IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received November 20, 2017, accepted December 26, 2017, date of publication January 10, 2018,
date of current version February 28, 2018.

Digital Object Identifier 10.1109/ACCESS.2017.2788498

External Force Sensing Based on Cable Tension
Changes in Minimally Invasive Surgical
Micromanipulators

LINGTAO YU!, WENJIE WANG “!, AND FENGFENG ZHANG?

! College of Mechanical and Electrical Engineering, Harbin Engineering University, Harbin 150001, China
2School of Mechanical and Electrical Engineering, Soochow University, Suzhou 215021, China

Correspondence author: Wenjie Wang (wangwenjieO7 @hrbeu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61203358/F0306, in part by the
National High Technology Research and Development Program of China under Grant 2015AA043201, in part by the Natural Science
Foundation of Heilongjiang Province under Grant F2015034, and in part by the Central University Basic Scientific Research Project under
Grant HEUCFM170703.

ABSTRACT Force sensing plays an irreplaceable role in minimally invasive surgery. Effective force sensing
leads to more successful operations by preventing secondary damage to the body. Force feedback is a crucial
part of any minimally invasive surgical robotic system. Very compact construction and the challenging
disinfection method are challenging in regard to building force sensors into the end of micromanipulator.
This paper focuses on clamping force sensing and 2-D touch force sensing for a three-degrees-of-freedom
cable-driven micromanipulator. The clamping and touch forces can be detected based on the changes in
cable tension. A complete dynamic model of the micromanipulator wrist and driving cable is established.
A comprehensive resistance neural network model of the system was obtained through comprehensive
resistance tests and data fitting. An external force estimation strategy is proposed based on the changes
in driving system resistance. The performance and accuracy of the 2-D force and clamping force estimations
were verified experimentally; the results show that the force estimation precision is acceptable. The force-
sensing technique discussed here may assist in the future to realize micromanipulator force feedback in

minimally invasive surgical robots.

INDEX TERMS Force measurement, medical robotics, micromanipulators, surgical instruments.

I. INTRODUCTION

Robot-assisted minimally invasive surgery (RIS) is a popular
medical technique across the globe because it provides a
better experience for the patient and generally results in favor-
able postoperative recovery. ZEUS [1] and the Da Vinci [2]
are the two most successful minimally invasive surgery
robot (MISR) systems. The micromanipulators in these sys-
tems are driven by cables. Advancements in robotics technol-
ogy have helped researchers and developers to resolve many
problems inherent to MISR operation, but the lack of force
sensing feedback remains problematic [3], [4] as it has an
adverse effect on the efficiency and safety of surgery. It is dif-
ficult to apply accurate operating force to tissue in performing
certain operations as the surgeon cannot directly touch the
tissue [5]. Accurate and highly precise force sensing will
improve the performance and efficiency of MISR systems by
reducing the average peak contact force and contact force,
as well as truncating the task execution time.

There has been a wealth of research to date on quan-
tifying tool-tissue interaction force. Existing force sensing
methods can be roughly divided into direct detection and
indirect detection categories [6]. Direct detection involves
installing integrated sensors on the micromanipulators to
detect the external force. The strain gauge is the most com-
monly used force-detecting element. The researcher [7] mea-
sured force and tissue characteristics with a strain gauge,
for example. The detecting element must be placed far
away from the point of interaction force, so the accuracy
of force detection is seriously affected by friction. Other
researchers [8]-[11] have measured the instrument’s force
directly by micro-force sensors installed in the manipula-
tor’s end. Hammond et al. [12] printed strain gauges on a
surgical forceps to measure pinch force. The fibre bragg
grating also is commonly used. A three-dimensional force
detection unit based on fiber bragg grating was explored
by Peirs et al. [13], Puangmali et al. [14], and Lim et al. [15]
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FIGURE 1. Experimental prototype of 3-DOF micromanipulator.

conducted clamping force tests by installing a grating sensor
in the forceps of a micromanipulator. Xie et al. [16] devel-
oped a new contacted 2D force sensor for flexible micro
devices based on optical fiber. Conductive polymer mate-
rials can also be used to fabricate detecting elements [17].
Gray and Fearing [18] used capacitive sensor arrays to detect
force.

The accuracy of direct detection always is high. Building
sensors into the surgical tools, unfortunately, is not only
highly expensive but makes the tools too bulky to fully func-
tion properly. The MISR instrument is too compact in size
to accommodate sensors installed in the manipulator’s end.
Installing sensors also makes the instrument very challenging
to disinfect.

Indirect detection, conversely, involves estimating force
by using system information instead of a force sensor. One
of the simplest ways to detect force is to detect displace-
ment changes in the elastic element. Rosen et al. [19], for
example, compared position reference inputs and actual
positions as a gripper clamped human tissue — clamp-
ing force could be automatically detected as position error
appeared. Tholey et al. [20] realized the indirect measure-
ment of clamping force by detecting motor current. The
error is larger due to the mechanical structure, especially
when the clamping force is 0.5 N, the detected value
is 0.2 N. Zhao and Nelson [21] similarly used motor current
to estimate force in a micro device. The estimation preci-
sion of the micromanipulator is about 80% and the biggest
error is about 0.5N, he claimed the precision is acceptable.
Mayer et al. [22] estimated the force information of the micro
device via neural network method. Li ef al. [23] conducted
force testing based on a disturbance observer in 3-DOF micro
instruments, with a minimum resolution of 0.5 N. The accu-
racy and resolution of these techniques vary considerably.

In summary, the cost of direct force measuring is high
and the limitations are obvious. Cost could be reduced while
enhancing adaptability by integrating a sensor on the end of
a micro device in order to measure cable tension and esti-
mate the external force of the micromanipulator indirectly.
This paper focuses on clamping force sensing and 2D touch
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force sensing for a 3-DOF cable-driven micromanipulator.
We propose an external force estimation strategy based on
cable tension changes in the driving system.

The remainder of this paper is organized as follows.
The micromanipulator and dynamics modeling process are
described in Section II. Comprehensive resistance modeling
is discussed in Section III. The introduction of the experiment
system and comprehensive resistance estimation experiment
are shown in Section IV, and 2D touch force and clamping
force detection experiments are discussed in Section V. Con-
clusions are provided in Section VI.

Il. MICROMANIPULATOR AND DYNAMIC MODELING

A. INTRODUCTION TO THE MICROMANIPULATOR

The micromanipulator can be considered a subsystem serving
as our research object. The experimental prototype of this
system is shown in Fig. 1. The micromanipulator is mainly
comprised of a wrist with 3-DOF, a cable-guiding wheelset,
and a servo motor driving mechanism. The deflection and
the opening DOF were realized through integrating a pair
of operational forceps. The three joints are separately driven
by two-way steel wire ropes. Wrist-driving moments in the
system depend on the differences in cable tension — said ten-
sion changes as external force acts on the operating forceps.
We explored the relationship between the external force and
cable tension changes as the key component of the proposed
technique.

B. KINEMATIC MODEL OF MICROMANIPULATOR WRIST

A kinematic and dynamic coordinate system diagram of the
wrist joints of the micromanipulator is shown in Fig. 2.
The micromanipulator only has two DOF (open-close is not
strictly a degree of freedom), so F{, is perpendicular to the
pitch joint and deflection joint; it is not possible to estimate

FZ. In other words, it is only possible to estimate 2D force
F2, and FZ,,. F2, is the basis of the clamping force estimation

for the micromanipulator.

The forward kinematics model was established based on
the DH method [24]. The parameters of the micromanipulator
are listed in Table 1. If x = a, 6, = 0,4, parameters in
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FIGURE 2. Kinematic and dynamic coordinate system diagram of the
wrist joints for micromanipulator.

TABLE 1. Link parameters of micromanipulator.

joint | [/mm | g /rad | d/mm | 6 /rad
Ip a,(10) /2 0 6,,(0)
x| a,(15) 0 0 0, (0)

Table 1 represent the operating forceps A; if x = b, 6 = 62p,
they represent operating forceps B; if x = ¢, 6, = 6o,
they indicate that operating forceps A and B move as a
whole.

Transformation matrixes between adjacent connecting
links (077 and °7»,) can be obtained by the parameters
in Table 1, then the forward kinematics model is 0T, =
0717, If the expected position vector of the wrist is p =
[px pr pz ]T, the inverse kinematics solution is as shown
in (1).

01, = arccos 2a1px
p =
Py +ry +py +ai — a3
O1p € [—4m/9, 47 /9] rad
2 2 2 22 Q)
Py +pry +p7 —aj a2>

6, = arccos
2ajap

Orx € [—4m/9, 47 /9] rad

C. DYNAMIC MODEL OF MICROMANIPULATOR WRIST

The micromanipulator wrist has one pitch joint and two
deflection joints creating two types of joint combinations.
There are two types of corresponding dynamic models: the
whole joint dynamics and the separated joint dynamics. The
whole joint dynamics synthesize the movement of two oper-
ating forceps A and B into their opening angle diagonal
movement while synthesizing the mass and the center of mass
of the two operating forceps on the diagonal (virtual joint con-
necting link). The mass of the pitch joint rod is m, the mass
of the deflection joint rods are mj, and myy, the opening angle
of the operating forceps is 63, the arm gravities are Iy, lg2a,
and [gop, the arm gravity can be interpreted as the distance of
the center of mass to the joint. The mass of the virtual joints
connecting link is my., and the distance between the virtual
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mass and the rotation direction is lg).

maalgoa + mapleoy . 03

lop = os(—

e moy + mop ( 2 )

Mo = M2y + Map (@)
0 0

%z%:ﬁ%ﬂ

The kinetic energy K| and potential energy P; of the pitch
joint are:

1 .
K = %mlv% = Emllgzlé?lzp 3)

Py = —mighy = —mglg; sin(91p)

The kinetic energy K> and potential energy P> of the deflec-
tion joint connecting rod are:

“

K>, = %mzxv%
Py = —mp,ghy

where v% and hy are expressed as follows:

v% = <l§20052(92x) + 2ayly cos(62x) + a%) 6‘12p
+ lgox cosz(sz)ézzx ®)
hy = ay cos(01p) + lgax cos(f1p) cos(Bay)

The total kinetic energy K and potential energy P of the wrist
are:

6
P=P +P ©

{K=m+&
The Lagrange function [25] of the dynamics system is L =
K — P. The dynamics equation is as follows:

1. =B@§i+Cq.9q+8q@)+1i +T Fexe (7

Where ¢ = 0 = [0y 0o ]T is the generalized coordinates
of the joints variable, JT is the force jacobian matrix, Fex
and 7 are external force and joint friction torque, B(q)g is
inertia force, C(g, q)q is centrifugal force and coriolis force,
and g(q) is gravity. The parameters B(q)g, C(q, q)q and g(q)
can be determined by the partial derivative and derivative of
L.JTand F, ext are expressed as follows:

JT = 0 0 —a;—axcos(b)
10 @ 0

. T

Fext :I

If x = c, (7) is the dynamic model of the pitch joint and
whole deflection joint. If x = a, (7) is the dynamic model
of the pitch joint and deflection joint A. If x = b, (7) is the
dynamic model of the pitch joint and deflection joint B.

®
Fexi = I:Fé(xt Fy

ext
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FIGURE 3. Diagram of the pitch joint unit.

D. COMPLETE DYNAMIC MODEL OF THE SYSTEM
There are two types of complete dynamic models for this
system. The integrated dynamic model (forceps A and for-
ceps B are regarded as a whole) and the separate dynamic
model (forceps A and forceps B are considered separately)
are shown in (9) and (10), respectively, where: T1p, Top, Ftip,
Fp, 11 are the traction cable tension, reset cable tension,
traction loop friction, reset loop friction, and arm of the
tension of the pitch joint, respectively as is shown in the
figure 3.

This is similar to joint A and joint B. The input torque of
the integrated dynamic model is shown in (9), and the input
torque of the separate dynamic model is shown in (10):

Te = Tlprl — T2Pr1
¢ Tiaro + Tipr Toary + Topr2
B (Frip + Frop)ri )
(Ff1a + Fra + Friv + Frob)ra
. — Tpry Typry (Frip + Frop)ri
L= _ _
Thar Toa1 (Ff1a + Fa)r2
Th = Twpri | | Topri | | (Frip + Frap)ry
Tipr2 Topr (Fr1p + Frop)r2
(10)

When the deflection joint and pitch joint are coupled, it is
necessary to compensate for the deflection angle at a value
O1pr1/r2, The geometric relationships are shown in (11),
where r| = 2mm, r, = 2.5mm, x;, and xy, are the displace-
ments of the relative motors.

[Cllp]z[le]:[ Xip/11 } an
G2x O2x (x2c + x1p) /72
Combining (9), (10) and (7) yield the complete integrated

dynamic model and separate dynamic model while regarding
the cable tension as input.

lIl. COMPREHENSIVE RESISTANCE MODELING

A. COMPREHENSIVE RESISTANCE MODELING OF THE
PITCH JOINT

The comprehensive resistance model of the pitch joint is
established based on the integrated dynamic model (9). The
driving force acts on the pitch and the deflection joint is
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locked. The deflection joint is a continuation of the pitch joint.
qip | _ O1p _ | X/ qip | _ b1p
Gax Ox 0 |7 [ O2x
_ | Xip/n
-]

Combining (7)-(12) yields the dynamic model of the pitch
joint:
_ s Ip T 1p

Tip = Blp(le)xlp/rl + glp(‘]lp) + T¢ + leFext (13)
where:

Tlp = (Tlp —Top — Frip — Fpr) n

Bip(qip) = mulgy + mocaj + maclg, cos*(6ac)

g1p(q1p) = —miglgy cos(b1p) + macgay sin(fyp)  (14)

+ mZCgngC Sin(elp) cos(bzc)

JII;) = —aj — ap cos(bry), Fel)g = Féxt
Combining (13) and (14) yields:
1 ..
Tip — Top — F;¥ = Bip(qip)iip/ri (15)

1 1 1
where: Ffp = Frp + Frop + rfp/rl + g1p(q1p) + JlTpFeft.
When the pitch joint moves freely (F' elft = 0), the compre-
hensive resistance model of the pitch joint is as follows:

1 ..
Ffrﬁr = Twrtp — Tme2p — Bip(qip)Xip/r1

1
= Fimr1p + Frme2p + Tfnr:r/rl + g1p(q1p) (16)
where Tinr1p, Tmr2ps Ftmrips Frmr2ps rflnfr are the traction cable

tension, reset cable tension, traction loop friction, reset loop
friction, and joint friction torque, respectively.

B. COMPREHENSIVE RESISTANCE MODELING OF
DEFLECTION JOINT

The driving force acts on the deflection joint in a similar
manner to that described in Section 3.1. When the pitch joint
is locked (pitch joint angle 61, = xip/r1 is a constant),
the following relationship holds:

|:£]1pi|:|:9:1pi|:|: 0 } [élp]z[élp}
q2x 0o Xox /12 |7 | Gox Oac
0
- [k'zx/rz} (an

Combining (7), (11) and (17) yields the following dynamic
model of integrated deflection joint:

Toc = Bac(qac)¥ac /12 + g2c(qac) + 'szc + J;;Fezxct (18)
where:
T2c = (T1c — Tac — Fric — Frae) 12
Tie =Tia+ Tib, Toc = T2a + T
Fric = Fria+ Fra,  Frac = Friv + Frop
Boc(gac) = m21§2
82c(qac) = mpglg cos(01p) sin(xzc/r2)

T _ 2c _ Yy
‘I2c =ay, Fo = Fey

(19)
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Combining (18) and (19) yields:
(Tha + T1v) — (Taa + Tap) — F€ = Bac(qac)iac/r2 (20)

where Ffzc = Fric + Fpe + ‘L'fzc/rz + g2(q2c) + J;;:Fez,ft.
If the pitch moves freely (F2$ = 0), the comprehensive
resistance model of the deflection joint is:

Ffznclr = (Tmrla + Tmrlb) _(Tera + Tmr2b) - BZC(QZC)XZC/VZ
= Ftmric + Frmroe + szrr(ir/rz + g2(q2¢) (21)
where Tiri1a, Tmroa are the traction cable tension and reset
cable tension of joint A, Tir1p, Tmrob are the traction cable
tension and reset cable tension of joint B, and Fimric, Frmrac,
rflrgr are the traction loop friction, reset loop friction, and joint
friction torque of the integral deflection joint, respectively.
Combining Eq. 7, Eq. 12, and Eq. 17 yields dynamic model
of deflection joint A:
20 = Boa(q2a)%20/12 + 82a(q20) + T + Iy Fory  (22)
where:
Ta = (T1a — T2a — Fr1a — F2a) 12
B2a(q2a) = m21g22a
82a(q2a) = m2a8lg0a COS(B1p) sin(x2,/72)
J2Ta =az, Fez)?t =Feyxt

Combining (22) and (23) yields the following:
Tia — T2a — F#* = Boa(q22)¥2a/12 24)

where FP* = Fria + Fra + 77/r2 + 82a(q20) + 13, P&
If the deflection joint A moves freely (F22 = 0), the com-
prehensive resistance model of the deflection joint A is:

(23)

Fleﬁr = Trla — Tmr2a — B2a(g2a)X2a/12
= Fiarla + Fima + T /72 + 82(q2) - (25)

where Trrias Tmr2as Frmrla, Ffmr2as ‘L'flrir are the traction cable
tension, reset cable tension, traction loop friction, reset loop
friction, and joint friction torque of deflection joint A, respec-
tively.

The comprehensive resistance modeling of the deflection
joint B can be obtained similarly:

F2 = Towtb — Tz — Bav(qab)ian /72
= Fpartb + Frmnob + Tho /72 + g2(q2p)  (26)

C. COMPREHENSIVE RESISTANCE ESTIMATION MODEL
As the accelerations of the joint angles and the mass of the
forceps are small, so the influence of inertia force canbe
neglected. The comprehensive resistance models of each joint
drive unit are as follows

Ffllﬁr = Twrtp — Tmr2p = Frmrip + Frmr2p + Tflnll)r/rl
+g1p(q1p)

Fleir = Twria — Tmr2a = Ffmrla + Ffmr2a + ffzrﬁr/rZ 27)
+ 82(q2a)

F2® = Tortb — Tie2b = Frmnrtb + Frme2o + 10 /72
+ 82(g92v)
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FIGURE 4. System composition block diagram of micromanipulator.

There is no element to detect the joint angle and cable
displacement. The only information which can be obtained
in the system includes the displacement, speed of the step-
per motor, and tension of the cables. The parameters in
(27) cannot be determined. Because the BP neural network
has excellent performance in nonlinear function fitting and
estimation, comprehensive resistance can be determined by
training the neural network when the joint moves freely. With
the displacement and speed of the stepper motor regarded as
the input and the difference value between cable tensions as
the output, we used the MATLAB neural network toolbox to
complete the BP neural network training [26]. The trained
neural network model fgp (x, x) is shown in (28), and it is the
resistance neural network model of each joint. The training
results are discussed in detail in Section 4.

~1p 1p .
Ffmr szP (xlp’ xlp) = Trrtp — Trmr2p

Ffzrﬁr ZflgzleDl (22, X2a) = Tmr1a — Tr2a (28)
72 2 .
FE2 = fab (X2, %26) = Trnrtb — Trur2b

IV. COMPREHENSIVE RESISTANCE ESTIMATION
EXPERIMENT

In order to study the influence of the touch force and clamping
force to cable tension. The experimental system prototype
of force sensing for the micromanipulator was set up, as is
shown in Fig. 5. A system composition block diagram of
the micromanipulator is shown in Fig. 4 highlighting the
3 -DOF wrist mechanism, cable guide wheel module, cable
tension detection module, traction and reset module, PC con-
trol system, and operating software. The wrist’s maximum
overall diameter is 8 mm. Further descriptions of the system
components are provided in Table 2.
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TABLE 2. System components.

Component Model Parameter Manufacturer
_ Carl Stahl
Cable CG719045 R=0.45mm TECHNOCABLES
Force
. EVT-10G-5kg/ .
sensor/§1gna1 EVT-1100A 0-50N Shanghai Youran
amplifier
Linear stepping 57H43-05-077/ | 0.00127mm Haidun
motor/actuator DCM35040 /pulse
DAQ card USB5935 12-bit Artai
resolution
Motion control DMC2610 6 axis Leisai
card

We used an MAB force sensor (type: Japan TRSB, range:
-10 N-10 N) and amplifier (type: MAT528) to detect the
deflection and pitch joint external forces. We also used Amer-
ican Tekscan FlexiForceA201 flexible pressure sensors to
detect clamping force, as shown in Fig. 5. Our goal was to
determine the force acting on the operating forceps during
touch and clamp operations, as these would be the most
important force information to be detected during an actual
operation.

Prediction accuracy can be ensured if the displacement
and speed of the stepper motor velocity belong to the train-
ing sample. Otherwise, there is no guarantee of prediction
accuracy or stability, which is the primary limitation of this
method. Extending the motor speed range of the experiment
could have improved the prediction ability of the model.
When the joints move freely, we used the MATLAB neural
network toolbox to complete the BP neural network training.
The network topology is 3 layers, input layer, single hidden
layer and the output layer. The neurons number of input
layer is 2, the input data are drive motor displacement and
speed. The neurons number of single hidden layer is 100.
The neurons number of output layer is 1, the output data
is driven cable tension difference. The data normalization is
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the maximum and minimum methods. Node transfer function
is “tansig”, Training function is Levenberg-Marquard, and
learning rules is Gradient Descent with Momentum. Perfor-
mance analysis function is Mean Square Error. The sample
data is 8000 points, the 80% of the data were used for training
and 20% were used for verification.

Pitch joint comprehensive resistance BP neural network
fitting results show that the mean absolute error is 0.1681 N
and the root mean square error is 0.0711 N. the estimation
precision is about 98.3%. When deflection joints A and B
move freely (with pitch locked), the deflection joint com-
prehensive resistance BP neural network fitting results show
that the mean absolute errors are 0.1788 N and 0.1910 N
and root mean square errors are 0.2290 N and 0.2447 N.
the precision are 96.8% and 97.5%. When the pitch joint is at
the initial position, the deflection joints A and B complete the
open-close operation; deflection joints comprehensive resis-
tance BP neural network fitting results show mean absolute
errors of 0.0613 N and 0.0615 N, with root mean square
errors of 0.0014 N and 0.0013 N. the precision are 96.8%
and 98.5%. (These results are not shown below due to space
limitations.) The precision of the BP neural network fitting
results is altogether satisfactory.

V. 2D TOUCH FORCE AND CLAMPING FORCE

DETECTION EXPERIMENT

According to the joint characteristics of the micromanipulator
loading experiment system, when detecting touch force, both
operating forceps A and B must be regarded as a whole.
The wrist in this_case has two DOF and the 2D external
force [FeyXt F o ]T can be detected. When the micromanip-
ulator completes the clamping operation, the clamping force
is perpendicular to the link. The two deﬂectlon ]OlI’ltS can
detect the operating forceps’ external forces F <12a and F xt2b?
respectively. The 2D touch force and the clampmg force are
expressed as follows:

Fg))ft ngt FeZXt (29)
fe = ([ 22

Combining (7), (8), (16), (21), (25), (26), and (29) yields
the following estimation formula of the 2D touch force and
clamping force:

y Ya Vb
Fext - Fext + F

ext

/\

Fou = (JT> [Tlp —Top — Fpy — glp(cnp)] r
Fg;t = ( ) [Tla —Tra — Ffmr g2a(q2a)] rn

Y 1
Y = ()~ [le — Ty — Ffmr gzb(qzb)] r

(30)

The traction cable tension detection value and reset cable
tension detection value of the pitch joint and deflection joints
A and B are T1p, T2p, T1a, T2a, Tib, T2b, respectively. Com-
prehensive resistance BP neural network models of each joint

5367



IEEE Access

L. Yu et al.: External Force Sensing Based on Cable Tension Changes in Minimally Invasive Surgical Micromanipulators

External force F; l

-

The wrist of the
micromanipulator

Cable tension
sensors

>

Pitch joint

external force . Pitch joint external force <

disturbance estimator

estimate value F

Joint external force estimato

deflection joint

Expected inverse Expected ed The driving
position of =P Kinematics =g angle of === module of the
the wrist the joint micromanipulator
[
r—-— """ """ """/ "=/ —/ 7=/ /-, T |
| LY
| abs F:»;z €9
|
| judge Fy |
S — |
| 10 touch threshold | 1.
I < - abs|Fu
I Touch judge +

me direction

T
deflection joint external force [«
<
<

external force 7, disturbance estimator

estimate value * ext

( Fr fw ) external force estimate of
79 ) operating forceps a and b
opposite direction

Foo| 4|

ext ext ext

two-dimensional touch force estimate
(independent, No clamping)

|
|
|
|
: FY =Y 4
|
|
|
|

|
| Touch force and clamping force !
: estimate (independent)

— o

)

I Clamping force estimate
:(independent, No touch force)

777777777777777 a |

ext ext

Qe _

FIGURE 6. Block diagram of touch detection and estimation strategy of external force.

(no external force) are shown in (28), and Jacobian force is
expressed as (31). Gravity compensation is shown in (32).

[/ ] =[a-acsn) @ a]
(31)
g1p(q1p) = —miglg1 cos(O1p) + macgay sin(O1p)
+ m2cglg2c Sin(elp) cos(fzc)
82a(g2a) = m2,a8ly2a cOS(61p) sin(62a)
82b(q2b) = mopglerpcos(fp) sin(Bap)

(32)

A. EXTERNAL FORCE TOUCH DETECTION STRATEGY
The contact force detection of the micromanipulator can be
divided into three stages.

1) Free movement (no external force acts on the end).

2) Touching moment (transient process between free
movement and the contact state).

3) Contact state (external force acts on the end).

The touch detection value is the sensitivity of the external
force estimator (i.e., minimum resolution). The touch detec-
tion estimation strategy is shown in Fig. 6. The cable tension
values change as the micromanipulator moves to the desired
position and contacts the outside environment. The external
force disturbance estimator of the pitch joint and deflection
joint A and B were designed based on (29)-(32). The esti-
mation values are FZ,, F24 and F.’.. If one or more esti-

ext» ext:
mation value is larger than the “touch judge threshold” F,

ext>
the touch status can be determined; otherwise, no touch has
occurred.

Limitations in our experimental system’s machining preci-
sion rendered us incapable of ensuring joint linkage precision
that meets the coupling analysis requirements for touch force
and clamping force. The 2D touch force and clamping force
were researched independently to explore a novel microma-
nipulator force detection technique. As shown in Fig. 6, if e

A ext
and F.?, have the same direction, the 2D touch force estima-

5368

tion value is . If 2% and F2?, have the opposite direction,
the clamping force estimation value is Fc. The external force
detection for the pitch joint and deflection joints are discussed
in Section5.B; the clamping force detection is discussed in

Section 5.C.

B. 2D TOUCH FORCE ESTIMATION STRATEGY AND
EXPERIMENT

Limited funds and mechanism precision left us without a
multidimensional force sensor for the purposes of this study.
We used a one-dimensional force sensor for direct force
detection only. The 2D touch force can be separated into pitch
joint external force I:"éxt and deflection joint external force
Foxe
1) PITCH JOINT FORCE ESTIMATION STRATEGY
AND EXPERIMENT

We established the pitch joint external force FZ,, estimation
strategy as shown in Fig. 7. We conducted loading and esti-
mation at different pitch and deflection angles [01p0:c]. The
experimental results of the positive-direction loading process
were shown in Figs. 8 and 9, where the collision detection
threshold was Fg,, = 0.15N.

The experiment was conducted in the following steps.

1) The pitch joint was placed at the initial “static’’ position
(-60 deg).

2) The pitch joint began to move at the “‘starting instant™.

3) The pitch moved from the initial to the expected position
during the “loading process”.

4) “Collision detection’ occurred at the moment the oper-
ating forceps contacted the sensor.

5) The system reached the “stability region” once pitch
joint movement ceased.

Six groups of different pitch and deflection angles [01p02c]
were set to complete the estimation experiment. Different
situations (L,O,R), as shown in Fig. 8 and Fig. 9, involved the
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FIGURE 8. Experimental results (1) of continuous positive external force estimation of pitch joint. (a) measure and estimation values of
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FIGURE 9. Experimental results (2) of continuous positive external force estimation of pitch joint. (a) measure and estimation values of
touch force. (b) estimation error of touch force.

pitch joint moving from —60 deg to 61, as a positive exter-
nal force was loaded on the joint. Sub-figure (a) described
the measured values and the estimated values of three

VOLUME 6, 2018

different situations; Sub-figure (b) described the estimated
errors. There was a larger transient estimation error at the
“start” and “‘stop” moments of the experiment.
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FIGURE 11. Experimental results (1) of continuous negative external force estimation of deflection joints. (a) Measure and estimation

values of touch force. (b) Estimation error of touch force.

We plotted experimental curves along the correspond-
ing coordinate system to make these results more clearly
observable. Transient error did not affect the steady-state
force estimation performance, and the estimation error range
was 0.3 N among the experimental processes. The estima-
tion precision [Po, PL, Pr] of the “stability region” were
[92.79%, 91.12%, 90.04%] and [94.13%, 93.76%, 89.38%],
respectively.

Next, negative-direction external force was loaded on the
pitch joint as it moved from 60 deg to 6ip. The same
experiments were run again under these conditions to obtain
estimation precisions [Po, PL, Pr] of the “stability region”
[97.79%, 88.55%, 88.55%] and [96.42%, 96.91%, 96.38%].
The average estimation precision of the steady state was
92.69%. The absolute error of the estimation value of FZ,
was about -0.17 N in the stability region. In other words,
the steady-state estimation precision of FZ5,, was trustworthy.
The minimum resolutionF g, was 0.15N.

ext
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2) DEFLECTION JOINT FORCE ESTIMATION STRATEGY
AND EXPERIMENT

The deflection joint external force F, 2 estimation strategy
was established as is shown in Fig. 10. We loaded and esti-
mated pitch angle 6y, = 0 and different 6, to obtain the
experiment results of the negative-direction loading process
shown in Figs. 11 and 12. As an external force was applied
on joint B, the collision detection threshold was Fg,, =
0.15N. In the figures, “L estimation™ is the estimated value
of joint B external force and “R estimation” is the esti-
mated value of joint A external force. ““C measure” and “C
estimation” are the measured and estimated values of the
integrated deflection joints. The estimation errors were shown
in Figs. 11(b) and 12(b).

The experimental process is similar to the pitch joint force
estimation process, (a) descried the measure values and the
estimation values, (b) descried the estimation errors. There
was a larger transient estimation error at the start and stop

VOLUME 6, 2018



L. Yu et al.: External Force Sensing Based on Cable Tension Changes in Minimally Invasive Surgical Micromanipulators IEEEACCGSS

% 15 . : : —— 0.15 maximum error of
o 1 ==L est{manAonHN N ¥ the free movement
:3 —— R estimation+1N z 0.1} a‘ process ’
S — >
2 0.5/ C measure - 3 I P llision detecti
E == ( estimation é 0.05- loading > I Tl cotlision detection
A M == e—===4 5 process 171
§ ’ E 0l : 1 iy e e -
= N =] 1 . o~
s -0.5 loading process--p- - collision detection ) o ——— l" 1) stop instantaneous
g 5 -0.05[- 11 |- error i
"é -1/starting instant-—p» ] 5 1 i»
-8 s 01 : : stability region B
2 1.5 stability region 1 -2 g tatic region - >
9 -« > - > g - o
5 2 . . 4 = -0.15+ . g
o Static region 3 starting 9"
5 .
§ 25 - P - - 0.2 instantaneous error - -
=] 0 10 20 30 40 50 0 10 20 30 40 50

time t/s time t/s

(a) (b)

(note: 6, =29.11deg, P.=98.99%)

FIGURE 12. Experimental results (3) of continuous negative external force estimation of deflection joints. (a) Measure and estimation
values of touch force. (b) Estimation error of touch force.

| . . . L
I drive unit perform system diagram of the deflection joint [_film pressure sensor_] :
[ t [
| Linear stepper L acde " - |
: motor parameter —3! decelegatlon;me vmotor "| Linear Clamping F; ':(’t’ |
. and spee: > . fi |
| setting steppin oree \ Cable tension |
| - g motor [ — |
i . sensors
| ot 10w ctaionermeen | | ot e menr |74 | | dmen / |
|| expected — || ofthelinear system F c e |
angle and stepping ext |
|| angles di
L isplacement motor |
e === B B e |
: The measured resistance of |
| the system :
|
- |
| X . . ~2 - Joint external force |
| comprehensive resistance the changes of the AE + Ratio of .
- . estimates |
| estimation model (no external comprehensive the arm > . N |
: P»| force)of the deflection joint - resistance E + r/J, [Fc:“ F} :| |
| Yg |
. . |
! clamping force estimates I
: | deflection joint movement gravity . 1/ . |
Ll . " " = Ya Yo
| compensation model Clamping force estimator Fe B ( Foit|*[Fa ) :
e e e e e e . — — —— — — —— — — — — —— — —— — — ——— — ——————— ———
FIGURE 13. Block diagram of clamping force estimation strategy of the micromanipulator.
7 T T T T T
T 0.3 stop =L
6 L ’ ; instantaneous | m«= R
collision 0.2]- i
5/ . g H error - C
detection . S
loading process »
4 - L ,‘
3 |-loading process g ol +-collision detection

=== L measure
* starting instant - =sssx L estimation
= R measure +IN starting

-0.2 |- instantaneous error

== R estimation +1N

-
SN s v N o = R

estimation error of clamping force/N

measure and estimation values of clamping force/N
N

or ‘ € measure +4N stability region
|- Staticregion === C estimation +4N 0.3 e
bl » Static region R -
21 aasanas . 0.4 \‘;'Q\'”‘“’.-"'". .
stability region
3 - : — : : 0.5 - : : : : :
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
time t/s time t/s
() (b)

FIGURE 14. Experimental results of continuous clamping force estimation. (a) measure and estimation values of clamping
force. (b) estimation error of clamping force.

moment. The transient error does not affect the steady-state the mean estimation precision Pc was 95.95%. The absolute
force estimation performance. The estimation error range was error of the deflection joint external force F.,, estimation
—0.28 N to 0.15 N throughout our experimental process and value F2,, was about —0.1N in the stability region. In the
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position direction loading experiment, when the external
force acted on the deflection joint A, the mean estimation
precision was 93.88%. These results altogether indicated that

the steady-state estimation precision of F) . was trustworthy.

ext
C. CLAMPING FORCE ESTIMATION STRATEGY AND
EXPERIMENT

The clamping force estimation strategy was established as is
shown in Fig. 13. The range of the film pressure sensors in
this experiment was 0-4 N.

The two operating forceps A and B touched the sensors
when the opening angle of the wrist was 65 deg. The experi-
mental results of continuous clamping force estimation were
shown in Fig. 14. The clamping force threshold value was
Fg. = 0.10N, where “L measure” and “L estimation”
are the measured and estimated value of operating forceps
A’s external force; “R measure” and “R estimation” are
the measured and estimated values of operating forceps B’s
external force; “C measure” and “C estimation’ are the
measured and estimated values of clamping force. The esti-
mation error of the continuous clamping force estimation
ranged from —0.24 N to 0.3 N. The estimation precision of
external force F2¢ and F2’ was 94.51% and 84.20%, and
the estimation precision of clamping force Fc was 89.35%.
The absolute error of the clamping force Fc was about
—0.24 N in the stability region. These results indicated that
the proposed clamping force estimation method is highly
accurate.

VI. CONCLUSION

This paper proposed an indirect 2D touch and clamping
force detection method based on changes in driving cable
tension for surgical robot micromanipulators. We first estab-
lished the complete dynamic model and an external force
estimation strategy based on comprehensive changes in the
driving system, then conducted a resistance experiment in
a prototype pitch joint and two deflection joints as the sys-
tem moved freely. We obtained the corresponding resistance
model via BP neural network nonlinear fitting. We then tested
the proposed external force and clamping force estimation
method experimentally. The results show that the estimation
precision is acceptable. And the proposed method has a
higher precision compared with the other indirect detection
methods.
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