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Abstract—A major issue for needle insertion into soft tissue dur-
ing suturing is the induced tissue deformation that hinders the min-
imization of tip-target positioning error. In this letter, we present a
new robot control framework to solve target deviation by integrat-
ing active deformation control. We characterize the motion behav-
ior of the desired target under needle-tissue interaction by introduc-
ing the needle-induced deformation matrix. Note that the modeling
does not require the exact knowledge of tissue or needle insertion
properties. The unknown parameters are online updated during
the insertion procedure by an adaptive estimator via sensor-based
measurement. A closed-loop controller is then proposed for dual-
arm robotic execution upon image guidance. The dual-arm control
aims to regulate a feature vector concerning the tip-target align-
ment to ensure target reachability. The feasibility of the proposed
algorithm is studied via simulations and experiments on different
biological tissues to simulate robotic minimally-invasive suturing
using the da Vinci Research Kit as the control platform.

Index Terms—Surgical robotics: laparoscopy, sensor-based con-
trol, medical robots and systems, dual arm manipulation.

I. INTRODUCTION

N EEDLE insertion into soft tissue is a surgical procedure
required by suturing for localized wound treatment. The

primary goal is to guide the needle tip through the tissue to-
wards a designated superficial target point, with the tip-target
error (or the insertion error) being minimized [1]. Apart from
precise needle handling, the compliant nature of tissue is a ma-
jor issue which could lead to needle-induced deformation that
remotely deviates the target from its original position [2]. In
current clinical practice, needle insertion is collaborated by tis-
sue manipulation from guidelines of suturing to reduce needle
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Fig. 1. (a) A 2D demonstration of tissue deformation induced by needle inser-
tion (original shape shown as gray dash line) could remotely deviate the target
(red dot) from its original position (gray dot). (b) Integrating active tissue con-
trol to needle insertion is expected to improve insertion accuracy, as adopted by
manual suturing skills.

steering (a risk for tissue damage) [3], which is the primary
motivation in this letter.

Robots have been clinically adopted to assist minimally-
invasive surgeries [4]. Aiming for autonomous surgery, the
robotic deformation regulation of soft tissue becomes of great
significance to improve the suturing effectiveness. However, it
imposes active manipulation of soft objects which remains a
challenging topic in robot control [5]. During the insertion step,
the needle tip continuously cracks the tissue body which involves
complex needle-tissue interaction. The mechanical properties
that characterize the local deformation behavior of tissue are
crucial for robot control, but are usually unavailable in clinical
applications. Introducing dual-arm robot manipulation strategy
with weak dependence on mechanical modelling has the poten-
tial to automate minimally-invasive suturing with accurate and
robust needle insertion (see Fig. 1 for conceptual description of
our goal).

A. Related Work

Robotic control of needle insertion has been extensively stud-
ied [6]–[8]. Existing works have addressed individual prob-
lems of insertion force modelling [9], needle deflections [10],
etc. Aiming for needle targeting, DiMaio et al. [6] proposed
a position-based controller for placement of a straight needle
via an MRI-compatible robot. Boctor et al. [11] developed
an ultrasound-guided control algorithm for automatic needle
insertion by means of virtual mechanical constraints. In [12]
and [13], the needle was online navigated by visual servoing
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control for suturing. Similar control methods were also adopted
in [14]–[16] for needle-based procedures using CT or ultrasound
guidance. Note that, the above works neglect the influence of tis-
sue deformation on needle targeting results. On the other hand,
many research groups focus on robotic control of flexible nee-
dles, for it exhibits greater steering performance for path plan-
ning in complicated tissue environment [17]–[20]. However, it
is not preferred for suturing, where needle rigidity is still critical
to generate enough interaction force for penetrating and cutting
part of tissue.

Efforts have also been made to tackle tissue deformation to
improve needle insertion accuracy. For example, in [21] and [22],
it was discovered that needle insertion with tapping motion or
faster insertion speed could reduce lateral motion or soft defor-
mation of tissue. By using the finite element method (FEM),
Alterovitz et al. [23] predicted tissue deformation with a bio-
logical model for inserting needle towards a sensorless target.
Significant reduction of targeting error was reported via simu-
lations. Kobayashi et al. [24] approached the procedure by ap-
plying tissue preloading to constant-velocity needle insertion.
Smaller insertion error was reached by increasing the preloading
force.

Active tissue deformation applied to precise needle insertion
receives the least attention for its difficulty to obtain the exact
modelling. Torabi et al. [25] presented a feedforward controller
to manipulate tissue to correct needle insertion errors. A linear
spring model was used to map the displacement relationship be-
tween the robot to the target. The ability for position correction
of the target with obstacle avoidance was shown via simula-
tions. In [26], a force-actuated position-controlled method was
proposed to manipulate the tissue for needle targeting in breast
biopsy. However, needle positioning was hard-coded with tis-
sue being manipulated unidirectionally, which is deficient for
solving target deviation in real cases. Meanwhile, our previ-
ous study in [27] used pure elastic model to solve soft object
manipulation, which is impractical for needle insertion pro-
cess where energy consumption appears during crack formation
[28].

B. Contribution

This study is the first to implement adaptive control scheme
to tissue deformation regulation during needle insertion. To
achieve “targeting under deformation”, we first propose a new
deformation modelling under needle-tissue interaction without
knowing the exact parameters of tissue deformation properties
and needle insertion mechanics. Those parameters are adaptively
estimated via sensor-based measurements to refine the motion
behavior between the target and needle/tissue manipulators. We
further develop a dual-arm controller to simultaneously regulate
the tissue deformation and needle tip position. The stability of
the control framework is guaranteed to robustly deal with inac-
curate robot-camera calibration and small perturbation, whose
feasibility and performance is further evaluated via simulations
and experiments.

The letter is structured as follows: Section II states the basic
models and assumptions adopted to our method. Sections III
and IV give our deformation modelling and controller design.

Section V presents the results of the study. Conclusions and
future works are given in Section VI.

II. PRELIMINARIES

A. Needle Insertion Modelling

Deformation of soft tissue (originally static and undeformed)
during needle insertion is attributed to needle-tissue interaction
force (denoted by fn). It has been widely accepted that the value
consists of the following independent terms [29]:

fn = fc + ff + fs (1)

where the stiffness force fs refers to the load between the nee-
dle tip and tissue surface at pre-puncture phase, which becomes
negligible during the (quasi-static) insertion phase after a crack
is formed on tissue [29]. The frictional force ff is mainly gen-
erated on the side of the needle body. To reach a larger insertion
depth of the needle tip, cutting force fc is critical for tissue
crack growth along tip direction, which is ideally constant for a
given needle and (homogeneous) tissue [9], [29]. This facilitates
access to investigation of needle-induced tissue deformation be-
havior, which is important for robot-controlled targeting of soft
objects.

Biological tissues exhibit linear elasticity subject to local de-
formations [30]. Assuming an instant moving distance δl of nee-
dle tip along its tangent direction, there exists the following
relationship [28]:

δWN = δWR + δΛ + ff (l)δl (2)

where the work δWN = fnδl done by the needle is initially
transferred to (elastic) potential energy δΛ stored in the tissue,
which increases the needle-tissue contact force and cracks the
tissue body when the value surpassesfc. Under quasi-static mod-
elling that the needle inserts “slowly”, δΛ is sufficiently released
while the contact force remains fc, i.e., the work done by the
needle insertion is irreversibly consumed for crack propagation
inside tissue [31], denoted by δWR. The frictional force ff (l)
upon “slow” insertion is assumed to exert subtle influence on
the local deformation around the needle tip [28], leading (2) to
be simplified to δWN ≈ δWR.

B. Problem Formulation

We focus our attention of needle insertion on minimally-
invasive suturing, where the user-defined target is a single super-
ficial point on tissue in each suturing throw, which is to be pene-
trated by the needle tip from underneath. Two robot arms provide
rigid grasping of the needle and tissue without slippage. The nee-
dle’s pose relative to the corresponding end-effector is invariant
during stitching, which is initially absent in the system.1 The po-
sition of the target is constantly localized via sensor-based mea-
surements to provide feedback input for the procedure, while the
needle experiences partial occlusion after the insertion begins.
Unlike many existing approaches, we generalize the problem by
considering a weakly-fixed tissue that the target is easily deviated

1This statement is made by neglecting the needle deflection during insertion,
since suturing needles are usually significantly stiffer than tissues.
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in 3D Cartesian space, which is more common in practice. To sat-
isfy the above needle insertion modelling using quasi-static ma-
nipulation, the robot arms are suggested to move smoothly and
slowly (by regulating their maximum motion speeds), which is
reasonable when performing such a delicate task. The exact me-
chanical properties of tissue and needle insertion are unknown
and will be online estimated. The task effectiveness is primarily
evaluated by the evolution of the final (minimized) value of the
tip-target distance.

III. DEFORMATION MODELLING

Consider a biological tissue undergoing linear elastic defor-
mation subject to both needle insertion and robot manipulation.
Denote the robot grasping point on the tissue and the needle tip
position by xm, xn ∈ R3 in 3D Cartesian space, respectively.
Given the assumption in Section II that the procedure satisfies
quasi-static process, the internal forces (from elastic deforma-
tion) and external forces (led by robot-actuated manipulation)
are always balanced. Thus, the (elastic) potential energy U in
the system dominates the kinetic energy with negligible inertial
effects. Based on the above statements, we give the following
equilibrium equation:

∂U

∂p

ᵀ
= 03×1 (3)

where p denotes the target position to be reached by the needle
tip. The remaining non-target points on the tissue are considered
distant from the robot-manipulated points xm and xn, hence
their influence on the local deformation behavior is negligible
compared to robot manipulation [27]. Implementing first-order
Taylor expansion of (3) around the equilibrium reveals a lin-
earized displacement relationship between robot target deviation
and robot-actuated motions as follows:

∂2U

∂p∂p
︸ ︷︷ ︸

A

δp+
∂2U

∂xm∂p
︸ ︷︷ ︸

B

δxm +
∂2U

∂xn∂p
︸ ︷︷ ︸

C

δxn = 0 (4)

where δp = p− p∗, δxm = xm − x∗
m and δxn = xn − x∗

n de-
fine the infinitesimal displacements of the interested points from
the equilibrium state. To study the role of local tissue deforma-
tion in relationship (4), we give the linear elastic force generated
inside the tissue body:

fe(v) = −∇xU = k(||v|| − l)v/||v|| (5)

where v ∈ R3 denotes the considered force direction; the un-
changed properties k and l suggest the tissue is homogeneous
under either compressing or stretching. Similar to (3), an equa-
tion can be derived in terms of xn as

∂U

∂xn

ᵀ
− fn = 03×1 (6)

where fn = fctn/||tn|| ∈ R3 is the cutting force along the
(measurable) tip’s tangent direction tn ∈ R3. The resultant load
applied to the tissue body, transmitted via elastic deformation,
further affects the position of the target remotely. By combin-
ing (5) and (6), the total force applied to the target owns the

following independent terms:

∂U

∂p

ᵀ
= ζ(p,xm) + η(p,xn, tn) (7)

where ζ(·) and η(·) denote the conservative force and the needle-
induced elastic load from the cutting force fn along the unit vec-
tor v2 = (p− xn)/||p− xn||, respectively. Here, we denote
the elastic load that explicitly relies on fc:

η(p,xn) = fcg(p,xn, tn) (8)

where g(·) relates to the stress field distributed towards the tissue
whose form is determined when fracturing an elastic body [32].
Introducing (5) and (8) to (7) yields

A =
∂

∂p
ζ(·) + ∂

∂p
η(·)

= KA(p,xm,xn, tn)
[

kI3 klI3 fcI3
]ᵀ

︸ ︷︷ ︸

ΘA

(9)

where KA(·) ∈ R3×9 is the stiffness matrix with I3 ∈ R3×3 be-
ing the identity matrix. Note that the unknown parameters and
the computable data (p,xm and xn) have been organized sep-
arately via factorization of matrix A ∈ R3×3. Meanwhile, we
derive the following equations

∂

∂xm
ζ(·) = KB(p,xm)

[

kI3 klI3
]ᵀ

︸ ︷︷ ︸

ΘB

, (10a)

∂

∂xn
η(·) = fcKC(p,xn, tn)I3. (10b)

Substituting (9)–(10) into (4) yields

δp = D
[

δxm δxn

]ᵀ
(11)

which characterizes a linearized displacement mapping from
the target δp to dual-arm robot actuations δxm and δxn. We
name the matrix D ∈ R3×6 as needle-induced deformation ma-
trix whose detailed form is presented by

D =
[−Θ+

AK
+
AKBΘB −fcΘ

+
AK

+
AKC

]

(12)

where the factored form A+ = Θ+
AK

+
A is the pseudoinverse.

As a result, the elements of the matrix D share the following
identical form:

[

D
]

i,j
=

3×6
∑

r=1

wi,j · ai,j (13)

where the scalar wi,j and ai,j imply the knowledge of com-
putable data and unknown parameters, respectively. The illus-
trated modelling diagram is shown in Fig. 2. Up to now, a charac-
terization of the tissue’s deformation behavior subject to needle
insertion and tissue manipulation has been obtained, which is
useful for designing the dual-arm controller to be introduced in
the next section.
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Fig. 2. Conceptual demonstration of deformation modelling considering nee-
dle insertion and robot manipulation.

Fig. 3. The control diagram of our dual-arm control strategy, where the needle
motion is depicted by the robot actuation input for tissue control.

IV. CONTROLLER DESIGN

A. Adaptive Estimator

To utilize the local deformation behavior such that the target
point motion can be controlled by robot manipulation, the un-
known parameters appear (11) should be online estimated by
the system. The overall design of our controller can be referred
to Fig. 3. We start by computing the velocity mapping between
the target to robot end-effectors as follows:

ṗ = D

[

Rm 0
0 RtRn

]

︸ ︷︷ ︸

D

[

bm ẋm
bn ẋn

]

(14)

where Rm and Rn describe the constant orientations to trans-
form the motion from the camera to robot base, denoted by bm ẋm

and bn ẋn, respectively. The matrix Rt depicts the tool-tip ro-
tation, which is invariant and computable prior to the control
phase via image-based input. Based on the relationship in (14),
the unknown needle-tissue interaction properties can be linearly
parameterized to the following:

ṗ = W(xm,xn,
bm ẋm,bn ẋn)θ (15)

where W(·) ∈ R3×l is the linear regression matrix. The column
vector θ ∈ Rl relates to the unknown parameters including from
the needle-tissue cutting force, the elastic properties of tissue,
and robot-camera calibration. An imperfect model of θ̂ will lead

to the following motion flow error

Δp = ṗ− ˆ̇p = WΔθ (16)

where Δp describes the motion error attributed to the discrep-
ancy of deformation model between the estimation (ˆ̇p = Wθ̂)
and its true one, i.e., Δθ = θ − θ̂. To deal with this error, we
introduce a quadratic cost function defined by

V =
1

2
ΔpᵀΔp. (17)

We then update the parameters online by implementing the gra-
dient descent rule

d

dt
θ̂ = −Γ

∂V

∂θ̂

ᵀ
(18)

where Γ is the positive-definite gain matrix. The updating
scheme corrects the model θ̂ via continuously inspecting the
measured motion flow ṗ. This is a central step in our modelling
to “learn” the non-rigid motion behavior while commanding the
robot arms to complete needle targeting.

Remark 1: The final estimate of the parameters in θ may not
reach their true values since their dimension is larger than that
of the output (l > 3). However, we point out that our ultimate
goal is to minimize the tip-target error instead of accurate model
identification, with the stability of the closed-loop system still
being guaranteed by our controller.

Remark 2: The adaptive updating law can deal with coarse
computation of Rm, Rn, and Rt subject to inaccurate robot-
camera calibration and sensor measurement.

B. Robot Controller

A feedback controller is designed in this subsection to ensure
minimization of the needle insertion error. We summarize the
robot-controlled motions with respect to their base frame by a
new unified vector described by

ẋ =
[

bm ẋm
bn ẋn

]ᵀ
. (19)

Define a linearly-independent feedback feature vector y(p)
which characterizes our control objective using the target po-
sition. Then, one can compute the time derivative of (19) by

ẏ(t) =
∂y

∂p
(p(t))

∂p

∂x
(x(t))

︸ ︷︷ ︸

J

ẋ(t) (20)

where y ∈ R2 denotes the designated feedback feature vector.
The total feature-to-robot interaction matrix J ∈ R2×6 can be
further expressed as follows

J =
∂y

∂p
(p)D. (21)

The matrix ∂y/∂p can be determined by a given form of y(p).
We propose the following feedback control law towards robot
manipulations:

u = −Ĵ+K
∂

∂y
Q(y) (22)

where the matrix Ĵ+ ∈ R6×2 denotes the Mooore-Penrose in-
verse matrix constructed by the estimated parameters θ̂. Thus,
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Fig. 4. Simulation results of dual-arm needle insertion into soft tissue using
circular and straight needle respectively (the target marked in red and the tip
marked in green).2

given the control input u(t) = ẋ(t), the robot-actuated motions
are controlled by a pre-set gain matrix K ∈ R2×2. The scalar Q
is a quadratic cost function with

Q =
1

2
||y(p)||2 (23)

which can be used to minimize the feedback features in y if the
desired yd is nothing but 02×1.

Proof: Substituting (22) and (23) back to (20) using the es-
timated interaction matrix ẏ = Ĵẋ will lead to the following
closed-loop system:

ẏ = −Ky (24)

which yields a linear stable system that the elements in vector y
asymptotically converge to zeros regulated by K.

�

C. Feedback Feature Vector

Manipulating the needle tip towards the target can be achieved
by infinite solutions of tip trajectories. However, this must be
further constrained to ensure the following: 1) the needle tip
does not miss the target and/or experiences back dragging; 2)
the target keeps away from the lateral side of the needle, where
needle-induced tissue heterogeneity makes the target harder to
be manipulated. We deal with these cases by introducing a par-
allel control objective as “target alignment”, i.e., to land the tar-
get on the expected needle insertion trajectory ahead of the tip,
which is further interpreted by the following feedback feature
vector

y =
[ ||p− xn|| ys

]ᵀ
(25)

where ys denotes the secondary control objective apart from the
targeting error. For circular needle used in minimally-invasive
suturing, the virtual feature ys is defined by

d = ||p− xn|| − rn (26)

2We omit the the needle manipulator to avoid visual clutter in illustration.

where rn refers to the radius of the circle along needle body.
Thus, the target is preferentially moved to the circular trajectory
to be followed by the needle with ys = d. For generality, we also
give the feedback feature while using a straight rigid needle for
needle based procedures

α = arcsin

(

(p− xn)× tn
||p− xn||||tn||||nn||

)

(27)

where ys = α gives the angle of deviation and nn is the normal
vector computed from the cross product. Here note that the se-
lected y enables the target to land on the tip trajectory accompa-
nied by targeting error minimization. The norm of the tip-target
positioning error ||p− xn|| enforces the controller response to
rely on the total tip-target distance.

V. RESULTS

A. Simulation I: Feasibility Study

We construct a virtual planar soft tissue which exhibits two-
dimensional deformation in our simulations. We use the finite
element method (FEM) with displacement-based input to up-
date its deformation behavior subject to kinematic robot control.
There are 25 × 15 nodes forming a rectangular tissue shape,
with each in-between connection depicts a linear elastic truss
with 3 pixels (pxs) in length to simulate tissue homogeneity,
whose exact mechanical properties are identical but unknown to
the controller. The tissue experiences constant cutting force at
the needle tip. Nodes located along the side wall of the needle
encounter frictional force whose model is referred to the mod-
elling in [8]. The tissue and needle manipulators are 2-degree-
of-freedom (2-DoF) planar robots with known kinematics. The
simulation is conducted via MATLAB R2017a by MathWorks,
Inc.

Two groups of simulations are conducted. One uses a 1/2 cir-
cular needle to reach a superficial target point from underneath
the tissue as in laparoscopic suturing, with the other using a
straight needle with a subsurface target to simulate straight nee-
dle insertion. We further constrain the motion velocities of the
needle manipulator such that

ẋn =

{

ẋn·tn
||ẋn||||tn||tn ||p− xn|| > ε

0 ||p− xn|| < ε
(28)

where the constant scalar ε is a pre-set small Euclidean distance
(0.1 px) that ends the control process. This allows the needle tip
to move along its tangent direction to minimize the shear de-
formation of tissue. In both cases, the controller is implemented
with K = diag(0.01, 0.25), with the norm of step motions ẋm

and ẋn being saturated to 0.1 px. Targets are both away from
the needle tip (> 25 pxs) and are misaligned with the tip tra-
jectory at t = 0. The evolution of the commanded motions to
the tissue and needle manipulators are shown in Fig. 5 as ||ẋm||
and ||ẋn||, respectively, from which the needle insertion speed
increases as the tissue manipulation stabilizes after target align-
ment. The tissue manipulator continuously moves the tissue to
compensate target deviation caused by deformation. Fig. 4 il-
lustrates the control results of the two scenarios at their initial
((a) and (c)) and final configurations ((b) and (d)), respectively,
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Fig. 5. Robot-actuated motion velocities (ẋm for tissue manipulator and ẋn

for needle manipulator) subject to saturated magnitudes (C means the case with
circular needle, S for straight needle).

Fig. 6. (a) Evolution of the feedback features during needle insertion control
(dwith circular needle andαwith straight needle). (b) Evolution of the tip-target
distance (C for circular needle, S for straight needle).

Fig. 7. The convergence of the estimated parameters in the case of circular
needle insertion, depicted by ||θ̂|| as time elapses.

where the tissue manipulation point, the target and the initial
needle position are congfigured differently. The virtual features
d andα are minimized for target alignment as shown in Fig. 6(b),
followed by the targeting errors converging to zeros at later time
steps in Fig. 6(a). The slight deviation of d and α from 0 as the
needle tip approaches the target is attributed to the change of
the tip-target motion mapping to be estimated by the controller
under a constant K. Fig. 7 further shows the settlement of esti-
mated parameters as time elapses for circular needle insertion,
from which we depict the convergence via ||θ̂|| due to the large
dimension of θ̂. Note that this does not necessarily imply that

T

Fig. 8. The added random noise to S3 (above) and the targeting errors in three
control configurations (below). The marked “x” in the graph is the time step
when the error is minimized in S1.

Fig. 9. Motion speed values commanded to the tissue and needle manipulator
respectively, which become 0 s after the targeting errors become smaller than
the preset ε.

the parameters have reached their true values, but contributes to
the stable minimization of the final insertion error.

B. Simulation II: Comparative Study

We further conduct a comparative study to demonstrate the
effectiveness of our control scheme. We consider straight needle
insertion (whose performance similar to the local behavior for
a circular needle) with the virtual tissue model identical as in
Section V-B.3 Two control configurations are tested: 1) open-
loop needle insertion with active tissue control (S1); and 2) dual-
arm needle and tissue control with disturbance (S2). We define
the initial condition that α = 20◦, with the saturated norms of
robot motions ẋm and ẋn set to 0.15 px and 0.1 px per step, re-
spectively. A random noise with uniform distribution (±0.15 px)
is added to p to reappear the rough sensor-based measurement
in real cases. The targeting results are graphed in Fig. 8. In S1,
the needle tip misses the target (targeting error 1.9 pxs) due to
open-loop insertion control. By contrast, the dual-arm control
in S2 minimizes the insertion error smoothly (<0.1 px as set
by ε) regardless of perturbations. The needle insertion speed is
regulated as the target approaches the tip trajectory. The mo-
tions from both manipulators are settled compared to that of S1
(Fig. 9).

3While needle deflection is common for straight needles, we conduct such
simulation to show the controller feasibility under different set-ups.
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Fig. 10. Experimental set-up for dual-arm robotic needle insertion.

C. Case Study: Minimally-Invasive Suturing

The experiments are carried out using the da Vinci Research
Kit (dVRK) as the robot platform (configured as shown in
Fig. 10). Two patient-side manipulators are equipped with a Pro-
Grasp Forceps (PGF) and a Large Needle Driver (LND) respec-
tively to manipulate the tissue and needle during the procedure.
A needle holder is installed on the jaw of the LND to fix the
grasping pose of the needle relative to the robot. A 1/2 surgical
needle with 17 mm radius is used and painted green for better
image segmentation from flesh background. The above config-
uration aims to simulate the minimally-invasive suturing using
surgical robots. The Kanade-Lucas-Tomasi (KLT) optical flow
algorithm is implemented using a pair of calibrated stereo cam-
eras to track the pre-selected 3D target position during the proce-
dure. The control algorithm is executed via cisst/SAW libraries
and dVRK ROS MATLAB wrapper to communicate between
the upper-level controller and the robot actuation.

We use two types of materials for needle insertion, the phan-
tom biological tissue model (synthetic gel, size ∼50×50 mm,
thickness ∼8 mm) and the porcine tissue (size ∼100 × 80 mm,
thickness∼10 mm). The tissue is fixed one-side on the table with
the other side regulated by robots. The needle is well-observed
by at least one camera before stitching such that its pose can
be computed as in [33], and is predicted via robot kinemat-
ics under occlusion during the insertion. The initial misaligned
target error from the needle tip trajectory is set to ∼10 mm
(random positioned) since the needle placement prior to inser-
tion phase could partially alleviate such error during the sutur-
ing task. The update gain for the adaptive estimator is set to
Γ = diag(0.0012, 0.0012, ...) ∈ Rl×l, with the control gain set
from K to be 0.001 for ||p− xn|| and 0.15 for α. To regulate
the motions of the robots, we set the saturated motion speeds for
tissue and needle manipulators to be 0.2 mm/s and 0.15 mm/s,
respectively. The threshold distance ε is set to 1 mm. The final
needle insertion error between the target and the needle pene-
trating point is manually measured in the 3D workspace.

Fig. 11 demonstrates the needle insertion performance using
the proposed dual-arm robot control strategy. The asymptotic
minimization of the targeting errors for different tissue materi-
als is graphed in Fig. 12(a), with both results reaching errors of
<1 mm subject to ε, compared to a mean 9.6 mm error without

Fig. 11. Needle insertion experiments using phantom tissue (a)–(b) and
porcine tissue (c)–(d). The red cross and green dot indicate the target position
p and the (predicted) needle tip position xn, respectively.

Fig. 12. (a) Evolution of the norm of the tip-target error (P means the case
with phantom tissue, T for the one with the porcine tissue. (b) Evolution of the
feedback feature d during the insertions. (c) The commanded tissue manipulator
velocities during the insertions.

tissue regulation under the identical set-up. The value of feed-
back feature d descents as time elapses as the needle tends to de-
viate the target continuously (see Fig. 12(b)). The motion of the
tissue manipulator decreases but remains active to regulate the
target deviation, as shown in Fig. 12(c). The greater fluctuation
of ẋn in the case of using porcine tissue results from the tissue
heterogeneity which induces estimation uncertainty. The resid-
ual insertion error is associated to the inaccuracy in sensor mea-
surement and the estimation result of needle tip position. Results
from ten trials reveal a mean minimized error of 0.75 mm (range
0.4−0.9 mm, standard deviation 0.28 mm) subject to preset ε,
compared to the mean 0.9−1.3 mm error from manual suturing
performed by experienced surgeons reported in [1], [34].
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VI. CONCLUSION

A new dual-arm control strategy integrating active tissue ma-
nipulation for robust needle insertion has been presented. We
have characterized the tissue deformation behavior by deriving
the needle-induced deformation matrix. An adaptive controller
has been developed to minimize the needle insertion error by
online estimating the deformation properties and camera-robot
calibration without knowing their exact knowledge. Both nee-
dle and tissue motions are actuated actively via dual-arm coor-
dinated control, with its stability being proved mathematically.
Simulations and experiments have been conducted for proof of
concept of the proposed algorithm.

Results indicate that our approach can solve the issues of in-
accurate initial needle placement and needle-induced target de-
viation from tissue deformation. Dual-arm control is also proved
to be significant to improve target reachability, compared to the
open-loop needle insertion in most existing works. The study fur-
ther shows that the stable control performance is robust to small
disturbances, which is important to deal with feedback noise and
modelling uncertainties (such as tissue heterogeneity) in real ap-
plications. The insertion accuracy is competitive to it from man-
ual execution by human surgeons. The proposed framework is a
fundamental step to achieve automated minimally-invasive su-
turing using dual-arm robots.

One limitation of our work is that the use of kinematic con-
troller could not directly tackle tissue overstretching (possibly
causing damage), which usually requires force feedback. How-
ever, it could be solved (based on our controller) by means of
image-based perception and regulation of tissue deformation.
We also assume the target to be constantly trackable during the
procedure, which may be difficult in a complex visual environ-
ment and should be accompanied by robust image-based track-
ing algorithm. In the future, we will implement image-based
deformation regulation of soft tissue using unstable image fea-
tures to enhance the reliability of tissue deformation control for
autonomous robotic suturing.
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