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Dear editor,
Micro-scale operations, such as microsurgery [1]
and micro-devices assembly [2], have been gaining
importance among different industries. However,
it is challenging to execute these operations ow-
ing to the accuracy requirements of the operation
which are close to the limit of the human hand
accuracy. For example, microsurgery is a diffi-
cult and time-consuming procedure for the human
operator as some of the anatomical structures of
sizes (e.g., veins of the human retina ranges 40 to
350 µm [3]) are extremely small and fragile. There-
fore, the performance of these operations is limited
by physiological hand tremors.

To suppress the hand tremors and enhance the
performance, a cooperative micromanipulator is a
promising way to achieve it. A force/torque (F/T)
sensor is typically appended in the end-effector of
the robot to measure operational human forces.
The measured hand tremor in program is filtered
out by a low-pass filter. A controller is imple-
mented to transfer the filtered human forces and
yield the corresponding robot velocity [4–6]. If a
cooperative micromanipulator with low controller
gains consists of precise and accurate motors, the
end-effector is stiff in response to human force and
hence, the robot provides tremor-free, precise po-
sitional control for the human [3]. Steady-hand
in [1] and a robot in [7] are examples of such a
cooperative robot for retinal microsurgery.

However, the cooperation is stiff which is time-

consuming for the human to execute the cooper-
ative task. Precise operator’s hand operation is
achieved with tremor suppression but the compli-
ance is compromised. Maneuvering the instrument
with a stiff cooperation requires great efforts (such
as large operational force is needed). Large accel-
eration is desired in some operational paths that
involve large motion. A compliant cooperation is
more beneficial for human in these large motion.

Hence, we address the issue of controlling the
best trade-off between accurate and compliant
cooperation for a cooperative micromanipulator.
More specifically, we propose a variable admit-
tance controller whose admittance between human
force and robot velocity is varied based on human’s
intention. We have developed a micromanipulator
in [8] for microsurgical suturing, and in this study,
we extend our results by conducting more exper-
iments. Our target (as shown in Figure 1(a)) is
to ensure that the robot provides stiff and accu-
rate cooperation in fine motion while also allowing
compliant cooperation in large motion. With such
a controller and developed robot, we hope to en-
hance the performance of the micro-scale tasks in
terms of accuracy with minimal human’s efforts.

Variable admittance control for microsurgical

suturing. We use microsurgical suturing as an ex-
ample owing to its complex operational gestures.
We propose a variable admittance control defined
as follows:

Md(t)ẍd +Bd(t)ẋd = Fext, (1)
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Figure 1 (Color online) (a) Overview of research objective; (b) the microsurgical robotics system; (c) the path of the
needle from insertion (point 1) to extraction (point 2) under the microscope imaging; (d) first experiment result’s path 1
to 3 (controller comparison); (e) second experiment result (with or without the robot comparison) – insertion only.

where ẋd, ẍd ∈ R
n are the desired velocity and ac-

celeration in the task space, and Md(t), Bd(t) ∈
R

n×n are the desired variable inertia and damping
matrices, which are symmetric, diagonal, positive
definite for all ẋd ∈ R

n. The human force is the ex-
ternal force Fext. The objective of variable admit-
tance control is to provide compliant or accurate
cooperation in according with human’s intentions
with respect to different operational paths [4, 5].
In microsurgical suturing, two key moments are
where the accuracy is most needed, namely, nee-
dle insertion and extraction. To target a precise in-
sertion or extraction point is challenging and hold-
ing the needle until insertion easily causes hand-
tremor. A robot with low admittance [4, 5] and
stiff cooperation provides control with tremor sup-
pression [1, 3]. Although the cooperation becomes
stiff, it assists the operator to target a fine motion
(where the insertion and extraction are normally
carried out). However, when the needle is ex-
tracted and the operator makes a loop to tie knots,
this hand motion involves large movement where
fast acceleration is usually required. A compliant
cooperation, which is achieved by high admittance,
provides fast movement with minimal operational
force that enables the operator to move the instru-
ment with minimum efforts.

Hence, for every axis, the parameter adjustment
of the admittance is proposed with respect to hu-
man force and defined as

Bd,i(t) = B0,j(1− αi × |Fext,i|) > 0, (2)

Md,i(t) = M0,j(Bd,i(t)/B0,i(t)) > 0, (3)

whereM0,i, B0,i are the initial values of the desired
inertia and damping in i-th axis when no external
force is applied, Fext,i is the external force in the
corresponding i-th axis for the admittance, and αi

is the updated gain for damping and i = 1, . . . , n.
n is the degree of freedom (DOF). In (2) and (3),

when there exists no external force, the admittance
is maintained in the smallest value (largest Bd(t)
and Md(t)). The cooperation starts with stiff co-
operation which benefits the human to execute the
fine movement. Conversely, if the human operator
uses large hand motion, given Bd(t) and Md(t)
that are reduced, the admittance is increased for
compliant cooperation. This shows our proposed
control scheme (1)–(3) varies the admittance of
robot with respect to Fext to provide the cor-
responding cooperative interaction based on hu-
man’s intention.

The passivity of the control scheme is next
proved. The tracking error for such a collaborative
robot is usually assumed to be [4,5,9], namely, ẋd
∼= ẋ, where ẋ is the robot velocity output. Eq. (1)
becomes Md(t)ẍ + Bd(t)ẋ = Fext with respect to
the input-output pair (Fext, ẋ) and with a storage
function

V (t) =
1

2
ẋTMd(t)ẋ. (4)

Taking the derivative of V (t) and integrating
the input-output pair, we have

∫ t

0

ẋTFext = V (t)− V (0)−

∫ t

0

W (τ)dτ, (5)

where W (τ) = 1
2 ẋ

T[Ṁd(t)− 2Bd(t)]ẋ. The passiv-
ity condition is defined as [4, 5, 9]

∫ t

0

ẋTFext > V (t)− V (0) > −V (0). (6)

Therefore, to ensure the dissipated energy

∫ t

0

W (τ)dτ 6 0, (7)

the passivity is guaranteed as

Ṁd(t)− 2Bd(t) 6 0. (8)
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The closed-loop system (4) is always dissipative
by condition (8), ensuring stable interaction within
proposed-controlled robot and human operator.

Experiment. A 5-DOF robotic systemwith a 6-
DOF F/T sensor for micro-suturing is developed
as shown in Figure 1(b). The resolution of each
joint (stepper motor) is 1.25 µm per full step and
5 mm/s for max speed in translation and 0.01◦

per full step and 8 rpm for max speed in rotation.
In terms of controller parameters, to ensure the
parameters are updated without the violation of
(8), minimal values of the admittance (2), (3) are
chosen and set empirically. (The rest of the spec-
ification and parameters of the controller can be
found in [8].)

Three needle paths of the artificial tissue sur-
face under microscope imaging are shown in Figu-
re 1(c). This surface consists of a cut and two tar-
geted points, namely insertion and extraction. In
the first experiment, which is conducted by 5 sub-
jects and 3 sets of controller, the operator grasps
the needle holder and guides the robot from start-
ing point to the targeted point 1 (path 1), crosses
beneath the first point to the second one for ex-
traction (path 2), and then pulls the needle out by
non-dominant hand (path 3). The paths are de-
signed to evaluate the compliant or accurate coop-
eration of the robot because they involve (a) large
movement when the needle is approaching the in-
sertion point or being pulled out from extraction,
and (b) fine movement when two of the points are
being inserted or extracted. As shown in Figure
1(d), the proposed controller (red) achieves similar
execution time with low admittance (33.48% less
than constant high admittance) and operational
force with high admittance (35.82% less than con-
stant low admittance). Hence, the results conclude
that the proposed controller guarantees a decent
trade-off between compliance and accuracy based
on the operator’s intentions.

The second experiment is to test the accurate of
the robot. The subjects are asked to only execute
insertion, but for three times at three different pre-
cise points. If three points are inserted under two
conditions, it is considered success, otherwise fail-
ure. Two conditions are (1) the needle has to be
inserted into the center of the points, and (2) the
needle is allowed to touch only the insertion points
(if it touches other part of the tissues, it is a
failure). Two sets of experiment are designed,
namely, with the developed robot and with free

hand. Eight subjects try till success and numbers
of the trials with and without robot are recorded in
Figure 1(e). Six of the experiments show that the
performance is better with the developed robot.
Without the robot, the performance is limited by
hand tremor and it is hard to insert into the cor-
rect positions and hence, more numbers of trials
are needed. Some subjects have less hand tremors
and it explains why the result of one of the subjects
is not successful. Though the operation varies with
different individuals, the performance appears to
improve with the robot as the average of number
of trials without robot (4.75) is almost three times
higher than that with robot (1.75). The subjects
also claim the tremor suppression provides an eas-
ier and more stable motion to target the points.
The experimental results show that our robot en-
hances the performance significantly and improve
the operational quality.
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