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Force sensing plays an important role in minimally invasive surgery (MIS). Force sensing makes it
possible for the surgeon to feel the tissue properties and apply an appropriate level force and avoid tissue damage.
The micromanipulators are compact and to allow appropriate disinfection, it is inappropriate to integrate sensors
at the end of the micromanipulator. In this study, a new asymmetric cable-driven type of micromanipulator for a
surgical robot was designed, and a joint angle estimator (JAE) was designed based on the dynamical model of the
single cable-driven joint. Closed-loop control of the joint angle was carried out by regarding the JAE output as
the feedback signal. On this basis, an external force estimator was designed using a disturbance observer (DOB).
The experimental results show an average accuracy of the joint angle estimator of about —0.150°, with excellent
control precision, the largest absolute error of about 0.95°, and an average error of 0.175°. The accuracy of the
force estimator was at a high level during static loading. The estimated accuracy was 94 % at external force is
greater than 1 N, and the estimated accuracy was 82 % for an external force of 0.3 N. These results predict that
force sensing of a cable-driven micromanipulator in this paper can used to realize the micromanipulator’s force

feedback of a minimally invasive surgical robot.

With the development of robot technology, robot-assisted
surgery has been widely applied. ZEUS (Haidegger and
Benyo, 2008) and the Da Vinci (Monsarrat et al., 2009) are
the two most successful systems of a minimally invasive
surgery robot (MISR). Most problems encountered during
early clinical procedures have been solved. However, a major
deficiency of MISR is the lack of force-sensing information
feedback. The lack of this information may result in signifi-
cant harm and trauma to normal tissue (Tholey et al., 2005).
It is difficult to apply accurate operating force to tissue dur-
ing accurate operations, such as separation and suture. The
force sensing for MISR systems is an active research sub-
ject, as improved force sensing will improve surgical opera-
tion skills and the quality of the procedure (Ortmaier et al.,
2007). Specifically, force sensing improves the performance
and efficiency of MISR systems by reducing the contact force

peak and decreasing the task execution time (Okamura et al.,
2011).

The force estimation methods for MISR systems can be
roughly divided into direct detection and indirect detec-
tion methods based on electric resistance or fiber and the
displacement of the actuator input, respectively (Fu et al.,
2014). Yin and Guo (2016) designed a teleoperated robot—
assisted catheter operating system with haptic. The sensors
for force sensing include strain gauge-based force sensors,
piezo-resistive force sensors, capacitive force sensors, piezo
magnetic force sensors, optical force sensors, vision-based
force sensors, and electroactive force sensors, among oth-
ers (Ma et al., 2014; Wei and Xu, 2015). Strain gauge is
the most commonly used force detecting element. In order
to realize the precise measurement of force, strain gauges
are typically put on the elastomer. If an external force is ap-
plied on the elastomer, the resistance of the strain gauge and
the electricity bridge voltage will be changed, so the exter-
nal force can be detected by measuring the changes in the



resistance bridge output voltage. Brown (2002) developed a
motor driven grasping apparatus and measured the force and
organizational characteristics using a strain gauge. It is im-
portant to reduce friction to improve the accuracy of force
detection because the detecting element is far away from the
point of interaction forces. Some researchers such as Mayer
et al. (2008), Prasad et al. (2003), Kuebler et al. (2005) mea-
sured the instrument’s force directly using micro-force sen-
sors installed in the manipulator’s end. Because the grat-
ing sensor has good magnetic resonance, Peirs (2004), and
Puangmali et al. (2012) developed a three-dimensional force
detection unit based on the use of grating. Lim (2014) re-
alized the clamping force test by installing a grating sen-
sor in the forceps of a micromanipulator. Xie (2015b) de-
veloped a new contact two-dimensional force sensor used in
flexible micro devices based on optical fiber, with accuracy
that can reach 83 %. Zhang et al. (2017) evaluated the per-
formance of a strain-gauge force sensor for a haptic robot-
assisted catheter operating system. Xu (2015) designed a
novel compliant gripper with integrated position and grasp-
ing/interaction force sensing. Xie et al. (2016) researched the
array platform for robotic cell microinjection force measure-
ment. Conductive polymer materials can also be used to man-
ufacture detecting elements. The researchers (Valdastri et al.,
2006) of Verimetra Company has pursued microfabrication
technology to design intelligent surgical instruments. They
used the instrument itself as a substrate to create a semicon-
ductor strain gauge, in which the strain gauge was embedded
on the surface of the forceps or knives. However, this equip-
ment has only been used in a small range, since the MISR
instrument is a compact construction, and it is unsuitable to
install sensors in the end of a manipulator because of the need
for sterility. Additionally, surgical instruments are consum-
able, thus increasing the operation cost.

One of the simplest ways to detect force is to detect the dis-
placement changes of the elastic element. Rosen et al. (1999)
designed a teleoperation endoscopic gripper with force feed-
back. Comparison of the position reference input and the ac-
tual position allows the generation of a position error when
the gripper clamps human tissue and a clamping force will
be automatically detected during operation. Friction and me-
chanical clearance can cause a position error, or a torque
estimation error. Tholey (2004) realized indirect measure-
ment of clamping force by detecting the motor current. The
measurement error is big in this system due to the mecha-
nism. Zhao (2015) realized the force estimate of micro device
through a motor current, but the accuracy is too low when the
external force is less than 2 N. Haraguchi (2016) developed
a micro device with 4 DOFs and estimated the force infor-
mation of the micro device using a neural network. Hong-
bing Li (2013) realized the force testing of a 3 DOF micro
instrument based on a disturbance observer, with a minimum
resolution of 0.5 N.

In conclusion, the cost of direct force measuring is high
and the limitations are obvious. The cost is low with good
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adaptability if an integrated sensor in the end of the micro de-
vice driving mechanism is used to measure cable tension and
estimate the external forces of the micromanipulator indi-
rectly based on motion control and drive information. Over-
all, indirect force detection can avoid several problems and
the development of an indirect force detection method for the
micromanipulator of a surgical robot based on a disturbance
observer is the focus of this study.

The remainder of this paper is organized as follows. The
cable-driven micromanipulator and the single joint principle
prototype are described in Sect. 2. The dynamics, closed loop
control of the finger angle based on the angle estimator and
force detection method based on disturbance observer are
proposed in Sect. 3, the experimental results of motion con-
trol and force detection are shown in Sect. 4. Conclusions
and future works are provided in Sects. 5 and 6, respectively.

The torque generated by a motor is transmitted through a
flexible cable in a cable-driven system. The force or torque
in two different directions is required to drive a rotational
joint, but the cable cannot transmit forces in the pushing di-
rection. Three different basic cable-driven mechanisms have
been used to satisfy these requirements, as shown in Fig. 1.

As shown in Fig. 1a, the mechanism can drive one joint
with one motor. The structure is simple, so it is widely used
in many robotic manipulators. However, sometimes it is dif-
ficult to ensure that the non-pulled side is tensioned, which
will cause backlash and slow responses. This will seriously
affect the performance of the mechanism, so it is essential to
add a pre-tensioning mechanism, which will add to the com-
plexity of the system.

In the second mechanism, shown in Fig. 1b, each cable
is independently driven by one motor. This mechanism pro-
vides high performance and it is easy to design the cable
routing structure. The joint stiffness can be easily adjusted
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Figure 2. (a) Cable-driven mechanism of the micromanipulator. (b) The 3-D model of the micromanipulator wrist.
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Figure 3. 3-D model of the single joint prototype.

by controlling the two motors. However, the cost is higher,
as the number of required motors is doubled compared with
other mechanisms, and application is limited by the require-
ment of compact space.

As is shown in Fig. 1c, the third mechanism uses a spring
for the reversed actuation of one side, and a motor is used to
drive the other side. The cables can be tensioned by pulling
the spring to an appropriate distance. This will apply two di-
rectional forces to the joint. The cable tension can always
be maintained without an additional pre-tensioning mecha-
nism. Due to simple cable routing, the appropriate cost and
the character of the tensioning itself makes the spring-motor
mechanism a good choice when compact structures are re-
quired.

From the analysis above, the spring-motor mechanism
(shown in Fig. 2c) was selected for the design of the micro-
manipulator.

2.2 The cable-driven micromanipulator for surgical robot

The mechanism of the micromanipulator for a surgical robot
is shown in Fig. 2a. The four different colours represent the
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drive mechanism of different joints, with each joint designed
based on the spring-motor mechanism. The micromanipula-
tor has four DOFs, and the wrist of the micromanipulator
has 3 DOFs, consisting of one pitch joint and two deflection
joints. The driving force of each joint is determined by the
difference between the tensions of the cables in each loop of
the joint cable routing. The opening, closing, and deflection
of the wrist are determined by the different combinations of
the rotation directions of the motors used in gripper A and
gripper B. The 3-D model of the wrist is shown in Fig. 2b.
The wrist and the driven components are driven by a rotary
joint. The components of each joint are similar to those of
the single joint prototype, as shown in Fig. 3.

2.3 The force analysis of the micromanipulator

The dynamic equation of operating forceps is shown in
Eq. (1) and takes the external force of the system and the
joint friction torque into consideration.

T, =Di(@)§ + Hi(q,§)+Gi(q)+ts +ITFL. (1)
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Wherei = a, b, a and b represent gripper A and gripper B re-
spectively. 7;, D; (¢9), H; (4.9), G; (@), T fi, Jl.T and Féxt are
the joint driven torque, inertia matrix, centrifugal force and
Coriolis force, gravity, friction torque, force Jacobian matrix
and external force respectively. The driving torque of each
joint is shown in Eq. (2); the meaning of the superscript i is
similar to Eq. (1). Where, Fj is the tension of the positive
driven cable. Fyg is the tension of the negative driven cable.

0= (K~ FY)
o =r2(Fm— Fs)
o =rs (K~ FY) @
T, = [nrgré] .
When the external force is zero, the micromanipulator moves
freely. The dynamic equation of the operating forceps is
shown in Eq. (3), and the parameters can be obtained by in-
verse dynamics identification.

[ T ral . r . jal A
ti=[00t] =Di@i+Hi@d+6@+in ()
When the external force is not equal to zero, the external
force can be obtained from Eq. (4), where 7; is the actual
joint torque and 7; is computed by the parameters in Eq. (3).
Digital filtering can be used first to obtain the data of r; and
Ti.

Fl.=JT(v—-1%). “4)
The external force Fex; applied on the micromanipulator and
the clamping force F, of the micromanipulator can be de-
scribed as in Eq. (5).

Feu = Fi+F?

ext

I " ®)
Fop =5 (|F2] + |F22])

The four joints drive the micro devices and the cable rout-
ing structure as presented in the analysis above. The perfor-

mance of the single joint principle prototype can illustrate the
performance of the micromanipulator. The prototype of the
single joint model was designed as shown in Fig. 3. The DC
servo motor provides the positive driving force and the re-
turn spring provides the negative driving force. The displace-
ments of the flexible cables were measured by two sets of
raster detection modules and a non-contact micro magnetic
encoder was used to detect the joint angle of the gripper. A
photoelectric switch provides the origin signal of the system.

The mechanism model diagram of single joint principle pro-
totype is shown in Fig. 4. The model can be divided into six
parts. Because the flexible cable moves at a low speed, high-
frequency tremors are negligible, and the model of flexible
cable is equivalent to a mass-spring-damper model. Motor
movement cannot be completely passed to the slider. The dis-
placement of slider 1 and the positive driving cable is deter-
mined by the detection value of grating ruler component 1,
and the displacement of slider 2 and the negative driving ca-
ble is determined by the detection value of grating ruler com-
ponent 2. The friction influence of the subsystems should be
considered, and the gravitational effect of the gripper can be
ignored since the gravity direction of the gripper direction
and rotation direction are both vertical.

The dynamic equilibrium equations were established indi-
vidually, as is shown below. When the system is in the orig-
inal position, the flexible cables are in astatic state, and the
joint angle and the displacement of sliders are zero. The rela-
tionship of the initial tensioning force of the positive driving
cable and the negative driving cable are shown in Eq. (6), and
Fy is the initial tension of the system.

Fwi0 = Fwo = Fo. (6)
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The model of part 1 is shown in Eq. (7), where, iy is the
motor armature current, F is the load of the rope wheel, 7
is the load torque, ty, is the input torque, z; is the reduction
ratio, ry, is the effective radius of the rope wheel, Ky, is the
torque constant, Jp, is the effective moment of inertia of the
DC motor, By, is the viscous damping constant, ¢ and ¢ are
the angular acceleration and angular velocity of the motor,
respectively.

Tm— 1 = Jm@ + Bm¢

Tm = Kmi
1=—A~H.
Zi

The model of the guide-slider and the idler component 1
(part 2) is shown below, where Fy,; is the cable tension that
drives the gripper joint, m is the mass of slider 1, ¥ is the
slider acceleration, s is the equivalent friction of part 2 and
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is composed of viscous friction and coulomb friction, fsy|
and fy1 are the coulomb friction coefficient and the viscous
friction coefficient, respectively, sgn(-)is the symbolic func-
tion, and x1 is the slider velocity.
’ Fi — Fy1 =mok1 + 141 )
Tf1=Tfly +Tfle = foviX1 + foc1sgn ().

As the mass of the positive driving cable is very small, the
viscous friction coefficient By, = 2&,, »/m1 Ky, and the influ-
ence of viscous friction and mass can be ignored to simplify
the model. The model of the positive driving cable (part 3)
can be regarded as a spring model, as is shown in Eq. (9).
Ky 1s the elastic coefficient of the positive driving cable and
y1 is the displacement of one side of the positive driving ca-
ble, which is fixed to the gripper joint.

Fu1 = Kwi(x1 —y1) + Fuwio. )

The model of the spring (Sect. 4) is shown in Eq. (10). F3 is
the spring tension, Ky is the elastic coefficient of the spring,
and x; is the displacement of the spring mobile side.

Fy = Kxp + Fyoo. (10)

Similarly to part 2, the model of the guide-slider and idler
component 2 (part 5) is shown in Eq. (9), and the variables in
Eq. (11) are defined as in part 2.

[ Foyo— Fy =moia+ 142 (an

T2 = Tf2,, +Tr2, = fevaXo + fscasgn(x2).

Similarly to part 4, the model of the negative driving cable
(part 6) is shown in Eq. (12), and the variables in Eq. (12) are
defined as in Eq. (9).

Fuz = Kw2(y2 — x2) + Funo. (12)

Mech. Sci., 8, 323-335, 2017
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The dynamic model of the gripper joint (part 7) is shown in
Eq. (13), where, 0, te, me, Je and r are the gripper joint an-
gle, joint driven torque, joint effective mass, joint equivalent
moment of inertia, and the effective radius of the cable ten-
sion, respectively. Ter is the friction torque of the joint and
is composed of the viscous friction torque and the coulomb
friction torque ey, is the external force moment, and [, is the
effective radius of the external force Fey:.

Te = Jeé + Tef + Text

Te = (Fw1 — Fu2)r . .
Tef = Tefy + Tefe = Jetv0 + fefesgn(®)
Text = Fextle.

13)

The relationship between the joint angle 6 and yi, y; is
shown below, yp is the displacement of the positive driving
cable which is fixed on the gripper, and y, is the displace-
ment of the negative driving cable.

yi=y2=rb. (14)

Combining Egs. (6), (11), (12), and (14), the two different
expressions of Fy» can be obtained, as shown below.

Fyn = Kyr — Kyoxz + Fy

ot . . 15
Fyr =miiz + fevaxz + fscasgn(x2) + Ksx2 + Fo. (1)

Then the relationship between x; and 6 can be found as
shown in Eq. (16). Equation (16) is the overall model of the
joint angle estimator. The parameter identification and the
practical application will be demonstrated in the experimen-
tal section.

mp .. fsv2 % Sse2 s+ Kwo

. K,
sgn
Kyor 2 Kwor 2+KW2r gnliz)+ Kyor

x2. (16)

The DOB regards the difference between the actual output
and the output of the dynamic model (without external force)
as a disturbance applied on the system. When an external
force is applied, the equivalent disturbance includes not only
the modelling uncertainties but also the external force infor-
mation. Therefore, force estimation based on the DOB must
find the external force information from the equivalent dis-
turbance. The advantage of the DOB is that it does not need
force sensors or other sensors to estimate the external force.

The DOB is designed to achieve the external force detec-
tion of the joint prototype system. The dynamics of a motor
are described by the following equation.

fa = t'dis + Bm¢.

Where: Ji, Bm, ¢, ifﬁf and K,, denote the inertia mass,
damping coefficient, position response, current, and the force
coefficient of the motor, respectively. f; denotes the motor
load, and is composed of damping and disturbance, and the
disturbance includes the external force. The basic block di-
agram of the DOB is shown in Fig. 5, where Jy, = Jp, and
&dis 1 the parameter of the low-pass first order filter %.
If t4is1 = 0, the damping and disturbance are estimated using
the low-pass first order filter as in the following equation.

fi=—2 1 (18)
s + &dis
When the external force Fey; is applied on the end of the
gripper, the load of the rope wheel fixed on the motor is Fj.
If there is no external force applied on the end of the gripper,
the load of the rope wheel fixed on the motor is F| and the
relationship of Fy and Fj is as shown below.

F\ = F| + Fexr- 19)

The external force estimator for the single joint principle pro-
totype system is designed as shown in Fig. 6. The output of
the external force estimator is shown below.

A d" A~
Fou= 3%, — fo. (20)
s+ 8dis

Where f é —F "\rm/Zi + ém¢. To estimate the external force,

the models of I:“ ’| and ém must be known. The identification
models of F’| and By, are shown in the next part.

When the motor is running with no load, f; = B¢, and
7gis1 = 0. The output of Fig. 5 is fd = émcb, and Fig. 5 is the
motor damping estimator. Parameter By, is a constant that
can be obtained by the least square method.

When the single joint principle prototype system runs
without applied applied on the end of the gripper (Fext = 0),

let Tgis1 = B¢, and fq = F{rm/zi + Bm¢. Then, the output
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of disturbance observer in Fig. 5 is fd =F 1"m/Zi , and then
F’can be determined by the equation below.

F't = fazi/Tm. 1)

When the external force Fey is applied on the end of the
gripper, we must get the estimated value of F| from the in-
formation we obtain on the state of the gripper contacting the
environment. If the system is running without the application
of external force on the gripper (Fex; = 0), the relationship
of F| and Fy is F1 = F'y . The three models of F| were es-
tablished by dynamic analysis of the single joint prototype
system.

Model A: the model is established based on the dynamics
analysis of part 2 and part 3. Combined Egs. (6), (8) and (9),
the expression of F; is shown below.
Fi' =moX1 + fo1%1 + fscrsgn(x)) + Kwixy — Kyiré + Fp.  (22)
Model B: the model is established based on the dynamic
analysis of part 2, part 6, and part 7. Combining Eqgs. (6),
(8) and (12), (13) and (14), the expression of F| is shown

below.

Jo o
Fl =0+ Jetvg fef" sgn(@) + Kyor6 +mok,
r r

+ fsv1X1 + fsclsgn(xl) +miis + feio
+ fscasgn (X2) — Kwox2 + Fo. (23)

Model C: the model is established based on the dynamic
analysis of parts 2, 4, 5 and 7. Combining Egs. (6), (8), (10),
(11), (13) and (14), the expression of Fl’ is shown in Eq. (24).

f efv f efc

Fy = —9+ ; sgn(8) +mo¥1 + fa11 + fic1sgn (i)

+mi¥y + fssz2 + fscasgn(x2) + Koxo + Fo. (24)

The actual value of F| and fy can be determined by the out-
put of Fig. 5, as shown in the analysis above. The identifica-
tion experiment and identified value of the model parameters
are described in the next section.

The experimental system is shown in Fig. 7, and the specifi-
cations are listed in Table 1. Encoder information acquisition
of the motion control card (Leisai DMC2610) was used to ac-
quire the displacements of grating scales and the angle of the
gripper. The driving force arm of the gripper joint is 4 mm,
and the length of the gripper is 20 mm. The external force
was applied by loading weights, using Labview software and
a Microsoft windows XP operating system.

In order to identify the parameters of the joint angle estima-
tor, a micro magnetic encoder was used to detect the actual
angle of only the gripper joint. The micro magnetic encoder
has no effect on the control. The angle of the motor was used
as the feedback signal. In other words, the motor was un-
der closed-loop control, but the gripper joint angle was con-
trolled by open-loop control, as shown in Fig. 8. The gripper
angle 6 can be obtained through the micro magnetic encoder,
and x» can be obtained using the grating ruler. Then, the pa-
rameters of the joint angle estimator model can be identi-
fied by the least squares method. The identification model is
shown below. The meaning of the parameters p, in Eq. (25)
is the error vector.

Yo=Wsx,+p, (25)
Y,=0,W,= [x2 X2 sgn(x2) x2]
[ m fsr fo K+Kn] (26)
Xs = Kyor Kyor Kyor Kyor ’

Where, x; is the position detected value of the Grating ruler
component 2, x, is the speed, and X3 is the acceleration, and
sgn(xy) is the symbolic function.
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Specifications of the experiment system.

Specifications

Motor

Servo drive
Grating reading head

Grating ruler
Micro magnetic encoder reading head

Micro magnetic encoder magnetic bead
Guide rail and slider
Spring

Maxon RE25 20 W, incremental
photoelectric encoder: 1000p/t,
Reduction ratio 35 : 1

Copley ACI-055-18

Renishaw :RH100X30D05A
Resolution: 0.001 mm

RGS-40

Renishaw :RMO0SID0012B02L.2G00(4096 p/r)
Resolution: 0.001 mm
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Through the identification experiment, the parameters vec-
tor can be determined, as shown below.

X, = [0.0805 0.5225 0.0025 264.3560]".

The actual data, the identification result of the joint angle,
and the errors are shown in Fig. 9. The average of the iden-
tification error is 0.2750° the maximum identification error
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The test results of the robustness of the control system.

is 0.8355°,

and the minimum of the identification error is

—0.8321°. These values indicate good accuracy of the joint

angle estimator.

The performance of the general control system is shown
in Fig. 10. There was significant error between the desired
trajectory and the actual trajectory. The average error was
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1.912°, the maximum error was 4.134°, and the minimum

was 0.964°. The performance does not the requirements for
micro devices of precise operation.

In order to verify the performance of the joint angle esti-
mator, a control system was designed and is shown in Fig. 11.
The output of the joint angle estimator is the feedback signal
of the position loop, the position control is a PD control and
the speed control is a PI control. The parameters can be set
through the servo drive. The parameters of the controller are
shown below.

Position loop : [Kp1 KDl] =[98 14]
Speedloop : [Kyp Kyi] =[100 40].

The desired trajectory and the actual trajectory are shown
in Fig. 12. When the gripper joint is driving with no exter-
nal force, the desired trajectory, the actual trajectory, and the
estimated trajectory are almost the same. The average er-
ror between the desired trajectory and the actual trajectory
was —0.150°, the maximum error was 0.905°, and the mini-
mum error was —0.974°. The average error between the ac-
tual trajectory and the estimated trajectory was 0.170°, the
maximum error was 0.715°, and the minimum was —0.498°.
Overall, the control precision of the system is higher than the
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The identification result of the simplified model C.

system without a joint angle estimator. In other words, the
joint angle estimator works well and the necessary precision
can be obtained.

To test the robustness of the control system, a complex tra-
jectory was used to assess the performance of the control sys-
tem and the joint angle estimator when an external force of
2.5N was applied on the gripper. The experimental result is
shown in Fig. 13. The average error between the desired tra-
jectory and the actual trajectory is —0.105°. The maximum
error is 1.202°, and the minimum is —1.271°. The average er-
ror between the actual trajectory and the estimated trajectory
is 0.076°, the maximum error is 0.508°, and the minimum
error is —0.454°. These values indicted excellent robustness
of the control system and the joint angle estimator.
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Figure 18. The verification result of the simplified model C.

Figure 19. External force estimation experimental system.

4.2 The identification experiment of ém and /—2’1

The motor was controlled without applied load on the mo-
tor output shaft, so that the actual output torque fd can be
obtained according to Fig. 5, and ¢ can be obtained from
the motor encoder. The relationship between fd and ¢ is
fd = B¢ can be determined and then the parameter By, can
be calculated by the least square method. The identification
value of By, is 1.6934 x 10> Nmrad~!. The identification
experimental result is shown in Fig.14, and the verification
experimental result is shown in Fig. 15. The result shows
good precision of the identification of motor viscous damp-
ing.

The identification experiment was performed based on the
joint angle closed-loop control by regarding the joint angle
estimator output as the feedback signal. The control block
diagram is shown in Fig. 11. The actual value of F’; can
be obtained as described in the analysis in Sect. 3.3. The
values of the observation matrixes can be obtained by read-
ing the grating sensors and the micro magnetic encoder. The
three different models of F’; are shown in Sect. 3.3, where
the model C can be represented by the following expression,
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Figure 21. Positive direction loading experiment results at 0°.

where x; is the position detected value of the grating ruler
component 1, X1, ] and sgn(x) are acceleration, speed and
symbolic function, respectively. The other models can sim-
ilarly be written as expressions. The parameter matrixes of
the three models can be obtained, and the identification re-
sults and the identification errors are shown in Fig. 16.

Yo = Wexe+ pc (27)

Yo = I‘:’L

We = [5 6 sgn(d) X1 x1 sgn(x]) ¥y %o sgn(¥p) xo 1]
XC:[JC/V Jetv/T Jefe/T mo fsvi

Jse1 my fvp2 fcp2 Ks FO]T'

The cable tension F’; will have a larger error when the
joint velocity is zero because the system has a hysteresis
effect. The movement of the motor cannot be passed to
the gripper immediately as the cable is not a rigid body.
When the joint velocity is non-zero the identification results
are trustworthy. The average errors of the three models are
—0.0228, 0.0189, and —0.0063 N respectively. The identifi-
cation precision of model C is higher than that of the others,

www.mech-sci.net/8/323/2017/



1 :
é N
o : : :
S : e
-2 ] ]
0 20 : : ]
4 = —
! A 1§ ® i
LAY o bt T @ 6
2ot @ M 2 0P o i@
R > [ G Blq) | A Ry TP
Y S, R s S NN ¥ N
: : 3 : :
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
(a) (b)
The partition of the experimental results curve.
40 -
------ Desired -----+ .30 g ====="-50 g ==~~~ -100 g =====" -200 g ==~~~ 250 gr
Z 30 T .
2 ko 1
2 20 R
©
5 10 e g
90 100 110
0 L r r r L r r -1
0 10 20 30 40 50 60 70 80 9 100 110
Time (s)
z prp—
g
2 L
= L
2 ‘uhwj'a-,«:'\( W
g .\ k.,r:.a_.---_---.-— -
i

N |

¢ ¢ c A
50 60 70 80 90 100 110
Time (s)

Negative direction loading experiment results at 30°.

so model C was adopted for further studies. The parameters
and their standard variance are shown below.

[Xcl Xc2 Xc3 Xc4 XcS Xc6 Xc7 XCS X09 XclO Xcll]
[0 1975 —9.808 0.005 —38.64 6705 3.259 38.99

—4404 5.436 669.0 19.53]T
900 o =1[32.29% 27.3% 2625% 59.23% 7.678% 3.809 %
54.14% 15.26% 2.518% 1.932% 0.115%].

As the velocity and acceleration of the system are small and
the standard variance of X .1, X2 Xc3> Xca» Xe5» X7 and X g
are over 5 %, so the influence of these parameters can be ig-
nored. The simplified model C is shown below.

Yp=Wyxp+pop, (28)
Y,=F'L
W, = [sgn(x1) sgn(xz) x2 1] (29)

sz[fscl Jep2 K F()]T.

The parameters of the simplified model C can be obtained
through the LS method. The identification result of the sim-
plified model C is shown in Fig. 17, and the values of
the parameters and their standard variance are shown be-
low. Another experiment was used to verify the simplified
model C, as shown in Fig. 18. The average error was 0.011 N.
The above analysis illustrated the accuracy of the simplified
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model, suggesting the model can be used to estimate the ex-

ternal force applied on the gripper by the method presented
in Fig. 6.

Xp =[3.879 5.027 707.7 19.52]"

%0 3, =[3.025% 2.658% 1.787% 0.115%].

The external force estimation strategy is shown in Fig. 6 in
which the grlpper was controlled by the method shown in
Fig. 11. fd = F 1m/Zi + Bm(p can be determined using the
identification models in Sect. 4.1. External force applied on
the gripper is shown in Fig. 19. The external force estima-
tion experiments were performed by applying external forces
on the gripper of different magnitudes and in different direc-
tions. The positive direction and negative direction external
forces were applied at 0, 30 and —40°, and external forces
of 30, 50, 100, 200, and 250 g were tested. The experiment
results are shown in Figs. 20 to 26.

The experimental results for a joint angle of 0° are shown
in Figs. 20 and 21. Fig. 22a shows the experimental process
when the external force is 2 N: (1) is the no-load region, (2) is
the loading process, and (3) is the stable region. The no-load
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error range of the external forces estimation is about 0.1 N,
with high accuracy of the force estimator. The estimated ac-
curacy can reach up to 94 % for an external force greater than
I N, and the estimated accuracy can reach 82 % for an exter-
nal force of 0.3 N. The external force has little influence on
the joint angle control precision. The greatest error was 1.25°
for an external force of 2.5 N.

An experimental process is shown in Fig. 22b for a joint
angle of 30 and —40°: (1) is the moving process, (2) is the
adjustment process, (3) is the no-load region, (4) is the load-
ing process, and (5) is the stable region. The dynamic no-
load error is about +0.15 N when external forces are applied
on the positive direction. The dynamic no-load error is about
4+0.2 N when external forces are applied on the negative di-
rection. The static no-load error is about £0.15 N, with good
accuracy of the force estimator. The estimated accuracy can
reach 95 % when the external force is more than 1 N, and the
estimated accuracy can reach 84 % when the external force
is 0.3 N. The external force has little influence on joint angle
control precision. The greatest error was 1.4°, when external
force was applied to the gripper.

A new asymmetric cable-driven type of micromanipulator
for surgical robot was described. Using a single joint sam-
ple machine to verify the validity of the method proposed in
this paper, a joint angle estimator was designed (JAE) based
on the dynamical model of the single cable-driven joint. The
average accuracy of the joint angle estimator was measured
at about 0.2750°, with a maximum error of 0.8355°. The
closed-loop control problem of the joint angle was solved by
considering the joint angle estimator output as the feedback
signal. The biggest tracking error was measured at about
£0.9°. We designed the external force estimator using the
method of disturbance observer, and the model parameters
were identified and external force estimation experiments
were performed. The experimental results shown that the
static no-load error was about 0.1 N and the dynamic load-

ing error was about £0.15N. The precision of the external
force estimator can reach up to 94 % when the external force
is more than 1 N, and the precision can reach 84 % at an ex-
ternal force of 0.3 N. In summary, the external force estima-
tion method presented in this paper is effective and accurate,
and can be used to realize force feedback for a minimally
invasive surgical robot.

We will aim at realizing the external force estimation of
the 4 DOFs micro device. Additionally, the hybrid control of
position and force will be researched and let the surgeon feel
the external force.

All the data for this paper are given in the form
of and figures, and can be obtained by requesting from the corre-
sponding author.
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