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A B S T R A C T

Frog-legged robots are commonly used for silicon wafer handling in semiconductor manufacturing. However,
their precision, speed and versatility are limited by vibration which varies with their position in the work-
space. This paper proposes a methodology for modelling the pose-dependent vibration of a frog-legged robot
as a function of its changing inertia, and its experimentally-identified joint stiffness and damping. The model
is used to design a feedforward tracking controller for compensating the pose-dependent vibration of the
robot. In experiments, the proposed method yields 65�73% reduction in RMS tracking error compared to a
baseline controller designed for specific poses of the robot.
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1. Introduction

Semiconductor manufacturing involves numerous steps that must be
executed with precision to achieve increasingly stringent quality specifi-
cations for electronic devices [1�3]. Simultaneously, the industry faces
increasing pressures for higher throughput and flexibility to address rap-
idly growing and changing demands for electronics [4].

Wafer handling robots are used extensively for moving silicon wafers
through various steps in the semiconductor manufacturing process [5,6].
Therefore, their precision, speed, and versatility are critical to achieving
the quality, throughput and flexibility needs of the industry. In practice,
there are two types of wafer handling robots, one which utilizes a parallel
structure, and another that adopts a serial robot arm structure. In this
work, a wafer handling robot with parallel structure, referred to as a frog-
legged robot, is studied. The main advantage of a frog-legged robot is its
simple design [7], ability to manipulate large load and enhanced rigidity
due to the closed loop mechanism [8].

Fig. 1 shows the top view and section views of the specific architecture
of frog-legged robots used in this study. The left and right linkages of the
frog legs are driven by separate motors (Motor 1 and Motor 2, respec-
tively). However, the motor torques are transmitted indirectly to the link-
ages through belts and a magnetic coupling. The magnetic coupling
consists of sixteen attracting magnet pole pairs that are mounted on the
outer and inner magnet retainers (see Fig. 1(c)). In this way, it provides a
low-cost, contactless transmission of motion between the inner process-
ing chamber which lies at atmospheric pressure and the outer chamber
which lies in a vacuum. This prevents contaminants, like dust and lubri-
cating oil, emanating from the motors from reaching the vacuum cham-
ber. It also prevents corrosive chemicals from the processing in the
vacuum chamber from harming the motors [9,10]. However, due to the
low stiffness of the magnetic coupling, the robot is prone to vibration.
Excessive vibration could lead to slippage of the silicon wafer on the blade
(i.e., the end effector that carries the wafer) or collision of the wafer with
objects within the processing chamber, leading to damage of the wafer.

Therefore, it is important to mitigate vibration in order to accurately track
the motions of the robot at high speed. However, a major problem with
the robot’s vibration is that it is pose-dependent, meaning that the vibra-
tion behaviour (e.g., natural frequency) changes as the robot moves from
position to position within its workspace.

There is some work in the literature on compensating the vibration of
frog-legged robots. For example, Wang et al. [11] used an active vibration
rejection method via vibrotactile transducers for vibration reduction.
However, this method requires an additional actuator and sensor located
at the blade in vacuum, which is costly. A promising approach for com-
pensating vibration is using feedforward control, realized by modifying
the trajectory sent to the vibrating machine. It has been used extensively
for machine tools and robots [12�16]. For example, Yu et al. [13] imple-
mented model-based torque feedforward control in addition to a basic
tri-loop PID controller on a frog-legged robot. However, they did not
address the pose-dependent vibration behaviour, which may limit the
effectiveness of the controller. To the author’s best knowledge, there is no
existing work in the open literature addressing the pose-dependent vibra-
tion of frog-legged robots.

To tackle this shortcoming, this paper proposes a methodology for
modelling the pose-dependent dynamics of a frog-legged robot as a func-
tion of its changing inertia, and experimentally identified joint stiffness

Fig. 1. Schematic diagram of (a) top view of the robot (b) vertical section view, and (c)
horizontal section view of the interior of the robot.
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and damping. The model is then used to design a pose-dependent filtered
B-spline (FBS) tracking controller [15,17] for compensating the pose-
dependent vibration of the robot. Note that in [17], the delta robot that
was studied could be decoupled into two sub-models and the rotational
inertia could be ignored, which simplified the modelling of its pose-
dependent dynamics. Conversely, the frog-legged robot has non-negligi-
ble rotational inertia and fully coupled dynamics. Thus, a different method
for modelling its pose-dependent dynamics is needed.

The outline of this paper is as follows: In Section 2, the analytical
modelling of the pose-dependent dynamics is presented. In Section 3,
the obtained model is integrated with a time-varying FBS controller.
The experimental validation of the proposed method on the tracking of
the frog-legged robot is presented in Section 4, followed by conclusions
and future work in Section 5.

2. Modelling of pose-dependent dynamics

The blade (end effector) of the frog legged robot has two directions of
motion: radial (r) and rotational (u), as depicted in Fig. 2. The r motion is
produced by rotating the motors in opposite directions, while the u

motion is produced by rotating them in the same direction. The r direction
is more susceptible than u to pose-dependent dynamics. This is because
the dynamics of the robot only change when the blade position varies in
the r direction, and in normal operation only one direction is commanded
at a time. Accordingly, r vibration dynamics change during motions in the
r direction, while u vibration dynamics are constant during u motions.
Hence, our pose-dependent modelling and control efforts in this paper
will focus on the r direction.

Fig. 2 shows our modelling and control strategy. The magnetic cou-
pling is treated as a torsional spring and damper between the rotations of
the inner and outer magnet retainers, while the links are treated as rigid
bodies with both translational and rotational inertia. The stiffness and
damping coefficients are assumed to be constants while the effective iner-
tia varies with pose. The stiffness and damping coefficients are identified
from a few frequency response function (FRF) measurements from the
robot, and are combined with the computed pose-dependent inertia
matrix to determine the robot dynamics at any arbitrary position
of the end effector. The pose-dependent dynamics can then be used for
feedforward (FF) control.

Mathematically, the model is described by the rigid-body dynamic
equation of motion with joint flexibility, i.e.,

M qð Þ€q ¼ K qd � qð Þ þ B _qd � _qð Þ ð1Þ
where qd and q are respectively the rotating angles of the two motors and
the two outer magnet retainers, MðqÞ is the inertia matrix of the system,
and K and B are the diagonal stiffness and damping matrices of the mag-
netic coupling. Note that the Coriolis Cðq; _qÞ and the gravity GðqÞ terms,
which exist in robot multi-body dynamics, are omitted from Eq. (1) due to
their negligible effects on vibration. The pose-dependent vibration
dynamics are mainly governed by the inertia matrix MðqÞ, which is com-
puted as

M qð Þ ¼
X5
i¼1

JT
i qð Þ

mi 0 0
0 mi 0
0 0 Ii

24 35J i qð Þ ð2Þ

where mi, Ii, and J i denote the translational inertia, rotational inertia, and
the Jacobian about the reference point of each link.

To facilitate the analysis of the r direction motion, Eq. (1) is further
rewritten to explicitly describe r and u motion by applying the following
transformation:

q ¼ qr
qu

� �
¼ Tq ð3Þ

where T is a transformation matrix. Accordingly, the equation of motion
becomes

M qð Þ€q ¼ K qd � qð Þ þ B _qd � _q
� � ð4Þ

where MðqÞ ¼ TMðqÞT�1, K ¼ TKT�1, and B ¼ TBT�1. It is notable that
due to the symmetric structure of the frog-legged robot investigated in
this paper, the resulting M, K and B are diagonally dominant. Therefore,
the r and u directions can be decoupled, and the r vibration dynamics can
be extracted as

Mr qrð Þ€qr þ Br _qr þ Krqr ¼ Br _qr;d þ Krqr;d ð5Þ
where Mr , Br , and Kr are the first-row and first-column elements of M, B,
and K. After Eq. (5), along with the value of MrðqrÞ, is derived, a few sys-
tem identification experiments are performed to generate the FRFs for 3
different blade positions (i.e., with the blade at both extremes and at the
middle of its travel range). Then, with the assumption that the FRF’s peak
frequency is equal to its natural frequency, the stiffness and damping
coefficients of each individual system identification experiment are
obtained as

Kr;j ¼ Mr;jv
2
pk;j;Br;j ¼ Mr;jvpk;j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

M2
pk;j � 1

s
ð6Þ

where vpk;j andMpk;j are the natural frequency and the magnitude of the j-
th FRF measurement (j = 1,2,3). These results are then averaged to give the
final values of Kr and Br as in Eq. (5).

3. Pose-dependent feedforward controller design

Once the modelling of the handling robot is completed using the
method proposed in Section 2, the linear parameter-varying dynamics
dependent on the blade position, denoted as GðqrÞ, can be obtained and
used for FF compensation. The FF controller used in this study is the linear
time varying (LTV) FBS controller similar to the one in [17].

The FBS controller [15] formulates the input command qr;c as a linear
combination of a set of B-spline basis functions cn with unknown coeffi-
cients g, i.e.,

qr;c ¼
X
n

cngn ¼ Cg ð7Þ

The basis functions cn are then filtered using the system’s dynamics G
to become »cn , thereby giving the output prediction as q̂r
¼ P

n »cngn ¼ »Cg, and lastly the optimal coefficients g� are selected
by minimizing the tracking error e between the desired trajectory (qr;d)
and the output prediction (bqr), e ¼ qr;d � bqr , i.e.,

g� ¼ argmin
g

k qr;d � »Cg k ¼ »CT »C
� ��1 »CTqr;d ð8Þ

In the standard FBS for LTI systems, »cn can be obtained simply by
passing cn though a fixed transfer function G. However, for LTV systems,
the output position needs to be known at every timestep to determine the
time-varying dynamics, making Eq. (8) inapplicable and the overall opti-
mization process iterative. To simplify this, the position qr used for deter-
mining the dynamics is approximated by the desired position qr;d at each
timestep. In other words, the system dynamics at each timestep is deter-
mined by qr;d at the corresponding timestep and can be expressed by

G qr;d
� � ¼ Qr sð Þ

Qr;d sð Þ ¼
Brsþ Kr

Mr qr;d
� �

s2 þ Brsþ Kr
ð9Þ

The transfer function in Eq. (9) is further converted to a discrete infi-
nite impulse response (IIR) filter as

GIIR ¼ b�1z�1 þ b�2z�2

1þ a�1z�1 þ a�2z�2 ð10Þ

where z is the forward shift operator. The a and b terms are functions of
time. Each row of C is iteratively filtered through GIIR based on the corre-
sponding dynamics by only one timestep to construct »C . Once »C is
established, Eqs. (7) and (8) are applied to compute the optimal command
as in standard FBS [15].

Fig. 2. Overview of the proposed modelling and control strategy.
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4. Experimental validation on silicon wafer handling robot

4.1. Experimental setup

The experimental setup in this study consists of the frog-legged robot,
two motor drivers, a motor controller, a distance sensor, a data logger, an
accelerometer, and a host PC. The layout of the overall experimental setup
is as shown in Fig. 3.

The stepper motors are each driven by a motor driver integrated with
a programmable logic controller (PLC). The PLC communicates with a host
PC via EtherCAT, enabling high-speed communication for real-time con-
trol. This structure allows precise and synchronized control of the frog-
legged robot using an ethernet cable connected to a PC. An accelerometer
(ADXL 345) mounted on the blade and a distance sensor (mounted on an
auxiliary robot arm) were used to quantify the amount of vibration when
the robot operates. To measure the vibration in the r direction, a 3D
printed block with negligible mass was attached on the blade as a mea-
surement surface to serve as a measurement target for the distance sen-
sor. A data logger for the distance sensor received the position data and
stored it on the host PC. The accelerometer was programmed to measure
the frequency response of the robot in the r direction, which was used to
construct the pose-dependent model in Section 4.2, as well as to validate
the vibration compensation performance in Section 4.3.

4.2. Validation of modelling of pose-dependent dynamics

The ability of the proposed modelling method to capture the pose-
dependent dynamics is presented in this section. To compute the equiva-
lent inertia, which dominates the robot dynamics, the translational and
rotational inertia as well as the reference point (typically center of mass)
of each link is required. The masses and inertias of the links were obtained
from computer aided design (CAD) models of the robot or via measure-
ments, and then used to compute the equivalent inertia matrix MrðqrÞ
using Eq. (2).

After the equivalent inertia values were computed, system identification
experiments using sine sweep commands at three selected blade locations,
qr = 220 (nearest), qr = 400 (middle), and qr = 580 (farthest) mm, were per-
formed to generate the FRFs and identify the stiffness and damping coeffi-
cients. These three sets of coefficients were then averaged to yield the Kr

and Br constants used in Eq. (9) to generate the system’s dynamics. Table 1
summarizes the inertia, stiffness, and damping values identified.

Fig. 4 shows the resonance frequencies at 19 selected poses mea-
sured from experiments and predicted by the proposed modelling
method. The 19 poses range from qr = 220 mm to qr = 580 mm at

increments of 20 mm. The proposed model captures the resonance fre-
quencies accurately based on only three system identification experi-
ments at the locations marked in the figure. However, deviations
between measurement and prediction are also observed at poses that
are close to the nearest or farthest blade position. Possible reasons for
the deviations include the averaging of identified parameters, the effect
of approximations, and unmodeled dynamics (e.g., the stiffness and
damping of other joints) which are amplified at the extremes of the
motion range. Moreover, the stiffness of the magnetic coupling is ampli-
tude dependent [18]. Therefore, changes in pose (which may lead to
changes in vibration amplitudes) could affect the stiffness values.

4.3. Validation of the proposed controller

The performance of the proposed modelling method applied to feed-
forward control is validated in this section. The pose-dependent dynamics
derived from Section 4.2 are incorporated into the LTV FBS controller pre-
sented in Section 3 to track point-to-point motions of the frog-legged
robot. The tracking performance of the LTV FBS controller are compared
with the uncompensated case and three LTI FBS controllers that use the
dynamics measured at qr = 220, qr = 400, and qr = 580 mm. Multiple tra-
jectories with different starting and ending positions, but with the same
velocity, acceleration, and jerk constraints of

Fmax ¼ 200 mm=s;Amax ¼ 3 m=s2; and Jmax ¼ 100 m=s3 ð11Þ
are presented. Specifically, the results of the extension and retraction
motions of the full range case (220 to 580 mm), half range cases (220 to
400 mm and 400 to 580 mm), and an arbitrary range case (300 to
500 mm), are discussed to show the advantage of the LTV FBS controller.
By demonstrating that the proposed method can improve the tracking
performance at any position, the versatility of the frog-legged robot can
thereby be enhanced.

Fig. 5(a)-(c) show the acceleration and position respectively measured
from the accelerometer and the laser scanner for each case studied. Note
that due to its limited measurement range, only the position measure-
ments at the end of each motion are captured by the laser scanner.
Observe from the position measurements that the uncompensated cases
always have significant overshoot and vibration. The LTI FBS controllers
demonstrate very accurate reference tracking when the model used for
the controller matches the end position of the trajectory. However, the
LTV FBS controller exhibits accurate tracking for all cases. It is notable that
the LTI FBS controller based on the 220 mm dynamics also performs well
at 580 mm blade location, so does LTI FBS with 400 mm dynamics at
300 mm blade location. This is because the dynamics at both locations are
similar, as also seen from Fig. 4. The vibration-induced errors for all cases
studied are summarized in Table 2. The LTV FBS controller yields between
65% and 73% reduction in average RMS error compared to the LTI FBS con-
trollers.

The acceleration measurements in Fig. 5 give similar conclusions as
the position measurements. At the end of the motion, significant residual
vibration is observed for the uncompensated case, which is efficiently mit-
igated by the proposed LTV FBS controller and by the LTI FBS controllers if
the dynamics used are carefully chosen. However, some vibrations still
exist during the start of the motion due to modelling inaccuracy and the
approximations inherent in performing FF control using FBS. During the
same portion, it is also found that the oscillation of LTI FBS with 400 mm
dynamics is always lowest. This may be because the natural frequency at
qr = 400 mm is low, and thus the FF controller attenuates lower-frequency
signal, of which the point-to-point motion mostly is composed. This, how-
ever, does not infer better tracking.

Fig. 3. Experimental setup for controlling the frog-legged robot.

Table 1
Inertia, stiffness, and damping values of each link. The numbering of the links is
shown in Fig. 1. Note that links 10s and 30s rotational inertia are based on the center
of the magnet coupling while the rest are based on their center of mass. Also, the
values of the corresponding symmetric component may have slight deviation.

Inertia of Links 1 & 3 Links 2 & 4 Link 5 (blade)

Translational inertia [kg] 2.35 0.15 0.17
Rotational inertia [g¢m2] 17.97 0.74 0.94

Stiffness and Damping of Magnet Coupling

Stiffness coefficient [Nm/rad] 153
Damping coefficient [Nm-s/rad] 1.12

Fig. 4. Comparison of the resonance frequencies (here defined as the frequencies
where the FRF magnitude is the largest) from measured FRFs and the proposed model
derived from the poses indicated by crosses (£).
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5. Conclusion and future work

This paper proposes an efficient modelling technique for the pose-
dependent dynamics of a frog-legged silicon wafer handling robot. The
proposed model is then applied to a feedforward controller to enhance
the tracking performance of the robot. The proposed modelling method
first calculates the pose-dependent equivalent inertia of the system, then
performs a few system identification experiments to determine the con-
stant stiffness and damping coefficients, and then combines the two to
predict the dynamics at any pose. The model is shown in experiments to
accurately capture the pose-dependent vibration dynamics of the robot,
and thus is effective for accurate tracking control.

However, the model has some inaccuracies due to unmodeled dynam-
ics and nonlinearities. Future work will explore hybrid (i.e., physics-based
and data-driven) modelling approaches, e.g., [19], to further improve the
accuracy of the model and to automatically calibrate the model parame-
ters if an unknown load is added. The proposed modelling and control
methods will also be generalized in future work to include robotic arms
with serial kinematics.
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Fig. 5. Vibration compensation performance of the LTV FBS controller with the proposed model compared to other controllers for point-to-point extension motion between (a) 220
� 580, (b) 220 � 400, and (c) 300 � 500 mm blade position.

Table 2
Summary of the RMS vibration-induced position errors at the ending position of all
cases (Unit: mm).

Trajectory LTV
FBS

LTI FBS
(220 mm)

LTI FBS
(400 mm)

LTI FBS
(580 mm)

uncompen-
sated

extension 220�400 mm 40.4 192.4 36.6 226.2 690.4
220�580 mm 30.8 41.6 217.5 50.3 410.8
400�580 mm 42.7 47.2 214.6 62.2 434.2
300�500 mm 48.6 132.1 129.8 162.4 626.3

retraction 220�400 mm 25.3 36.2 213.0 47.8 465.7
220�580 mm 32.3 36.1 178.1 82.6 479.6
400�580 mm 27.2 139.9 43.7 182.4 627.4
300�500 mm 42.6 191.4 45.1 256.2 665.0

Average RMS error 36.2 102.1 134.8 133.8 549.9
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