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Abstract—The objective of this paper is to develop a networked cooperative environment to achieve
human/robot cooperation for reliable and dependable remote microassembly. At a microscale, surface
adhesion forces, such as van der Waals, surface tension and electrostatic forces, become stronger than
the downward gravitational force. For a reliable and dependable tele-microassembly, it is absolutely
necessary to allow close monitoring of the magnitude and direction of those micro-forces interacting
with microdevices during the assembly process. In this paper, based on integrating an in situ
polyvinylidene fluoride piezoelectric micro-force sensing tool with a resolution in the range of µN,
and using event-synchronization for the feedback of assembly video and micro-force, the developed
networked human/robot cooperative platform can greatly advance applications in tele-microassembly.
As a result, the reliable and dependable human/robot cooperative assembly operations can be achieved
and extended to the single or multiple remote work-cells through a local area network or the Internet.
This platform has been used successfully to perform a remote assembly of surface MEMS structures
with the event-synchronized micro-force/visual feedback via the Internet between USA and Hong
Kong.

Keywords: Human/robot cooperation; network; Internet; teleoperation; synchronization; polyvinyli-
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1. INTRODUCTION

Recent developments on micro/nano technologies and manipulations are extending
the natural human environment to a whole new world at microscale, which allows
potential impacts on micro handling/manipulation/assembly of small industrial
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Figure 1. (A1) Microscope image of micro-mirror array on the chip, (A2) SEM picture of assembled
micro-mirror array, (B1) the force is applied at the mirror, (B2) the automatic latches lock the mirror
in upright position.

devices [1–14]. Unfortunately, processes capable of reliably assembling micro-
devices have not been developed yet, partially because at the micro-scale structures
are small, fragile and easily breakable [1]. Typically, the micro-mirror components
are surface optomechanical structures. They lie on the surface of the substrate after
the fabrication process, as shown in Fig. 1A1. An assembly process illustrated in
Fig. 1B1 and 1B2 is needed to lift them up to a perpendicular position to serve as
the optical switches, as shown in Fig. 1A2. However, due to the lack of micro-
force feedback, the misadjusted assembly forces are often over the safe margin of
micro-mirrors and easily break them during the operation. As a result, this situation
decreases overall yield and drives up cost significantly [15].

Currently, the state-of-the art in complex microassembly is still a rather manual
serial approach [16, 17]. Microdevices requiring complex manipulation are assem-
bled by hand using an optical microscope and probes or small tweezers. However,
like the assembly of micro-mirrors mentioned above, those operations are inherently
risky without knowledge of the micro-force(s) being applied and due to the lack of
effective interaction or reliable cooperation between human and robots. Therefore,
to improve the reliability and dependability of microassembly and, more impor-
tantly, high sensitivity and high resolution, a micro-force sensing modality must be
used [14]. It can be seen that, among the existing micro-force sensing techniques
[2], very few of them can meet the requirements for assembly of such microdevices
as the micro-mirrors in the µN level. In summary, for strain gauges [18], piezore-



Networked human/robot cooperative environment for tele-assembly of MEMS devices 241

sistive effect sensors [5], piezomagnetic effect sensors [19] and capacitive sensors,
microdevices may generally offer sensing resolutions in the range of sub-mN or mN.
Although optical techniques have high resolution in the nN range [8], compared to
other methods they are more expensive and have less dynamic range. Fortunately,
the piezoelectric material polyvinylidene fluoride (PVDF) has been explored to have
many advantages and potentials when used to design a high sensitivity force sensor
at the µN level. In this paper, we design such a micro-force sensing tool based
on the piezoelectric effect for microassembly. Moreover, by integrating this PVDF
micro-force sensing tool into a micromanipulator, the micro interaction forces be-
tween the microdevices and the micromanipulator can be accurately achieved; then,
the cooperation between human operator and micro-robots can be enhanced so as to
achieve a reliable and dependable microassembly.

In addition, some recent efforts on implementation of micromanipulation via a
local are network (LAN) or the Internet may allow potential impacts and efficiency
on the micro-assembly/manufacturing industrial area [7]. However, this tele-micro
manipulation/assembly becomes significantly challenging due to the certain perfor-
mance characteristics. That is, the random time delay, latency, jitter, network buffer-
ing effects and disconnections experienced over the network or Internet present ma-
jor difficulties. Those difficulties, especially resolving time delay effects in the
teleoperation systems with force/haptic feedback in the macro environment, have
been extensively studied in many works, for example, using the scattering theory
formalism in Ref. [20] and the shared compliant control in Ref. [21]. However,
all these studies have had several limitations, since they assume the time delay to
be either fixed, the same in both directions, or having an upper bound, none of
which applies to a long-distance network or Internet time delay. Moreover, micro-
assembly/handling/manipulation is a high-precision task. The synchronization of all
feedback streams such as force/position, video and others becomes much more nec-
essary for feasibility and safety of micro operations. Therefore, there is a need for
a telemicroassembly methodology that can achieve stability, synchronization and
transparency of networked or Internet-based teleoperation, regardless of the time
delay and its variance. Recently, several efforts have been reported in the force
reflecting micromanipulation. They applied the H∞ optimal control theory and µ-
synthesis method to achieve a robust bilateral operation when the time-delay mar-
gin was pre-specified and the force scaling was considered [7, 10]. Besides these
developed time-based methodologies, event-based planning and control was first
introduced by one of the authors of this paper in Ref. [22] and implemented with
an Internet based telerobot in real-time with force feedback in Refs [23, 24]. The
basic concept of an event-based approach is to use event as a reference for the dif-
ferent system entities rather than the traditional time-based Internet operations [22].
This method does not avoid or eliminate random and unbounded delay. Instead, the
event-based method allows for unexpected or uncertain delays and uses that delay to
adjust or modify the original control plan to form the desired input. Since the event-
based method is not a function of time, the system is immune to time delay and elim-
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Figure 2. Networked human/robot cooperative environment for tele-microassembly.

inates the buffering effect of delay. It has been proven local area network CLAN that
event-based method can provide stable, robust performance [24]. As a result, this
method has been employed and improved in our paper so as to achieve an effective
event-synchronization of the video and micro-force for the developed system.

In this paper, based on the developed high-sensitivity PVDF micro-force sensing
tool and the event-synchronization approach as shown in Fig. 2, we developed
a networked human/robot cooperative environment which attempts to reach the
utmost integration of heterogeneity of human and robot functions for achieving
reliable and dependable teleassembly of microdevices.

In this tele-microassembly environment, more importantly, human perception
is matched with robot sensory measurements such as the µN range micro-force
and magnified vision, and then a remote sensing and interactive platform for the
human/robot cooperative operations in micro-scale environments is provided or
enhanced. Since the dominant physical quantities in the micro world are different
from those of the macro-world, the capture and feedback of micro-interaction forces
are the keys to achieve the reliability and dependability of human/robot cooperative
microassembly. Moreover, since video can be event-synchronized with the micro-
force, the reliable and dependable human/robot cooperative assembly operations
can be robustly achieved and extended to the single or multiple remote work-cells
through LAN or the Internet.

This human/robot cooperative platform has been successfully used to perform a
tele-assembly of surface MEMS–micro-mirrors with the event-synchronized micro-
force and visual feedback via the Internet between the USA and Hong Kong. The
implementations and experimental results have clearly demonstrated the advantages



Networked human/robot cooperative environment for tele-assembly of MEMS devices 243

of the developed human/robot cooperative platform, such as greatly improved
reliability and dependability of microassembly. This platform could be an important
step towards enabling reliable and high yield batch fabrication and remote assembly
of MEMS.

This paper is organized as follows. Section 2 reviews the design and modeling, the
signal processing unit and calibration of the PVDF piezoelectric force sensing tool.
Event-based human/robot tele-microassembly platform is detailed in Section 3.
Section 4 demonstrates the tele-microassembly experimental results, especially
force-reflecting microassembly of micro-mirrors with event-synchronization via the
Internet between USA and Hong Kong. Finally, we conclude the work in Section 5.

2. FORCE SENSING FOR HUMAN/ROBOT COOPERATIVE MICROASSEMBLY

In the human/robot cooperative microassembly environment, human actions are
usually based on human perception. To improve the human/robot cooperation for
reliable microassembly, a perceptive microassembly to match human perception
with the robot sensory information such as micro-force is the key for combining
human reasoning/command with micro robot autonomous planning/control.

2.1. Micro-force sensing tool design

To achieve micro-force sensing for human/robot cooperative microassembly, we use
PVDF in the design of the high-sensitivity force sensor. PVDF, as a piezoelectric
material, has a relatively low modulus of elasticity, relatively high electromechan-
ical coupling coefficient and relatively low cost [25]. These properties make the
PVDF piezoelectric polymer an ideal force transduction material for micro-force
sensing. Besides our work, several micro-robotic applications using piezoelectric
PVDF have been briefly presented without theoretical analysis of the force sensing
mechanism [26].

The structure shown in Fig. 3 illustrates a 1D PVDF micro-force sensor. The
sensor is designed with a composite beam whose piezoelectric layer acts as a sensing

Figure 3. Illustration of the 1D sensor structure.
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device bonded to a polyester support beam layer. The deformation of the sensing
beam is caused by the applied force acting at the free end of the rigid tip. Since the
sensor is exactly a micro tool with force sensing, and can be used to manipulate the
microdevice, the sensor is also called the micro-force sensing tool in this paper.

Based on the piezoelectric effect [27], the mechanics of the materials for the
cantilever beam [28], and an equivalent circuit model of a resistor RP in parallel
with a capacitor CP for the PVDF film, the output voltage V (t) across the PVDF
film due to charge Q(t) generated by the external micro-force Fc(t) can be described
by [29]:

V (t)

RP
+ V̇ (t)CP = dQ

dt
. (1)

Thus, we have the following equation to represent the relationship between the
generated voltage and the contact force:

V (t) + λV̇ (t) = BḞc(t), (2)

where λ = RPCP is a time constant and

B =
RP d31A

(
L0 + L

2

)
c

I

is a constant. A is surface area (L × W), d31 is transverse piezoelectric coefficient,
I denotes the inertial moment of cross-sectional area Ac(W × (h1 + h2)) of the
composite PVDF sensing beam and c is the distance between the PVDF layer and
the neutral axis of the sensing beam.

By Laplace transformation, the electrical transfer function of the sensor is given
as:

T (s) = V (s)

Fc(s)
= B

λ

λs

1 + λs
. (3)

This formulation implies the open-circuit sensor model is indeed a high-pass filter.
To follow the 1D sensor model, a self-decoupling 2D PVDF force sensor has been

designed, as shown in Fig. 4.
In addition, the 2D sensor is designed based on a parallel beam structure. In each

direction, a 2-piece parallel beam with a gap d is used to improve the rigidity of
the structure and, at the same time, maintain the sensitivity of the force sensing in
that direction (the sensing area is doubled due to the use of two PVDF films). It
can also be seen that this structure provides decoupled force measurements in both
the x(push-forward) and z (lift-up) directions. The decoupled output voltages and
forces can be described as

Vz(t) + λzV̇z(t) = BzḞz(t),

Vx(t) + λxV̇x(t) = BxḞx(t),
(4)

where λz = λx = RPCP. Similar to the 1D parameter, Bz and Bx are the constants.
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Figure 4. Illustration of the 2D force sensor structure.

2.2. Signal conditioning and interface circuit

For the micro-force signal conditioning, a differential charge amplifier with identi-
cal feedback capacitors Cf1 and Cf2(Cf1 = Cf2) was designed for the PVDF force
sensor. The differential charge amplifier is based on the TC7650C chopper stabi-
lized operational amplifier with high input impedance (1012 �) and low bias current
(1.5 pA). Following the charge amplifier, a differential-to-single-ended amplifier
with the gain Kc is added. Furthermore, by choosing the charge amplifier, the ca-
ble capacitances Cc are removed from the dynamic model of the circuit and a long
cable can be used to connect the sensor and the circuit without affecting the system
sensitivity. The small cable resistors Rc1 and Rc2 can further provide electrosta-
tic discharge (ESD) protection. In this design, the total differential topology can
efficiently reduce the common mode noise. To reject the existing high-frequency
noise, an active low pass filter with a small time constant τ1 is used before the volt-
age output. The integration of the output voltage by time can also be achieved by an
integrator unit in the circuit. To further remove the noise from the data acquisition
system, a Gaussian low pass filter and a 60 Hz notch filter are added in the data
collection program. Moreover, the whole circuit is shielded. The operational ampli-
fier casing is well grounded and the inputs are guarded and connected to the same
ground as the casing. The simplified diagram of the developed circuit is shown in
Fig. 5.

2.3. System transfer function

Finally, by considering the whole system (the sensor and the circuit), the global
transfer function of the 1D sensor is
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Figure 5. Schematics of the developed electronic interface circuit.

GT(s) = Vc2(s) − Vc1(s)

= Vout(s)

V (s)

V (s)

Fc(s)︸ ︷︷ ︸
T (s)

(5)

=̇ 2KcB

RPCf

τs

(1 + τs)(1 + τ1s)
.

The function is a bandpass filter, where τ = RfCf (Rf1 = Rf2 = Rf, Cf1 = Cf2 =
Cf) is the time constant of the feedback loop in the charge amplifier. For force
actions with an angular frequency range between 1/τ and 1/τ1, the output voltage of
this bandpass filter would be roughly linearly proportional to the force. However, for
force actions with angular frequency content below 1/τ , the output voltage would
be proportional to the rate of the micro-force. Thus, for the latter force frequency
range, an integration function circuit will be suitable. Here, since τ1 is very small in
the circuit (i.e., 0.001), equation (5) can be rewritten as

GT(s) = Vout(s)

Fc(s)
=̇ 2KcB

RPCf

τs

1 + τs
. (6)

From this equation, we can obtain the micro-force or force rate by measuring the
output voltage of the 1D sensor system when the initial values Fc(t0)and Vout(t0) are
known, that is,

Fc(t) − Fc(t0) = Cf

2KcBCP

[
τ(Vout(t) − Vout(t0)) +

∫ t

t0

Vout(t)dt

]
. (7)
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2.4. Vision-based calibration

By virtue of a precisely calibrated Mitutoyo 100× microscope (with a 50× objective
and a 2× zoom) and a Sony CCD camera system, the vision-based calibration
set-up for accurately measuring the tiny bending angle or deflection of the sensor
beam under the microscope was built [29, 30]. After the vision measurements, the
strain energy method of the bending cantilever beam [28] was employed to solve
the calibration force. The calibration is based on the PVDF sensor beam (1D) has
the following dimensions and parameters: L0 = 0.0225 m, L = 0.0192 m, W =
0.0102 m, h1 = 28 µm, h2 = 125 µm, RP = 1.93 × 1012 �, CP = 0.90 × 10−9 F,
d31 = 23×10−12 C/N. The Young’s moduli of PVDF and polyester are 3×109 N/m2

and 3.89 × 109 N/m2, respectively, Rf = 12 × 109 � and Cf = 390 × 10−12 F. The
setting of Kc may vary with different tasks. The diameter of the rigid tip of the
sensing tool is about 55 µm. To reduce vibrations, an active vibration isolated
table was used during the calibrations and experiments. Notice that, in this paper,
all calibrations and experiments were implemented at stable room temperature.
Figure 6 shows the comparison curves between the calibration forces and the
theoretical forces using equation (7). The curves are close, which clearly indicates
the effectiveness of the developed sensing models. By preliminary calibration, when
Kc = 480, the sensitivity of the 1D PVDF sensory system was estimated to be
4.6602 V/µN, the 2D sensory system was 2.3985 V/µN (when the gap d is zero).
The resolution of the sensor was in the range of µN. The output dynamic range of
the sensor is 84.3 dB. When deflection of the sensor tip approaches 90◦, the input
dynamic range of the 1D sensor was estimated to be more than 82.29 dB, while
the 2D sensor was about 121.9 dB. The working frequency of the used sensor in
this paper is from 0.034 to 160 Hz. The accuracy of the 1D sensor in the full-scale
(angle 0–0.035) was estimated to be ±11.92%.

Figure 6. Comparison of theoretical and calibrated forces.
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2.5. Sensing tests

To demonstrate sensor performance, a contact-stop sensing experiment was imple-
mented, where the 2D sensor tip was controlled to contact on a planar glass surface.
The surface was set up at an angle of 75◦ around y with respect to the z–y plane,
as shown in Fig. 7. This set-up means Fz = F cos 15◦ and Fx = F cos 75◦. The
2D force signals recorded are plotted in Fig. 8 (Fz ≈ 3.7Fx in the plot). The result
verifies the performance of sensing and self-decoupling of the 2D force sensor.

Figure 7. The test set-up of the 2D force sensing.

Figure 8. 2D sensor responses with a force applied at a 75◦ angle with respect to the z–y plane.
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3. EVENT-BASED HUMAN/ROBOT TELE-MICROASSEMBLY SYSTEM

3.1. System integration and architecture

Microssembly requires operations to be performed under a microscope. The visual
information on the position of the robot and the surrounding workspace can be
updated through video feedback to the human operator. By visually observing
the assembly operations, a human can plan and correct the next operation so as to
achieve a reliable and robust assembly. In this paper, we used both the micro-force
and vision as essential action references for an integrated human/robot cooperative
system. That is, the developed piezoelectric PVDF force sensing tools with a
resolution in the range of µN can be integrated with a micromanipulator. The
Mitutoyo FS60 optical microscope and a Sony SSC-DC50A CCD Color Video
Camera can capture the microassembly process in realtime, and feed back the
visual information. The integrated microassembly work-cell in the Robotics and
Automation Laboratory at Michigan State University is shown in Fig. 9. It consists
of a 3-DOF micromanipulator (SIGNATONE Computer Aided Probe Station), a
3-DOF platform, a Mitutoyo FS60 optical microscope and a Sony SSC-DC50A
CCD Color Video Camera. The 3D platform can be controlled to convey the
microdevices to the working area observed by the microscope. To reduce vibrations,
an active vibration isolated table is used during microassembly. The joystick used
in the human/robot cooperative microassembly system can be a 3-DOF Microsoft
SideWinder force feedback joystick or a 6-DOF Phantom joystick.

Figure 9. Human/robot integrated microassembly work-cell at MSU.
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Figure 10. Event-based system architecture.

Consequently, the developed event-based architecture of this tele-microassembly
system is shown in Fig. 10. In the architecture, e denotes the event reference,
t represents the time reference. To realize the synchronization of all feedback
streams, a video server tags each video frame with the event reference e and
forwards it to the video client. Before displaying a frame, the video client compares
its event reference with the event reference of the force and position currently
being rendered in the robot client. If the video frame’s event reference is much
less than the force’s event reference, then the frame is discarded. This is related
to the event-synchronization approach and will be detailed in Section 3.4. In the
architecture, VIC [31] was used as both video server and client. VIC was developed
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by the Network Research Group at the Lawrence Berkeley National Laboratory
in collaboration with the University of California, Berkeley. VIC is flexible and
readily adapted to this system. It can handle a variety of codes, such as MPEG and
JPEG, and many different kinds of image capturing devices. In our system, VIC
was modified to obtain event references from a robot server and a robot client and
to tag an event reference to each video frame. The robot and video clients are placed
in the same local PC. The robot client places an event reference into shared memory
to be collected by the video client.

3.2. Human/robot dynamic characteristics and control scheme

To implement the developed system, it should be emphasized that the human dy-
namic characteristics play an important role in the performance of the human/robot
system. A human action is planned and controlled at the task level. The basic hu-
man motions are linear, following a spring-like behavior [32]. In addition, a human
can compensate for certain machine instabilities making the coupled human/robot
system stable [33]. From the architecture shown in Fig. 10, when the human opera-
tor operates the joystick, the dynamic model of the human/joystick is simplified as
a spring-mass-damping system:

MmŸj(e + 1) + BmẎj(e + 1) + KmYj(e + 1) = Fh(e) + Fj(e), (8)

where Mm is the mass of the joystick handle, Bm is the damping coefficient of the
joystick, Km is the spring constant, e is the event, Fh(e) is the force applied by
the operator, Fj(e) is the scaled reflective force from the micro-force sensor of the
micromanipulator and Yj(e + 1), Ẏj(e + 1) and Ÿj(e + 1) are the joystick position,
velocity and acceleration, respectively. The joystick position Yj(e + 1) at the event
e + 1 is generated by the previous force at event e. This results in an event-based
system where each event is triggered by the previous one. In order to obtain a unified
human/robot action model and control structure, it is also essential to compensate
for the nonlinearity of micro robot (micromanipulator) dynamics and to be able to
control the microrobot action at a task level. The joint space dynamic and kinematic
equations for a generic micro robot/manipulator with n degrees of freedom are given
by {

H(q)q̈ + C(q, q̇) + G(q) = τr − J T(q)Fc,

y = h(q),
(9)

where Fc is the output force from the sensor in the task space, and h(q) represents
the forward kinematics, τr is the torque applied by the actuators, q is the joint angle
of the micro robot and J is the Jacobian matrix of the microrobot. Notice that, in our
system, the micromanipulator is a 3-DOF probe driven by 3 precision linear motors
with a step resolution of 32 nm. The detailed dynamic and kinematic equations of
the manipulator (including the sensor dynamic models) can be found in our previous
work [29, 34, 35]. In this paper, the presented dynamic model and control method
here are subject to the applications of generic robotic manipulator.
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Figure 11. Control scheme for sensor-based micro robot.

Equation (9) introduces the non-linear feedback control law:

τr = H(q)J #(q)
(
υ − J̇ (q)q̇

) + C(q, q̇) + G(q) + J T(q)Fc, (10)

where J #(q) is the pseudo-inverse of the Jacobian matrix. As a result, the dynamics
of the micromanipulator can be linearized and decoupled as

ÿu = υu,

ÿc = υc,
(11)

where yu represents the output positions and orientation in the unconstrained
directions and yc represents the output positions and orientation in the constrained
directions. Obviously, the control in the unconstrained directions will not have an
effect on dynamics in the constrained directions and vice versa.

Following the linearized microrobot dynamics, the planning and control scheme
of the microrobot was developed and is illustrated in Fig. 11. Referring to the
event-based architecture, for the position control of the sensor tip in the constrained
directions, we have

υc(e) = ÿd
c (e) + kυc

(
ẏd

c (e) − ẏc(e)
) + kpc

(
yd

c (e) − yc(e)
)
, (12)

where kυc and kpc are the gains, and yd
c is the scaled position command from human

to the microrobot.
Notice that in this control scheme, the measurement of acceleration is required.

However it will be difficult to obtain a real-time acceleration measurement. There-
fore, we propose to use the prior value of the acceleration calculated from equa-
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tion (9) to replace the real-time value. This method has been used in several appli-
cations with satisfactory results [29, 35].

3.3. Scaling law

To improve the dexterity and maneuverability of the human operator, scaling
between micro and human environments’ force and position has been carefully
tuned and calibrated. Using the scaling factors, the relationships between the human
and the microrobot in position and force are defined in a simplified form:

yd
c (e) = spYj(e), (13)

and

Fj(e) = sfFc(e), (14)

where Yj(e) is the position commands from the human to the joystick. Fj(e) and
Fc(e) are the haptic force to human operator and the assembly force from the PVDF
micro-force sensor, respectively. As the position scaling factor sp is determined
by the micro workspace geometry, it can be selected as a constant. To satisfy the
human-joystick dynamics and to minimize the distortion of the micro workspace,
the force scaling factor sf can then be determined. Using the scaling laws mentioned
above, both the microforce and movement are effectively scaled up and down
between the joystick and micromanipulator.

3.4. Event-based synchronization

Since we consider micro-force and vision feedback in this cooperative teleassembly
system, synchronization is another important feature for realizing reliable and
dependable tele-microassembly. The current technology does not allow for perfect
synchronization in networked teleoperation. The main limitations, which are
communication related, are bandwidth and time delay. To improve synchronization
of the developed networked human/robot cooperative environment to an acceptable
level, the event-synchronization method was developed.

An event-synchronized system is one in which all the signals in the system
are always referencing events which are within a certain tolerance range of each
other. This implies that the system has to be designed in a way that the video and
force/position being rendered have action reference stamps to guarantee the most
current state of each other.

The event-synchronization approach presented here has all the features of inter-
stream synchronization in the typical time based system, but uses event reference
stamps instead of time stamps. This approach was realized based on the developed
system architecture, as shown in Fig. 10. In the time-based synchronization, a
traditional video server places a time stamp on each video frame and sends it to a
video client. The client plays the video frames in the time stamp order. But in the
event-based synchronization, a video server obtains an event reference e from the
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Figure 12. Event transfer behavior between force (robot client) and video (video client) via LAN
without event-based synchronization.

micro-robot and attaches it to a video frame I (t). Then the video server sends the
event reference tagged video frame I (e) to a video client. The video client obtains
an event reference e of micro-force feedback Fc(e) from the micro-robot client.
Before the video client displays the video frame I (e), the video client compares
the event reference of the micro-force feedback Fc(e) with the event reference of
video frame I (e). If the event reference of the video frame is substantially older
than the event reference of the force feedback signal, the video client discards that
frame. Usually, a video frame takes more time to transfer through a network than
a force signal since a video frame contains much more information than the force
feedback signal. Therefore, an event reference of the force feedback is never older
than an event reference of the video frame at any time. In other words, since video
feedback is always slower than micro-force feedback, depending on the network
status and the size of the frame, a certain tolerance has to be allowed and set. That
is, the video frame generated at event e can be rendered at any event reference within
e + N , where N is acceptable tolerance. If the video frame does not arrive within
this margin then it is discarded. Now what the operator will be seeing cannot be
more N events older than what is being felt from force feedback. This results in the
video feedback being event-synchronized with the micro-force/position feedback.
Thus, the human operator can be sure that the feedback video display is close in
event to the micro-force felt. This synchronized method enhances the reliability and
dependability of the developed networked human/robot cooperative microassembly
environment.

Several experiments have been done to compare the performance between the
systems without/with event-synchronization. The first experiment is related to the
comparison via LAN. The results show the synchronization effects between the
force data in the robot client and the video frame in the video client. The variation
between Fig. 12 and Fig. 13 shows different results, based on whether the event-
based synchronization was used or not. Figure 12 shows that the event reference
gap between the robot client and video client diverges in 4 events sometimes. As



Networked human/robot cooperative environment for tele-assembly of MEMS devices 255

Figure 13. Event transfer behavior between force (robot client) and video (video client) via LAN
with event-based synchronization.

stated previously, the divergence can be attributed to network delay. This implies
that the latest video frame the operator received was not the video frame captured
at the same moment the latest force feedback was generated by the micro robot.
Because of this, the operator may lose the current operation status of the micro
robot without using event-based synchronization. Using the event-synchronization,
Fig. 13 shows the event reference gap between the robot client and video client to
be smaller than 3 events. This is within the predefined tolerance (where N = 3).
This implies that the latest video frame the operator saw was guaranteed to capture
at the almost same moment the latest force feedback was generated by the robot.
It can be seen that the two curves close each other in Fig. 13 and, additionally,
they are quite linear. This means the video frame transfer is smooth like the force
data transfer without being significantly affected by time delay. In this experiment,
a TCP socket is used for communication connection. VIC setting is as follows:
bandwidth = 128 kb/s, frames-per-second (fps) = 16, picture quality: 1. In
addition, the networked system testing results for this experiment are as follows:
(1) between robot server and video server: packet loss = 0%; approximate
round trip times, minimum = 0 ms, maximum = 1 ms, average = 0.5 ms.
(2) Between video client and video server: packet loss = 0%; approximate round
trip times, minimum = 0 ms, maximum = 0 ms, average = 0 ms. (3) Between
robot client and robot server: packet loss = 0%; approximate round trip times,
minimum = 0 ms, maximum = 1 ms, average = 0.5 ms.

We also regularly compare the performance between the systems without/with
event-synchronization via Internet. The Internet connection is between MSU, USA
and Hong Kong, China. Figures 14 and 15 show quite different presentations.
Figure 14 shows that the event reference gap between the robot client and the video
client is not constrained. This gap between the robot client and the video client
is caused by the Internet delay, which is random and unbounded. This implies
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Figure 14. Event transfer behavior between force (robot client) and video (video client) via the
Internet without event-based synchronization.

Figure 15. Event transfer behavior between force (robot client) and video (video client) via the
Internet with event-based synchronization.

that the latest video frame the operator received was not the video frame captured
at the moment of the latest force feedback the microrobot generated. Therefore,
the operator can easily loose the current status of the microrobot. Looking at the
performance of the event-synchronized system, as shown in Fig. 15, the largest
event reference gap between the robot client and the video client was 1 event, which
is the tolerance predefined for this experiment (N = 1). This implies that the latest
video frame the operator saw was the video frame captured at the closest moment of
the latest force feedback the robot made within the predefined tolerance. In Fig. 15,
the transfer behaviors are also more linear and smooth than the system without
event-synchronization. In this experiment, a TCP socket is used for connections.
VIC setting is as follows: bandwidth = 3072 kb/s, fps = 30, picture quality = 1.
The networked system testing results for this experiment are as follows: (1) between
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robot server and video server: packet loss = 0%; approximate round trip times,
minimum = 10 ms, maximum = 821 ms, average = 58 ms. (2) Between
video client and video server: packet loss = 2%; approximate round trip times,
minimum = 275 ms, maximum = 313 ms, average = 278 ms. (3) Between
robot client and robot server: packet loss = 1%; approximate round trip times,
minimum = 295 ms, maximum = 1046 ms, average = 346 ms.

In summary, with the event-based synchronization the operator has an assurance
that all the feedback streams, such as force feedback and video, are rendered at the
closest moment as if they are synchronized. In this way the effects of time delay are
significantly reduced.

4. NETWORKED HUMAN/ROBOT COOPERATIVE MICROASSEMBLY
OPERATIONS

As shown in Fig. 2 in Section 1, using the developed environment, we can reliably
teleassemble MEMS devices such as micro-mirrors by hand via the LAN/Internet.

Several experiments on the teleassembly of the micro-mirrors have been done
between USA and Hong Kong via the Internet. The detailed operation procedures
on the teleassembly of a micro-mirror are as follows: before the lift-up, firstly, the
operator drives the joystick to move the sensor tip to an initial position under the
micro-mirror. Then the tip is operated to move forward and upward simultaneously.
As a result, the moving tip begins to lift the micro-mirror up until the mirror
approaches an upright position. With the assistance of the micro-force/haptic
feedback, and the event-synchronized visual feedback from the microscope and
camera, the task of remote microassembly via LAN/Internet can be achieved
reliably and easily. Figure 16 gives an illustration of the assembly of a micro-mirror
by the PVDF micro-force sensor tip.

Figure 17 shows the time vs. event behaviors of the robot server and the robot
client during the teleassembly with event-synchronization (robot client was in the
Chinese University of Hong Kong).

Figure 16. Assembly of micro-mirror by the sensor tip.
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Figure 17. Time vs. event behavior of robot server (Michigan State University) and robot client (The
Chinese University of Hong Kong).

Figure 18. Time vs. event behavior of video server and client.

Figure 19. Time vs. video frame index behaviors of video sever and client.
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Figure 20. The feedback video sequence of networked tele-assembly of a micro-mirror between USA
and Hong Kong using the Microsoft joystick and the 1D force sensor set-up.

Moreover, Figs 18 and 19 show the time vs. event behaviors and the time vs. video
frame index behaviors of the video server and client during the event-synchronized
tele-assembly, respectively.

From the event behavior results shown above, the event behavior of robot client in
Fig. 17 and the event behavior of video client in Fig. 18 are close. This means event-
synchronization is in action for the teleassembly of micro-mirrors via Internet. Here,
VIC setting for the following experiments is: bandwidth = 3072 kb/s, fps = 30,
picture quality = 3, predefined tolerance is N = 2.

Figure 20 shows one of the reliable and successful assembly sequences of the
micro-mirror using the developed networked human/robot cooperative environment
between USA (workcell side) and Hong Kong (operator side, using Microsoft
joystick) via the Internet. The 1D PVDF micro-force sensor set-up was employed.
The gain Kc of the sensor amplifier was set as 48. The size of the micro-mirror used
is about 600 µm × 250 µm. In this assembly, the microscope was set with a 20×
objective lens. The force scale factor sf was 3.8 × 105.
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Figure 21. The feedback 1D micro-force during cooperative assembly of a micro-mirror via the
Internet.

Based on the event-synchronization action, as shown in Fig. 21, the feedback 1D
micro lift-up force in the assembly operations was approximately corresponding
from (i) to (vii) in the feedback video sequence shown in Fig. 20.

Furthermore, the sequence in Fig. 22 demonstrates another human/robot coop-
erative microassembly between Hong Kong (remote operator side, using Phantom
joystick) and USA (micro robot and work-cell side at MSU). In this operation, the
PVDF 2D micro-force sensor was used with a gain Kc of 48. The sensor can detect
and feed back the push-forward force (horizontal) and the lift-up force (vertical)
during tele-assembly. The size of the assembled mirror is about 600 µm × 400 µm.
In this operation, the microscope was set with a 10× objective lens, the force scale
factor was 2.5 × 105.

Figure 23 shows the feedback 2D micro-forces in the assembly process. Using the
event-synchronization, the force actions correspond to the video sequence in Fig. 22
very well. Figure 22a shows moving the sensor tip to the bottom of micro-mirror,
Fig. 22b moving the tip forward to first contact the mirror bottom at about 1.2s,
Fig. 22c at about 1.8 s, pushing and lifting the mirror up, and Fig. 22d lifting up
and pushing forward the micro-mirror to upright position at about 2.5 s and then
gradually and slowly lifting up the sensor tip away from the upright mirror from 2.5
to 5.0 s.

In Fig. 23, at about 2.0 s, a large spike in the lift-up force plot indicates that the
lift-up force quickly increases when the tip was overcoming the large force from
the moments of the hinges and the latch locks of mirror. The lift-up force then
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Figure 22. The feedback video sequence of human/robot cooperative tele-assembly of micro-mirror
using a Phantom joystick and the 2D sensor set-up between USA (bottom: micro work-cell at MSU)
and Hong Kong (top: remote operation side at CUHK).

decreases quickly when the mirror was approaching the upright position, while the
push-forward force was increasing gradually due to the increasing counter force
and moments from the hinges and latches. From about 2.5 to 5 s, the sensor tip was
only lifting up gradually and slowly, and was leaving the upright mirror. The push-
forward force was kept approximately to a constant, and the lift-up force continued
to decrease to zero as the downward pressure from the mirror to the sensor tip
gradually diminished.
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Figure 23. The feedback 2D micro forces during cooperative assembly of a micro-mirror via Internet.

By feeding back the scaled micro-force and the event-synchronized video via the
Internet, the operator at the Hong Kong side had the synchronized haptic/force and
visual feeling during the interactive operation. This feeling has greatly enhanced the
success rate of the teleassembly of micro-mirrors and improved the reliability and
dependability of human/robot cooperative microassembly. As demonstrated in the
experiments, the developed networked human/robot cooperation can significantly
increase the robustness, efficiency and safety of robotic operations in microassem-
bly.

5. CONCLUSIONS

This paper presents the development of a networked human/robot cooperative
environment for reliable and dependable microassembly. In this paper, based on
integrating an in situ PVDF piezoelectric micro-force sensing tool with a resolution
in the range of µN, and using the event-synchronization for the feedback of
assembly video and micro-force, the developed networked human/robot cooperative
platform can greatly advance applications in tele-microassembly. Internet based
experimental results demonstrated the performance of the developed networked
human/robot cooperative platform. Its applications could be an important step to
enable reliable and high-yield batch fabrication and assembly of MEMS via local
area network or Internet.
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