoulli beam, for which the sheer 
strain energy can be ignored. The strain energy VCD thereby 
consists of the axial and the bending deformation terms:

(16)ŴyC−FxCg+ ŴyC−FyC + ŴyC−MCf1g+ ŴyC−MCf2 = −q

(17)g = −j

(18)f1 +
f2

g
= lCC1 +

lBC1

j
+ i +

i2

j

(19)xC =
∂VCD

∂FxC
, yC =

∂VCD

∂FyC
, θC =

∂VCD

∂MC

(20)

VCD =
∫ Ld

0

(FxC cos γ + FyC sin γ )2

2EACD
dp

+
∫ Ld

0

[FxC sin γ (p− Ld)− FyC cos γ (p− Ld)−MC]2

2EICD
dp

where the cross-sectional area ACD and the cross-sectional 
moment of inertia ICD are the piecewise functions of p. 
Equations (19) and (20) lead to the displacements-loads 

B

C

m n

D

A A'

B'

o

o'

Fin

eout

C'

D'

Elastic beamElastic beam

y

x

θ

ein

(a) The whole mechanism (thickness: h)

C

D

yC

xC

FyC

FxC
MC

Ld
γ

B

rd

C:linear movement

p

(b) Beam CD

b2

L2

tr

r
t
B

yB

xB

t
lA

lB

A

FxA

FyA

MA

FxB

FyB
MB

B-B

A-A

p

(c) Beam AB and its force anal-
ysis

Fig. 2   Schematic illustration of the novel orthogonal DAM



2489Microsyst Technol (2017) 23:2485–2498	

1 3

relation at point C, and the formulation of the compliances 
Ŵ(a) are:

where the integration items G, H, T, U are shown below:

Considering Eq. (21) and the displacement-loads relation, 
when γ = 0, xC equals GFxC/E, which is not equal to zero. 
Therefore, when the inclined angle is zero, the x-axis para-
sitic movement of beam CD can not be avoided.

Substituting Eq. (23) into Eq. (7) , the coefficients f1, f2 
can be further formulated:

Substituting Eqs. (21) and (23) into Eq. (8), the coefficient 
g can be further formulated.

3.2 � Design of beam AB

Beam AB is of two elastically translational boundaries, i.e. 
boundaries A-A and B-B in Fig.  2c. For boundary A-A, 
the movement along yB axis and the rotation are restrained 
by the symmetry of the proposed mechanism. For bound-
ary B-B, the movement along xB axis and the rotation are 
required to be restrained. Beam AB consists of two flexure 
hinges A, B and a constant cross-section beam L. Theoreti-
cally, the amplification ratio of the proposed DAM depends 
on the ratio (lA/2+ L2 + lB/2)/tr. Circular notch flexure 

(21)

ŴxC−FxC =
1

E
(Gcos2γ + Hsin2γ )

Ŵxc−FyC =
1

E
(G cos γ sin γ − H sin γ cos γ )

ŴxC−MC =
1

E
T sin γ

(22)

ŴyC−FxC =
1

E
(G cos γ sin γ − H sin γ cos γ )

ŴyC−FyC =
1

E
(Gsin2γ + Hcos2γ ), ŴyC−MC =

1

E
T cos γ

(23)
ŴθC−FxC =

1

E
T(− sin γ )

ŴθC−FyC =
1

E
T cos γ , ŴθC−MC =

1

E
U

(24)

G =
∫ Ld

0

1

ACD(p)
dp, H =

∫ Ld

0

1

ICD(p)
(p− Ld)

2dp

T =
∫ Ld

0

1

ICD(p)
(p− Ld)dp, U =

∫ Ld

0

1

ICD(p)
dp

(25)f1 =
T · sin γ

U
, f2 = −

T · cos γ
U

(26)g =
−[G− (H − T2/U)] sin γ cos γ

Gcos2γ + (H − T2/U)sin2γ

hinges A, B have the advantage of higher rotation preci-
sion, compared with using other notch shape. If Q, t are ini-
tially assigned, all the other structural parameters in beam 
AB can be determined. Figure  2c shows the force analy-
sis of beam AB as well. The force equilibrium leads to that 
FxA = FxB, FyA = FyB. Beam AB is antisymmetric to its 
center, and the direction of the loads is antisymmetric to the 
center of beam AB as well.

The force analysis of beam AB infers that, axial, bend-
ing and sheer deformation exist in beam AB. The strain 
energy VAB can be expressed as:

where the cross-sectional area AAB, the distance between 
the point in beam AB and the axis of flexure B: �, and the 
cross-sectional moment of inertia IAB are the functions of 
p. The last term in Eq. (27) is the sheer strain energy item 
VAB−s, which can be transformed into a quadratic function 
of FyB : VAB−s = SsF

2
yB. Similarly, Castigliano’s second 

theorem can be used to derive the formulation of the com-
pliances S, as shown below:

(27)

VAB =
∫ LAB

0

(FxB)
2

2EAAB

dp

+
∫ LAB

0

[−MB + FyB(LAB − p)+ �FxB]2

2EIAB
dp

+ h

∫∫

AB

F2
yB

8GI2AB

(

1

4
· b2 − yB

)2

dpdyB

(28)SθB−FxB =
12tr

Eh

∫ lA

0

−1

[w− 2
√
p(lA − p)]3

dp−
6trL2

Ehb32

(29)

SθB−FyB =
−12

Eh

∫ lA

0

LAB − p

[w− 2
√
p(lA − p)]3

dp

+
−12

Ehb32

∫ lA+L2

lA

(LAB − p)dp

+
−12

Eh

∫ LAB

lA+L2

LAB − p

[w− 2
√
(p− lA − L2)(LAB − p)]3

dp

(30)

SθB−MB =
12

Eh

∫ lA

0

1

[w− 2
√
p(lA − p)]3

dp+
12

Ehb3
2

L2

+
12

Eh

∫ LAB

lA+L2

1

[w− 2
√
(p− lA − L2)(LAB − p)]3

dp

(31)

SyB−FxB =
12tr

Eh

∫ lA

0

LAB − p

[w− 2
√
p(lA − p)]3

dp+
6tr

Ehb32

·
∫ lA+L2

lA

(LAB − p)dp
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where w = 2r + t. Moreover, the structural and 
loads’ direction antisymmetry of beam AB results in: 
SθA−FyA = SθB−FyB, SθA−FxA = SθB−FxB.

3.3 � Design of the output structure BC

The dimensions lCC1 and lBC1 characterize the size of out-
put structure BC. The parameter lBC1, which determines the 
size of the output port and the stiffness of structure BC, is 
an initial design parameter.

With the combination of Eqs. (5) and (6), MC-FxC rela-
tion can be formulated as:

where MC > 0 and FxC > 0, leading to that the coefficient 
(f1 + f2/g) should be positive. Therefore, the right side of 
Eq. (18) is positive as well, which determines the relation 
between lCC1 and lBC1:

3.4 � Design examples of the novel orthogonal DAM 
and its application in micro‑grasping

Four design examples are used to verify the design method 
of the novel compliant orthogonal DAM. The initial design 
parameters are shown in Table  1. Using the design pro-
cess summarized in Sect.  3, the dimensions of beam AB 
and rigid body BC are determined. For reducing the sheer 
strain energy, the determined dimensions of the flexure 
hinges should satisfy two conditions: 2r/t ≥ 5 and 2r ≥ h . 
The undetermined structural parameters of beam CD are 
calculated. Both the determined parameters and the calcu-
lated results of the undetermined parameters are shown in 
Table 2. A bridge-type mechanism driven by unidirectional 

(32)

SyB−FyB = 2Ss +
12

Eh

∫ lA

0

(LAB − p)2

[w− 2
√
p(lA − p)]3

dp

+
12

Ehb32

∫ lA+L2

lA

(LAB − p)2dp

+
12

Eh

∫ LAB

lA+L2

(LAB − p)2

[w− 2
√
(p− lA − L2)(LAB − p)]3

dp

(33)

SyB−MB =
−12

Eh

∫ lA

0

LAB − p

[w − 2
√
p(lA − p)]3

dp

+
−12

Ehb32

∫ lA+L2

lA

(LAB − p)dp

+
−12

Eh

∫ LAB

lA+L2

LAB − p

[w− 2
√
(p− lA − L2)(LAB − p)]3

dp

(34)MC =
(

f1 +
f2

g

)

FxC

(35)lCC1 > −
lBC1

j
− i1 −

i2

j

input force works as a comparison group. The design 
examples and the comparison group will be test by FEA in 
this section.

The movement direction precision of the output struc-
ture is evaluated by the errors δ and ς, which are defined as:

where xo is the parasitic x-axis displacement of a point in 
the output structure and yo is the desired y-axis displace-
ment. Points 1 and 2 are two points chosen in the output 
structure. Error δ evaluates the translational movement of 
the output structure along the parasitic direction. Error ς 
evaluates the rotation of the output structure. If δ and ς are 
small enough, the orthogonal movement transformation is 
well realized.

ANSYS workbench 14.5 is used for FEA verification. 
The input force Fin is set as 10  N and the material is set 
as aluminum alloy (Young’s modulus: 71  GPa, Poisson’s 
ratio: 0.33). The FEA results of design example I and the 
comparison group are shown in Figs. 3 and 4, in which X 
axis is corresponding to y-axis desired movement in Fig. 1, 
and Z axis is corresponding to x-axis parasitic movement in 
Fig. 1, which is applicative to design example II-IV as well. 
For the error analysis, points B, C are chosen as “point 1” 
and “point 2” respectively. The errors δ and ς of points B, C 
can effectively evaluate the movement direction precision 
of rigid body BC.

The values of the errors δ, ς are listed in Table  3. For 
design examples I to IV, the errors δ, ς are smaller than 0.56 
and 0.15 % respectively. The orthogonal movement trans-
formation is well realized. The FEA results of Q are larger 
than 4.6, which means that the displacement amplification 
is realized. Equation (1) is a kinematic model, the deforma-
tion of beam AB and structure Ao is ignored, which results 
in the difference between the theoretical and FEA value of 
Q. For the bridge-type mechanism driven by the unidirec-
tional input force, the errors δ of points 1 and 2 are 13.64 
and 13.71 % respectively, which are much larger than those 

(36)δ =
∣

∣

∣

∣

xo

yo

∣

∣

∣

∣

· 100%, ς =
∣

∣

∣

∣

ypoi1 − ypoi2

ypoi2

∣

∣

∣

∣

· 100%

Table 1   Initial design parameters in the design procedure and the 
corresponding displacement amplification ratio [according to Eq. (1)]

Design Parameters (mm) Q (Eq. (1))

h t lBC1 rd

I 0.80 0.30 1.10 0.25 7.67

II 1.00 0.20 2.00 0.25 10.00

III 1.50 0.25 2.00 0.25 8.82

IV 1.20 0.30 1.10 0.35 7.67

Comparison 1.00 0.30 1.10 – 7.67
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of the design examples. Therefore, when driven by unidi-
rectional input force, the parasitic movement at the output 
structure of the bridge-type mechanism can not be avoided, 
whereas the proposed mechanism can realize orthogonal 
displacement amplification.

4 � Precise model of Q

In this section, a precise model of Q will be derived consid-
ering the static deformation of beam AB and input structure 
AA′ in Fig. 2a.

Table 2   Determined 
parameters and the calculating 
results of the undetermined 
parameters in the design process

Design r (mm) tr (mm) L2 (mm) lCC1 (mm)

Determined parameters

 I 0.75 1.50 10.00 0.20

 II 0.50 1.50 14.00 0.28

 III 1.00 1.70 13.00 0.35

 IV 0.75 1.50 10.00 0.20

Comparison 0.75 1.50 10.00 –

Design Ld (mm) B (mm) γ (mm)

Undetermined  
parameters

 I 5.375 0.248 5.042◦

 II 8.186 0.317 4.068◦

 III 4.557 0.201 1.948◦

 IV 5.522 0.244 5.099◦

Fig. 3   Design example I
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The force analysis of beam AA′ is shown in Fig. 5. The 
input displacement ein can be expressed as the sum of the 
deformation of beam AA′ and the rigid movement of beam 
AA′:

The derivation of VAA′ is similar to that of VCD in 
Sect. 3.1. Therefore, the deformation of beam AA′ is:

(37)ein = xo =
∂VAA′

∂Fin
+ xoA

where LAA′ and BAA′ are the length and width of beam AA′ 
respectively. The coefficient is the function of the compli-
ance of beams AB and AA′: fun(SB, SAA′).

Due to MA →0, the rigid movement xoA can be 
expressed as:

Further considering the force equilibrium of beams AB and 
AA′ as well as the structural and loads direction antisym-
metry of beam AB ,

(38)
∂VAA′

∂Fin
=





LAA′

4EBAA′h(
SθB−FyB

SθB−FxB
)
2
+

L3AA′

4EhB3
AA′



Fin

(39)xoA = SxA−FxAFxA + SxA−FyAFyA

Fig. 4   Comparison group

Table 3   FEA values of the errors and the displacement amplification 
ratio

Design δ ς Q (FEA)

Point 1 (%) Point 2 (%)

I 0.38 0.23 0.01 4.68

II 0.55 0.18 0.09 5.89

III 0.44 0.16 0.05 6.52

IV 0.47 0.22 0.14 4.67

Comparison 13.64 13.71 0.05 3.59

FinF’xA

F’yA
M’A F’yA’

F’xA’

M’A’

yo

xo

o

Fig. 5   Force analysis of structure AA′
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where the coefficient is the function of the compliance of 
beams AB: fun1(SB).

Equations (37), (38) and (40) lead to ein-Fin relation. The 
eout − Fin relation can be obtained according to Eq. (15):

where the coefficient is the function of the compliance of 
beams AB: fun2(SB).

With the combination of ein-Fin relation, eout-Fin relation 
and the definition of displacement amplification ratio, the 
precise model of Q can be derived:

Using Eq. (42), the displacement amplification ratio of 
design example I-IV is calculated, as shown in Table  4. 
Compared with the FEA results, the errors are smaller than 
5.84 %.

5 � Dynamic analysis

The kinematic and static performances of the proposed 
orthogonal DAM have been designed, modeled and verified 
by FEA in Sects. 2–4. In this section, the dynamic analysis 
will be used to evaluate the performance of the proposed 
mechanism in the situation of fast response.

The proposed DAM has one degree of freedom. If the 
input displacement is set as the generalized coordinate, the 
dynamic performance can be described as:

where M and K are the equivalent mass and equivalent stiff-
ness respectively, and F is the generalized force applied on 
the DAM.

The Lagrange’s equation of the DAM is:

(40)xoA =
[

SxB−FxB + SxB−FyB

(

−
SθB−FxB

SθB−FyB

)]

·
1

2
Fin

(41)eout = yB =
−q

SθB−FyB

SθB−FxB

·
1

2
Fin

(42)Q =
fun2(SB)

fun(SB, SAA′)+ fun1(SB)

(43)M
..
xin +Kxin = F

(44)
d

dt

(

∂T

∂
.
xin

)

−
∂T

∂xin
+

∂V

∂xin
= F

where T is the kinetic energy and V is the potential energy. 
The pseudo-rigid-body model Howell (2001) is shown in 
Table 6. Flexures GH and G′H′ are added to improve the 
dynamic performance. When the stiffness of flexures GH 
and G′H′ is much smaller than structure AA′, the kinematic 
and static performances of the DAM will not be affected. 
The kinetic energy T comprises the kinetic energy of 
structure AA′, AB, A′B′, BC, B′C′. The potential energy 
V is characterized by the springs in the pseudo-rigid-body 
model.

Based on Eqs. (43) and (44) as well as the formulation 
of the kinetic energy of rigid body and the potential energy 
of spring, M and K can be obtained:

(45)M = mAA′ +
2JAB

t2r
+

1

2
mAB

(

LAB

tr

)2

+ 2mBCQ
2

(46)
K = (2kA + 2kB)

1

t2r

+ (2kF + 2kE)
Q
2

(ϒLCD)
2(cos γ )2

+ 2klspring(tan γ )
2
Q
2

Table 4   Theoretical and FEA 
values of Q

Q

Design examples Kinematic model (Eq. (1)) Error (%) Precise model (Eq. (42)) Error (%) FEA

I 7.67 63.89 4.71 0.64 4.68

II 10.00 69.78 6.06 2.89 5.89

III 8.82 35.28 6.90 5.83 6.52

IV 7.67 64.24 4.71 0.86 4.67

B
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A
o
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B’
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F
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x

θxin
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ΥLd

Fig. 6   Pseudo-rigid-body model of the proposed orthogonal DAM. 
(Flexures GH and G′H′ are added to improve the dynamic perfor-
mance)
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where m and J are mass and the moment of inertia respec-
tively. The characteristic radius factor of the fixed-guided 
segment ϒ equals 0.8517 (Howell 2001). The stiffness of 
the torsional springs kψ(ψ = A,B, E, F) can be obtained 
from the previous literatures (Howell 2001; Yong et  al. 
2008), and the stiffness of the linear spring klspring charac-
terize the stiffness of beam CD along x axis at point C.

The principle natural frequency of the DAM is formu-
lated as:

(47)fq =
1

2π

√

K

M

For design examples I-IV, comparing the theoretical prin-
ciple natural frequency calculated by Eqs. (45)–(47) with 
the FEA modal analysis results (as shown in Table 5), the 
errors are smaller than 8.00 %, which verifies the effective-
ness of the dynamic model. Taking design I for example, 
as shown in Fig. 7, the FEA results show that the principle 
natural frequency is also the fundamental frequency, which 
is also applicative to designs II–IV. For design examples 
I–IV, the fundamental frequency is larger than 1000Hz, 
which benefits the dynamic performance.

6 � Microgripper using the proposed orthogonal 
DAM

6.1 � Design and FEA verification

The novel compliant orthogonal DAM can be applied to con-
struct a gripper driven by an actuator with one-dimensional 
output direction. Figure  8a shows a piezoelectric driven 
microgripper using the novel mechanism (design example I). 
The piezoelectric stack actuator is preloaded by tightening 

Table 5   Theoretical and FEA results of the principle natural fre-
quency

Design examples fq (Hz)

Theoretical FEA Error (%)

I 2607.9 2759.2 5.48

II 1523.1 1469.6 3.64

III 1705.5 1700.4 0.30

IV 2528.4 2748.0 7.99

Fig. 7   FEA modal analysis of 
design example I
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the bolt against the base, which is convenient and stable. The 
gripper arms are connected with rigid bodies BC and B′C′ 
respectively. Before contacting the micro object, no exter-
nal force acts at the jaw. Therefore, the stiffness of the rigid 
bodies will not be affected by the attached gripper arms. The 
movements of the jaws and the rigid bodies are the same. 
FEA results (Fig. 8b, c) show that the grasping movements 
of the jaws are 21.391 and 21.342 µm respectively, and the 
corresponding parasitic movements are 0.059 and 0.048 µm 
respectively. The FEA results of the left jaw are slightly dif-
ferent from those of the right jaw, which is due to the slight 
difference of the mesh in both sides of the gripper. Compar-
ing the vertical input displacement Sin = 4.733 µm with the 
average jaw displacement Save = 21.367 µm, the displace-
ment amplification ratio Qgripper is 4.52. Averagely, only 
0.25  % parasitic movement is generated at the jaws. The 
parasitic movement in design I and the compliance of the 
framework result in the parasitic movement at the jaws. The 
parallel movement of the jaws is realized without using extra 
parallelogram mechanism (Wang et al. 2013) or complicated 
structure (Shie and Huang 2010).

6.2 � Experiment verification and analysis

In this subsection, optical micro-metrology is used to test 
the performances of the microgripper. The parallel move-
ment of the jaws will be experimental verified by the opti-
cal flow analysis. The left jaw displacement, the right jaw 
displacement and the input displacement will be measured 
by template matching method, which can be used to calcu-
late the experimental value of Qgripper.

The microgripper prototype is shown in Fig.  9a, in 
which the orthogonal DAM, the gripper arms and the 
frame are fabricated by wire-electron discharge machin-
ing (W-EDM). A polysilicon plate (thickness: 0.5 mm) is 
bonded with the gripper arms. The jaws clearance in the 
polysilicon plate is fabricated by laser cutting (initial clear-
ance: 80 µm). The gripper prototype and the base are fixed 
on a xg, yg-axes motion stage (W2-0-056, itap, Germany) 
with 0.01  mm motion resolution, which can be used to 
precisely adjust the position of the gripper. Piezoelectric 
stack actuator (P-882.11, PI, Germany), which is of one-
dimensional output direction, is chosen to drive the gripper. 

Fig. 8   Piezoelectric driven 
microgripper using design 
example I (the crossing over of 
the gripper arm in and c results 
from the display amplification 
of the micro displacement)
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The power system of the actuator comprising a DC power 
(LSP-1403, Voltcraft, Germany), a voltage amplifier and 
two programmable powers (GENH-300-2.5, TDK-Lambda, 
Germany) can supply 0-120V voltage for the piezoelectric 
stack actuator, as shown in Fig. 9b. The preload bolt (M1.2 
×4) is of 0.25 mm pitch, which can supply stable and pre-
cise preload. The hardware of the optical micro-metrology 
consists of a CCD camera (DFK 41AF02, Imaging Source, 
Germany), a zoom lens (DZ1/L.75-5, Imaging Source, 
Germany) and a ring LED. The softwares are Piotr’s Com-
puter Vision Matlab Toolbox Dollár (2014) and OFFIS 
Automation Framework (OFFIS, Germany). Both the x,y-
axes motion stage and the hardware of the optical micro-
metrology are fixed on a vibration isolation table (Micro 
40, Accurion, Germany).

In the optical flow analysis, the initial grey image of 
the jaws and the corresponding image after applying volt-
age (100  V) are obtained by OFFIS Automation Frame-
work, as shown in Fig. 10a, b. Using optical flow analysis 
algorithm in Piotr’s Computer Vision Matlab Toolbox, the 
optical flow value distribution is shown in Fig. 10c, which 
shows that the xg-axis optical flow value of the jaws OPxg 
is around zero. For each jaw, the yg-axis optical flow value 
distribution is uniform. The yg-axis optical flow values of 
both jaws are nearly adverse. Furthermore, the exact xg, yg
-axes optical flow values of six typical points in the jaws 
are listed in Table 6. The optical flow is corresponding to 
the movement. Thus, the xg-axis parasitic movement of the 
jaws is smaller than 2.58 % of the yg-axis grasping move-
ment, and the grasping movement of the jaws is symmet-
ric. The parallel movement of the jaws is experimentally 
verified.

In the experimental test of the displacement amplifica-
tion ratio, 5× zoom is used to obtain 0.446 µm pixel resolu-
tion. Using the template matching algorithm integrated in 
OFFIS Automation Framework, sub-pixel resolution can be 
obtained. The input displacement and the displacements of 
both jaws are measured. Figure 11 shows the experimental 
value of Sin and Save. Hysteresis of piezoelectric stack actu-
ator is shown in Sin − U and Save − U curves respectively. Fig. 9   Experiment setup

Table 6   xg, yg-axes optical flow 
value of six typical points in 
the jaws

Points (200,150) (400,150) (600,150)

OPxg 0.330 0.436 0.370

OPyg 18.875 18.947 18.994

| OPxg/OPyg | ·100  % 1.75 % 2.30 % 1.95 %

 Points (200,850) (400,850) (600,850)

OPxg 0.410 0.478 0.311

OPyg −18.852 −18.567 −18.594

| OPxg/OPyg | ·100 % 2.17 % 2.57 % 1.67 %
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The average experimental displacement amplification ratio 
of the gripper is 3.24, which verifies the displacement 
amplification of the gripper. The difference between the 
simulation value and the experimental value of Q is mainly 
due to the fabrication error and the error of the material 
parameters.

7 � Conclusion

This paper proposes a novel compliant orthogonal DAM 
without requiring bidirectional symmetric input forces/
displacements, which can be used for different kinds of 
actuators with one-dimensional output direction, such 
as piezoelectric stack actuator, electrostatic actuator and 
ribcage electrothermal actuator. The proposed mechanism 

is a triangulation amplification-based mechanism with 
undetermined structural parameters. The number of the 
undetermined parameters and the solution principle are 
analyzed. The design process is presented. The FEA 
results of the design examples show that, the errors evalu-
ating the orthogonal movement transformation are smaller 
than 0.56 % and 0.15  % respectively, and the displace-
ment amplification ratios are larger than 4.6. The orthog-
onal displacement amplification is realized. A precise 
model of the displacement amplification ratio is derived. 
The dynamic performance of the proposed orthogonal 
DAM are analyzed. The FEA results show that, for the 
design examples, the errors of the precise displacement 
amplification ratio model are smaller than 5.84 %, and the 
errors of the dynamic model are smaller than 8.00 %. A 
piezoelectric stack driven microgripper utilizing the pro-
posed DAM is presented. The FEA results show that the 
displacement amplification ratio of the gripper is 4.52, 
whereas only 0.25 % parasitic movement is generated at 
the jaws. The experiment tests show that the average dis-
placement amplification ratio of the gripper is 3.24, and 
1.67 %−2.57  % parasitic movement is generated at the 
jaws. The parallel movement of the jaws is realized by the 
simple structure and verified by FEA as well as experi-
ment. The gripper can be used to fast and stably grasp the 
micro objects which need high quality of parallel move-
ment, such as microsphere.
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