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Abstracz 
This paper addresses the modeling and control of a com- 
pliant micromanipulator for use in such$elh as micro- 
surgery, telesurgery, and microassembly, The unique 
flexure-based manipulator utilizes revolute flexure joints 
in achieving well-behaved kinematic characteristics, 
without the backlash and stick-slip phenomena that would 
otherwise impede precision control. A mathematical 
model of the micromanipulator is formulated, and a con- 
troller for positioning of the manipulator is derived. The 
model and resulting controller are unlike @pica1 ma- 
nipulator models and controllers, since this manipulator 
is actually a controlled large range-of-motion structure 
with nonlinear structural dynamics. Following the devel- 
opment of the controller, computer simulations of the 
proposed controller on the manipulator are used to verifL 
the positioning pedormance. 

1 Introduction 
Though considerable research has been directed toward 
the advancement of robotic manipulation on a conven- 
tional scale (i.e., millimeters to meters), relatively little 
work has been conducted on interactive robotic manipu- 
lation at a microscopic scale (i.e., microns to millimeters). 
Once developed, interactive micromanipulator technology 
will have application in many fields, including micro- 
manufacturing, microsurgery, telesurgery, microbiology 
and pharmaceutical research. Many microscale parts, for 
example, have been fabricated utilizing photo lithographic 
and X-ray lithographic microfabrication techniques. De- 
spite these advanced microfabrication techniques, fully 
functional multi-element microelectromechanical 
(MEMS) devices have not yet come to hition, due in 
part to the inability to assemble the very small parts, and 
in particular to assemble in large quantities (i.e., mass 
produce). A micromanipulator would enable dexterous 
handling of micromanufactured parts, and thus enable 
assembly of functional MEMS devices. If utilized in a 
teleoperative sense, a macromanipulator master coupled 
to a micromanipulator slave could enable dexterous hu- 
man-controlled telemanipulation of a microscopic envi- 
ronment. In this sense, the telemanipulation system 
would address human positioning limitations in the for- 
ward path and limited human force sensitivity in the 
backward path. Coupled with a stereomicroscope, this 
technology would enable dexterous interaction between a 
human and a microscopic environment. 

Operation in small-scale, often delicate environments 
requires stable and precise control of manipulator motion. 
One of the most significant impediments to effective im- 
plementation of precision control in micromanipulators is 
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the presence of hard nonlinearities, in particular backlash 
and Coulomb fiiction, in the open loop manipulator me- 
chanics [2,4,7,8,11]. The study of direct-drive robots was 
borne out of the necessity to implement precision position 
control of robot manipulation for purposes of mechanical 
interaction [ 11. A direct-drive design significantly re- 
duces the amount of backlash and Coulomb friction in the 
control plant. The elimination of these hard nonlinearities 
facilitates effective and accurate position, force, imped- 
ance, or admittance control of a robot manipulator. 

Due to the physics of scaling, devices that operate on 
a microscopic scale are influenced by highly nonlinear 
surface forces to a much greater degree than those of a 
conventional scale [3 , 121. Conventional-scale manipula- 
tor behavior is typically dominated by inertial effects, 
which are fundamentally smooth and tend to filter the 
effects of hard nonlinearities on manipulator motion. The 
significance of inertial mechanics, however, diminishes 
with decreasing scale. The magnitude of inertial forces is 
typically in proportion to volume (assuming invariance of 
density), and thus scales with the cube of the geometric 
scaling ratio. As fiiction is a surface force, the magnitude 
scales conservatively in proportion to surface area, and 
thus scales with the square of the geometric scaling ratio. 
Geometrically similar but smaller devices therefore ex- 
hibit increased surface effects and decreased inertial ef- 
fects, thus exacerbating the control problems presented by 
non-smooth nonlinearities. If Coulomb fiiction is inde- 
pendent of surface area, as the conventional conception 
suggests, then the increased ratio of friction to inertial 
effects at decreasing scales is even greater. 

2 Compliant Mechanism Design 
The adverse effects of hard nonlinearities on the perform- 
ance of robot manipulation (and especially micro- 
manipulation) can be avoided by designing compliant 
mechanism based “smooth” manipulators. A compliant 
mechanism is a device that moves solely by deformation, 
typically by utilizing flexures in place of conventional 
bearings. Since these devices do not entail any sliding or 
rolling, they are fiee of backlash and Coulomb friction, 
and thus have perfectly smooth mechanics. The absence 
of hard nonlinearities in compliant mechanism behavior 
places no fundamental physical limitations on the resolu- 
tion of position or force control. Additionally, the ab- 
sence of conventional joints and bearing surfaces pro- 
duces a clean device that is free of lubricants or other 
contaminants, and thus is extremely conducive to clean 
environments. The manipulator described in this paper is 
a three degree-of-freedom flexure-based position- 
controlled microrobot. 



Figure 1 shows a picture of the manipulator which 
incorporates a five-bar linkage, semi-parallel revolute 
configuration. The micromanipulator is actuated by flex- 
ure suspended voice coils. Instead of a conventional 
flexure design, the links of the micromanipulator are con- 
nected with split-tube flexures. The split-tube flexure, 
depicted in Figure 2, exhibits a considerably larger range 
of motion and significantly better multi-axis revolute joint 
characteristics than a conventional flexure. The design of 
the joint is based upon contrasting the torsional compli- 
ance of an open section with its stiffness in compression 
and bending. Other references provide an in-depth dis- 
cussion of the design of the split-tube flexure and micro- 
manipulator [5,6]. 

Figure 1. Three degree-of-freedom compliant mecha- 
nism-based micromanipulator 

Figure 2. Split-tube flexures 

3 
The dynamic behavior of the micromanipulator is differ- 
ent fkom a conventional manipulator. Specifically, the 
joints and actuators have stiaesses, so that the behavior 
resembles a structure as much as a manipulator. Figure 3 
depicts the generalized coordinates of the micromanipu- 
lator. The equations of motion for the three degree-of- 
freedom micromanipulator were obtained using a Lagran- 
gian approach. 

Dynamic Equations of the Manipulator 

2 

+ 
Figure 3. Generalized coordinates 

The energies associated with each link of the micro- 
manipulator were defined for a set of rigid links attached 
by torsional springs. The torsional springs represent the 
stiffnesses resulting from the split-tube flexures at each 
joint. Due to the parallel configuration of the manipula- 
tor, both the mass and stiflhess matrices associated with 
el and 0, are full, and thus these degrees-of-freedom are 
highly coupled. The dynamics of the third degree-of- 
freedom, 4, are additionally coupled to the other degrees 
of freedom. 

Before the final dynamic equations can be found, 
some preliminary relationships must be established. Fig- 
ures 4, 5 ,  and 6 define the geometric parameters necessary 
in obtaining the manipulator dynamics. The linear nature 
of the position and force produced by the voice coils ne- 
cessitate relationships between the force from each ac- 
tuator and the corresponding torque on each respective 
joint. The force-to-torque portion of the compliant 
mechanism can be modeled by the following set of equa- 
tions: 

rel = (usl - m a ( g  + f ,  ) - b,,Xel -kelXq ) A ,  sin(,%! ) (1) 

rel = (uel - me2 ( g  + i o l  - bmXel - k s 2 ~ 6  )A2 s i n ( ~ e ~  ) ( 2 )  
(3) 2, = (U, - m,x+ - b,x, - k,x,)A, sin(,u,) 

where uel, U@, and U( are the forces (control inputs) pro- 
duced by each voice coil; me], m@,  and m( are the masses 
of the components between the voice coils and their re- 
spective links; bel, b@, and b+ are the damping constants 
for each axis of motion; kel, k@, and k+ are the spring con- 
stants for the parallel flexures which support the voice 
coil assemblies; A,, A2, and A+ are constant lengths as 
defined in Figures 4, 5, and 6; xeI, xm, and x+ are the dis- 
placements of the voice coils; and pl, p2,  and p4 are geo- 
metric parameters which are functions of el, 6, and 4 
respectively, as defined in Figures 4, 5 ,  and 6. The force 
inputs (U,) are additionally saturated at their respective 
maximum continuous forces. The inverse kinematic rela- 
tionships between the angular positions of each link and 
the linear positions of their respective actuators are given 
by: 

x,, = A, cos pel + B, cos aeI - Do, 

xe2 = A2 cos pel + B, cos as, - Do, 

x,  = A, cos p, + B, cos a, - Do, 

(4) 

( 5 )  

(6) 
where A I ,  A I ,  A,, B I ,  B2, B ,  Dol, 0 0 2 ,  and Do, are geomet- 
ric constants as defined in Figures 4, 5 ,  and 6; & = f(q) 
and cr, = f(4). Incorporating the Lagrangian method pre- 
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viously described, the following equations of motion are 
obtained for the three degree-of-freedom microrobot. 

(7) G, COSO, - ( h c o s ~ ,  sine, ++sin20, +Q~,(cos~ e, -sin' o2))d2 
-kll(OI +O,) - t , ,B ,  +k,,B, +r*]-h@ sin@ -@,)-GI cos@, 

-(hsinO, coso2 ++sin20, +Q,,(COS~ 0, -sin2 o,)# U 
I t  

-kllel +kl l l~ l ,  -k1,(@2 -%)+r4 (2 

[ - h  co'O, - '2) ( h e  sm(4 -e,) e, = 

-G, cos4 -(hsine,  cos^, ++sin20, +Q~,(cos~ O, -sinz e,M 
-kllel +4,1el. -4,(e, -e,,)+r,i-h$sin(~, -e,)-c, cose, 

-(hcos@, sine, +%sin28, +Q,(cosz 0, -sin' @,))# 

- M e ,  +~,.)-t4+4,,%+~,1 
4 = - [ ( ~ , ~ e ,  sin 28, + QZ18, sin 28, + 2h6,  sin 8, cos e2 

+ 2h8,  cos 0, sin e,)& - kl,# + r , ]  

The values of the parameters used to define the sixth- 
order dynamics are given in the appendix. These pa- 
rameters consist of the masses and inertias of each link, in 
addition to other information. The combination of equa- 
tions 1 through 9 relate the angular output positions (9, 
&, and 4 ) to the forces applied to each link ( uej, urn, and 
U, ) by each respective voice coil. As Seen in the equa- 
tions, the dynamics are nonlinear with motion along each 
degree-of-freedom coupled to the other degrees of free- 
dom. 

1 

H ,  - hz cosz(e, -e,) H,, Figure 6. Parameters for +axis 
(8) 

4 Control of the Micromanipulator 
As seen in equations 1 through 9, the model of the ma- 
nipulator includes several terms that do not typically ap- 
pear in robot manipulators (i.e., terms involving k,'s). 
The presence of these terms renders the robot as much a 
structure as manipulator, resulting in a unique nonlinear 
control problem. The area of concern with respect to this 
paper is position control of the micromanipulator. The 
manipulator was designed to function in a workspace de- 
fined by a 2~2x2 cm3 cube. The objective of the control- 
ler is accurate tracking of signals with fiequencies ap- 
proaching 10 to 20 hertz, within the cubic workspace. 
Control was initially implemented with proportional- 
derivative control with feedforward stiffness cancellation 
that resulted in fair but not excellent tracking performance 
[5,6]. Uncertainties exist in a number of places in the 
micromanipulator. The parallel flexures used to support 
the voice coil actuators possess linear stiffness character- 
istics within certain operating ranges, but behave in non- 
linear fashions for large magnitudes of deflection. The 
constrained motion of the actuators generates slightly 
curved motion, rather than the assumed rectilinear mo- 
tion. Other areas of uncertainty include the inertias and 
masses of the links and other components, and the stiff- 
nesses associated with the split-tube flexures. The sig- 
nificant degree of uncertainty in the manipulator suggests 
the use of sliding control to achieve robust tracking con- 
trol. The basis of sliding control lies in replacing the 
complex control problem with equivalent first-order 
problems. Following this transformation, the control law 
maintains tracking stability despite the presence of para- 
metric uncertainty. In its most basic form, a sliding con- 
trol law incorporates a nominal portion aimed at cancel- 
ing the nonlinearities, and additional terms that expressly 
deal with model uncertainty. In principle, optimal per- 
formance can be achieved with the transformed (1 "-order) 
problem in the presence of arbitrary parameter errors. 

The theory of sliding control provides a systematic 
approach to stabilization of nonlinear dynamic systems 
[9]. The control law is defined such that the system tra- 
jectory, if not on the sliding surface, s, points towards the 
surface. The choice of control law is dictated by the fol- 
lowing: 

(10) 

1 
H 33 

(9) 

B 

Figure 4. Parameters for €),-axis 

2 

I d  
2 dt 
--s2 s -q1sl 

Figure 5. Parameters for 
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where 77 is a strictly positive constant that determines the 
time needed to reach the time-varying sliding surface. 
The equation above ensures that the distance to the sliding 
surface, as measured by s2, always decreases. Because of 
discontinuity in the control law, overshoot can occur as 
the system trajectory reaches the sliding surface. This 
phenomenon leads to chattering in the system trajectory. 
To alleviate this problem, a boundary layer around the 
sliding surface is defined to smooth the transition to the 
sliding surface. The size of the boundary layer is a 
tradeoff between tracking performance and control activ- 
ity. 

The theory of sliding control can be easily extended 
to systems with coupled dynamics and multiple inputs, 
such as robot manipulators [ 101. The following equations 
define the state vector and corresponding sliding surfaces 
necessary to implement the sliding control law: 

= [eI,el,e2,e2,+,d~ (1 1) 

se, = el - eld + 20, (8, - Old ) 
se, = 82 - 82, + (Qz - 82, ) 

= d - d d  + ' $ ( / - + d )  (14) 

(12) 

(13) 

Once the sliding surface is defined, the control laws for 
each input ( ue1, urn, and U+) are determined by the fol- 
lowing set of equations: 

where pYk are the control parameters (given in the appen- 
dix) defined to cancel the nonlinear dynamics in each axis 
of motion; A,rs define the dynamics of the system on the 
sliding surface; cP,~  define the length of the boundary 
layer around each sliding surface; E,$ define the gains on 
the saturation discontinuities; and the other terms are as 
previously defined. Provided the uncertainties of the 
plant are bounded by known values, the pVk are defined 
such that the controller always compensates for the larg- 
est variation that can occur in each parameter. Larger 
amounts of uncertainty yield larger discontinuity in the 
control law across the sliding surface. 

5 Simulation 
Numerical simulation is used to verify the effectiveness 
of the sliding controller on the micromanipulator. The 
numerical parameter values needed to define the micro- 

manipulator plant and the additional parameters needed to 
define the sliding controller are given in the appendix. 
The stifhesses of the flexures (split-tube and parallel 
flexures) were derived for linear, homogeneous, isotropic, 
deformation-based mechanics. The inertias and masses of 
each link were calculated using a solid-body modeling 
computer package. 

The micromanipulator and controller were simulated 
with two different types of inputs: step inputs of various 
amplitudes and band-limited pseudo random signals. The 
responses of each axis of the manipulator to step inputs of 
different amplitudes are shown in Figure 7. 

S).Q.nSQOn.. h.1.lr.k 

1 

L @"-cl 

Figure 7. Step-responses for el, and $, respectively 

To assess the general tracking performance, band-limited 
pseudo random signals were utilized as command trajec- 
tories. The band-limited pseudo random signals are ob- 
tained from white noise, which is low-pass filtered and 
amplitude normalized so as to be within the limits of the 
micromanipulator. The low-pass filter was implemented 
with a Fourier transformation, which was used to trans- 
form the time-domain white-noise signal to the frequency 
domain. Once in the frequency domain, the itequencies 
above the cutoff are removed, and the signal transformed 
back to the time-domain. The signal was then normalized 
so that the magnitude was within the manipulator's work- 
space. The responses of each axis of motion of the mi- 
crobot to a band-limited pseudo random signal 
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Figure 8. 10-Hz tracking input(--) and 
output for e,, e2, and $, respectively 

including frequencies up to 10 Hz are shown in Figure 8. 
The mi cromanipulator with sliding controller tracks the 
10-Hz signal with almost no error. The slightest error 
occurs at the peaks of the desired signal. The responses 
of each degree of freedom to a 15-Hz pseudo random 
input are shown in Figure 9. While the tracking degrades 
somewhat towards the upper and lower limits of the oper- 
ating range, the manipulator still tracks the desired 15-HZ 
signal with relatively little error. The 15-Hz pseudo ran- 
dom input approaches the limits of good tracking with the 
sliding controller, but the bandwidth of the system lies 
well within the fiequency range for which the manipula- 
tor was designed. 

6 Conclusions 
The work in this paper sought to verify the tracking per- 
formance of the micromanipulator with a sliding control- 
ler. The simulations show that the system achieves the 
desired bandwidth of operation. Future work with the 
manipulator will involve experimental validation of the 
simulated results with the actual manipulator. A sliding 
controller will be used in testing the micromanipulator 
with inputs similar to those utilized in simulation. Further 
development of the uncertainty compensation will be 
done as is required in attaining the desired performance. 

4 d1 0 4  01 ” B1 ! 
I CUI 

Figure 9. 15-HZ tracking input (--) and 
output for 01, 02, and $, respectively 
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Controller Parameters: 
41 = 

4, =hsiny9, -4) 

h‘sine, - ~ ) C O S @ ,  -8,) 

H n  

8, = ~ [ h c o S B ,  sin4 +%sin% +Qn(co2 8, -sin’ 4)] 
+hsinq c o ~ + ~ s i n ~ + Q , , ( c o ~ B , - s i d B , )  

Hll 

-hcosQ -4) 
4.=- klI+kII 

H n  
-hCO@ -4) 

4, =-kl+kl2 
Hn 

p,, = hcOs(el -e2)[-k,,B,, +k,,,elo -G,cosO, +r*]+G, ws8, - (k , , ,  +k12)Ola 
Hl2 

P,, = hsin(0, - 8,) 
h’sin(0, -O,)cos(e, -0,) 

HI I 
Pn = 

P13 = -hws(e‘ -el)[hsinO, cose, +%sin28, +Q,,(cos’@, -sin’O,)] 

+ hcosOlsinOl +%sin28, +Q,,(COS’~, - sin’8,) 
H, I 

- hws(el - ‘ 1 )  k,, + k,, P,, = 
HI I 

- hcos(8, -e,) 
P I ,  = 4 1  + kll 

P i 7  =me, . 
Pi, =be, 
PI9 = ko, 
p,, =-Q,,sin28, -2hsin8,cos02 
p12 = -Q2, sin20, - 2hcos0, sine, 

A1 = k, 
BY =b* 
P,s = k,  
A ~ ,  = ae2 = A, = 500 

E l  = E 2  = 1 
E )  = 2 

@ I  = 0 2  = @ ,  =250 

Parameters values for Microrn 
namics 

lnipulator Dy- 

4.01e-2 m 

2.32e-2 m 
1.54e-2 m 
2.40e-2 m 
-5.79e-2 m 
1.00e-2 Ndrad 
5.02e-3 Ndrad 
1.00e-2 Ndrad 
5.02e-3 Ndrad 
5.02e-3 Ndrad 
5.02e-3 Ndrad 
1.00e-2 Ndrad 
1.00e-2 Ndrad 
3.20e-2 Ndrad 
417 N/m 
417 N/m 
151 N/m 
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