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Design of an Experimental
Set-Up to Study the Behavior

of a Flexible Surgical Instrument
Inside an Endoscope

The success of flexible instruments in surgery requires high motion and force fidelity and
controllability of the tip. However, the friction and the limited stiffness of such instru-
ments limit the motion and force transmission of the instrument. In a previous study, we
developed a flexible multibody model of a surgical instrument inside an endoscope in
order to study the effect of the friction, bending and rotational stiffness of the instrument
and clearance on the motion hysteresis and the force transmission. In this paper, we pres-
ent the design and evaluation of an experimental setup for the validation of the flexible
multibody model and the characterization of the instruments. A modular design was
conceived based on three key functionalities: the actuation from the proximal end, the
displacement measurement of the distal end, and the measurement of the interaction

force. The exactly constrained actuation module achieves independent translation and

rotation of the proximal end. The axial displacement and the rotation of the distal end
are measured contactless via a specifically designed air bearing guided cam through
laser displacement sensors. The errors in the static measurement are 15 um in translation
and 0.15 deg in rotation. Six 1-DOF load cell modules using flexures measure the inter-
action forces and moments with an error of 0.8% and 2.5%, respectively. The achieved
specifications allow for the measurement of the characteristic behavior of the instrument
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inside a curved rigid tube and the validation of the flexible multibody model.
[DOI: 10.1115/1.4024660]
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1 Introduction

Surgical robotic systems have overcome many of the limita-
tions of conventional laparoscopic systems by increasing dexter-
ity, restoring proper hand-eye coordination and an ergonomic
working position, and improving visualization [1-3]. The surgical
robotic systems often employ rigid instruments to perform surgi-
cal procedures. However, the use of rigid instruments limits the
reach and accessibility to the diseased tissues or organs.

Furthermore, flexible surgical instruments are increasingly
incorporated to perform therapeutic procedures during conven-
tional flexible endoscopy. The emergence of natural orifice trans-
luminal endoscopic surgery (NOTES) and single incision
laparoscopic surgery (SILS) procedures necessitates the use of
flexible endoscopy in performing more invasive procedures [4,5].
In such interventions, a surgical instrument is fed through an
access channel provided in the endoscope or endoscopic platform.
Figure 1 shows a typical flexible endoscope with a surgical instru-
ment used for colonoscopy [6]. The surgical instrument has lim-
ited stiffness so that it can be easily inserted through the
endoscope. The motion and force are transmitted to the distal end
of the instrument by actuating the proximal end. However, the
friction and the limited stiffness of the instrument limit the motion
and force fidelity of the instrument. Precise control of these instru-
ments inside the body is critical for achieving successful surgical
outcomes.

Modeling and simulation techniques help in developing better
insight into the dynamic behavior of a flexible instrument inside
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an endoscope. This offers an improved design of the instrument
and the controller and eventually leads to the improved motion
and force fidelity of the instrument. In our previous studies [7-9],
we described the flexible multibody model to study the dynamic
behavior of a flexible surgical instrument inside an endoscope.
We studied the effect of the friction, bending and rotational stift-
ness of the instrument, and clearance on motion hysteresis. The
simulation results showed stick-slip behavior and motion hystere-
sis. We designed an experimental setup to validate the model and
simulation results.

The design and evaluation of the setup is discussed in this pa-
per. The design objective is introduced along with the design
requirements and the specifications in Sec. 2. The details of the
design of the experimental setup and its evaluation are described
in Secs. 3 and 4, respectively. Section 5 discusses the design eval-
uation. The conclusion is presented in Sec. 6.

2 Design Objective

The design specifications were chosen with respect to a typical
surgical scenario—with a flexible instrument inside an endo-
scope—where the surgeon controls the instrument from its proxi-
mal end. The endoscope provides a rigid support to the
instrument. The placement and the orientation of the instrument
tip are essential to safely perform the surgical procedure. The
instrument tip can carry different surgical tools to perform differ-
ent procedures. The force delivered at the tip is critical for the suc-
cessful operation and the safety of the patient as well. During the
surgical procedure, the interaction forces will be applied on the
endoscope by the instrument and vice versa. The friction between
the instrument and the endoscope limits the motion and force
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Fig. 1

Endoscope with surgical instrument [6]

delivery at the tip. At the same time it also results in nonlinear
dynamic behavior such as stick-slip and motion hysteresis.
The design objectives of the setup are, therefore, as follows:

(1) to manipulate the instrument tip from the proximal end

(2) to measure the motion of the instrument tip

(3) to measure the force of interaction between the instrument
and the endoscope

The setup will be used for validation experiments. Since the
endoscope is rather stiff as compared to the instrument and is also
well supported inside the body cavity by the adjacent organs, the
endoscope is modeled as a curved rigid tube. The experiments
will also be performed using a curved rigid tube. Moreover, the
setup should be able to accommodate different configurations of
the rigid tube. It can be further extended to include different kinds
of loading at the tip.

2.1 Design Requirements. The instrument is manually
inserted inside the tube until the distal end is out of the tube. The
proximal and distal ends are attached to the respective modules
for the actuation and measurement, respectively. The tube is rig-
idly fixed on a platform which measures the force of interaction
between the instrument and the tube.

The instrument is manipulated both in translation and rotation
to perform a surgical procedure. The surgeon gets the visual feed-
back of the operation. The required resolution [10,11] is of the
order of 0.1 mm in translation and 1 deg in rotation. The range of
motion is =20 mm in translation and =2 revolutions. The maxi-
mum speed can be 20-50 mm/s in translation and 5-10 rev/s in
rotation. However, the friction induced nonlinear dynamic behav-
ior is more prominent at near zero speed. Therefore, the instru-
ment should be able to move at low speed; for example, 0.2 mm/s.
Both the rotation and translation can be independently varied so
that we can obtain a combination of motions.

The force delivery at the tip can be on the order of 5-10 N with
a resolution of 0.01 N [12,13]. The force transmission at the tip is
critical for tissue manipulation and for performing surgical proce-
dures such as needle steering, suturing, cutting, etc. Essentially,
the tip should be able to deliver force and torque in the longitudi-
nal direction.

The displacement measurement of the distal end of the instru-
ment can provide vital information about the instrument’s charac-
teristic behavior. The motion hysteresis and stick-slip behavior
can be quantified by measuring and comparing the tip motion with
the input motion. The range and resolution of motion at the output
are of the same order as the actuation side. Moreover, during the
stick-slip motion, the instrument tip can suddenly be released and,
therefore, the required bandwidth for measuring the motion at the
tip will be higher than at the proximal end.

When the instrument is manipulated inside the tube, a force is
exerted on the instrument by the tube because of friction, the con-
voluted shape of the tube, and the stiffness of the instrument. The
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measurement of this interaction force is required in order to study
the effect of various parameters on the force of interaction. The
range and resolution of the force measurement can be of the order
of the force required at the tip for various surgical procedures.

Apart from these technical requirements, the setup should also
be able to cater to other requirements. Tubes of different shapes
and sizes should be easily mounted. The setup should be robust
and safety features should be included to safeguard the sensors
and other critical components. The displacement measurement of
the tip of the instrument with the contact sensors and components
can alter the behavior of the instrument. Therefore, contactless
measurement is preferred for the displacement measurement at
the tip.

2.2 Design Specifications. A modular design was sought for
the setup since this would enable easy reconfiguration for future
experiments. The experimental setup, therefore, consists of three
basic modules (see Fig. 2):

(1) actuation module (AM)
(2) force sensing module (FSM)
(3) tip motion measurement module (T3M)

The AM provides necessary actuation along each degree-of-
freedom (DOF) required at the proximal end of the instrument,
i.e., translation and rotation along the longitudinal axis of the
instrument. The AM can be aligned along the entry of the tube
and the proximal end of the instrument can be attached to the AM
for the actuation.

The FSM enables the measurement of forces and torques aris-
ing from the interaction of the instrument with the guide tube. A
guide tube of different geometric configurations can be rigidly
attached on the top plate of the FSM. Load cells can be embedded
to measure the forces and torques in all directions.

The T3M measures the translation and rotation of the distal end
of the instrument along the longitudinal axis. The T3M can be
aligned along the exit of the guide tube and the distal end of the
instrument can be attached to the T3M for the displacement
measurement.

Based on the design requirements, the design specifications of
the three modules—AM, FSM, and T3M—are summarized in
Table. 1. The resolution of motion required for the setup is better
than what is required by the surgeon or the surgical procedure
since the setup is intended for the characterization and model vali-
dation of the instrument. The achieved specifications, which will
be discussed later in Sec. 4, are also summarized in the table for
comparison.

3 Design of the Experimental Setup

The conceptual design and the design embodiment of the AM,
FSM, and T3M are described in detail in the following sections.
The experimental setup also includes the real-time measurement
system. The software and hardware are also discussed.

3.1 Design of the AM. The AM consists of actuation in 2-
DOFs—translation and rotation along the longitudinal axis of the

Fig.2 Schematic drawing of the experimental setup
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Table 1 Specifications of the set-up
Specifications
Description Design Achieved
AM Translation
Range (mm) 50 50
Resolution (um) 10 0.1*
Speed (mm/s) 0-10 0-30°
Error (mm) 0.1 0.2¢
Rotation
Range (revolutions) *5 unlimited
Resolution (deg) 0.01 0.005*
Speed (rev/s) 0-5 0-4°
Error (deg) 0.1 1.0°
T3M Translation
Range (mm) 50 50
Resolution (um) 10 154
Speed (mm/s) 0-10 0-30
Error (mm) 0.1 0.01
Rotation
Range (revolutions) *5 unlimited
Resolution (deg) 0.01 0.15¢
Speed (rev/s) 0-5 04
Error (deg) 0.1 1.0
FSM Forces in the xyz-direction
Range (N) *50 +50
Resolution (N) 0.010 0.009¢
Error (%) 1.0 0.8
Torque in the xyz-direction
Range (Nm) +0.2 + 8.0
Resolution (Nm) 0.002 0.0015¢
Error (%) 1.0 2.5

“Based on encoder resolution.
"Based on motor speed.

“Due to gear backlash.

9For a cut-off frequency of 45 Hz.

instrument. We wanted to have independent actuation for both
DOFs; therefore, we chose a stacked configuration. Translation is
achieved through a ball screw. A preloaded ball screw nut is used
to avoid backlash. However, this adds additional friction in the
drive. The motor encoder is used to measure the translation of the
AM.

The rotation axis is mounted on a linear slide guide. The assem-
bly of the ball screw and the slide guide requires the alignment of
the two axes. If rigidly connected, any misalignment causes an
increase in the frictional force and deteriorates the repeatability of
the setup. For long stroke motion, the misalignment can even lead
to jamming of the stage. Following the principles of an exactly
constrained design using flexures [14], a coupling is designed to
connect the ball screw nut to the slide guide. An exactly con-
strained design leads to smaller internal forces due to misalign-
ment and, therefore, it relaxes the alignment requirements—
reducing the total effort and cost—during the assembly
[10,14,15].

3.1.1 Design of the Exactly Constrained Coupling. The cou-
pling has to be stiff in the translation and the rotation direction
along the translation axis. The ball screw nut should be con-
strained in rotation so that the rotary motion of the ball screw is
converted into the linear motion of the nut. The linear displace-
ment of the nut x is related to the rotation of the ball screw n
through the pitch of the ball screw p as (x=pn). A constraint in
translation along the same axis transfers the linear motion of the
nut to the slide guide. The coupling is compliant in the other 4-
DOFs.

An exactly constrained coupling is designed using a bellow
flexure and a folded sheet flexure. Figure 3 shows the conceptual
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Fig. 3 Conceptual design of the coupling for the ball screw
and slide guide using a folded sheet flexure and a bellow flex-
ure. The stiff directions are shown by the dashed arrows. The
compliant directions are shown by the solid arrows.

design of the coupling. A folded sheet flexure [14—16] constrains
the two ends, parallel to the axis of the fold, only along the axis of
the fold. All other 5-DOFs are compliant. Therefore, it can accu-
rately transfer the linear motion from one side to the other. Any
misalignment can be easily accommodated by the flexure. Like-
wise, a bellow flexure can constrain the two sides in rotation along
the axis of bellow. It is compliant in the other 5-DOFs. The two
flexures should be connected in parallel to provide constraints in
exactly the 2-DOFs as shown in Fig. 3.

The stiffness of the folded sheet flexure along the folding line
for equally long sides (with length /) is given by [14]

P 6 1\]"
k= {Z(E“LEEH (1)

where A is the cross-section area, / is the area moment of inertia,
E is Young’s modulus of elasticity, and G is the shear modulus of
the folded sheet flexure. The stiffness value should be such that
the friction force in the translation direction should not signifi-
cantly affect the positional accuracy. Table 2 shows the specifica-
tions of the folded sheet flexure. Similarly, the bellow flexure is
selected for high rotational stiffness. The rotational stiffness of the
bellow flexure should be able to provide the reaction torque aris-
ing due to the friction between the ball screw and the nut without
significantly affecting the accuracy. The specifications are shown
in Table 2.

The flexure coupling should tolerate misalignment because of
the inclination and offset distance between the ball screw and the
slide guide. The maximum misalignment can be tolerated by the
flexure coupling as the DOFs in those directions are released and
the coupling is compliant in those directions. The allowable offset
and inclination for the bellow flexure appears to be rather small

Table 2 Specifications of the flexure coupling

Description Specitfications
Folded sheet flexure

Stiffness (N/m) 1.66 x 10°
Allowable offset (mm) 2
Bellow flexure

Torsional stiffness (Nm/rad) 220
Allowable offset (mm) 0.15
Allowable inclination (deg) 2
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Fig. 4 Conceptual design of the AM. The translation and rota-
tion axis is connected via a flexure coupling. The two actuated
DOFs are shown by the arrows.

since it is designed for a longer fatigue life [17]. This is a very
conservative value for the intended application since it is for non-
fatigue use. An offset of about 10 times the specified value can be
easily achieved.

3.1.2  Design Embodiment of the AM. A precision ball screw
and slide guide were selected [17]. We chose two DC motors for
actuating both DOFs [18]. The folded sheet flexure was made out
of a stainless steel sheet 0.3 mm in thickness, 20 mm in width,
and 30mm in length for each side. The bellow flexure was
selected and purchased off-the-shelf [17]. Figure 4 shows the con-
ceptual design of the AM. The AM included a gear box for the
actuation in each DOF. The gear box helped in achieving the
lower speed. It also reduced the motor torque initially required to
move the AM.

3.2 Design of the FSM. The FSM was designed to measure
the forces arising from the interaction between the instrument and
the guide tube. The force measurements along six DOFs are
required to measure all of the possible components of the resultant
force. A combination of 1-DOF load cells and n-DOFs load cells
can be used in various configurations to obtain a total 6-DOFs
force measurement. We chose six 1-DOF load cells and used the
exactly constrained design principles [10,14,15] to design the
FSM.

The size of the FSM was chosen so that a curved tube, on the
order of human anatomical features, can be accommodated and
can be configured easily. Moreover, for the purpose of model vali-
dation, the curvature of the tube can be relaxed and, therefore, a
curved tube of larger dimensions should also be accommodated
and can be attached.

3.2.1 Exactly Constrained Configuration of the FSM. The
conceptual design of an exactly constrained configuration of the
FSM using six wire flexures is shown in Fig. 5. A wire flexure
constrains only one DOF, i.e., along the longitudinal direction. It
is compliant in the other five DOFs. Three wire flexures were
placed underneath the floating platform along the z-axis, con-
straining three DOFs—translation along the z-axis and two rota-
tions along the x- and y-axis. Two wire flexures were placed along
the x-axis, constraining the other two DOFs—translation along
the x-axis and rotation along the z-axis. One wire flexure was
placed along the y-axis, constraining the translation along the y-
axis. Consequently, the floating top platform was fully constrained
by the six wire flexures.

The force vector F,, acting at the center of the top plate of the
FSM, can be transformed into another force vector F,, as

F. = AF,

or
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Fig. 5 Conceptual design of an exactly constrained configura-
tion of the FSM using six wire flexures

[F. [0 0 0 -1 -1 07 [Fq]
F, 0 0 0 0 0 -1 F,
F. 1 1 1 0 0 F;
= 2
M, 0 b —-b 0 0 F,
M, —a a a 0 0 F5
L M., | L O 0 0 b —-b 0 ||Fe]

where F, includes the three force components and three torque
components acting at the origin O along the xyz-directions. Here,
F, includes the forces acting along the six wire flexures and F, is
the force component acting along the nth wire flexure. The dimen-
sions a and b are defined in Fig. 5.

If the stiffness along the compliant direction (also called the
parasitic stiffness) is negligible as compared to the stiffness in the
stiff direction, the force component F,, will act only on the load
cell attached to the nth wire flexure.

3.2.2 Design of a I-DOF Load Cell Module. Six 1-DOF load
cell modules were designed using a wire flexure and a 1-DOF
load cell for each module. One end of the wire flexure is attached
to the top plate of the FSM and the other end is attached to the
load cell. The load cell is further attached to the base plate through
an attachment for overload protection. Figure 6 shows the concep-
tual design of the module. Any force acting along the longitudinal
axis of the wire flexure—tension or compression—can be meas-
ured by the attached load cell.

A safeguard was designed in order to prevent overload and
buckling failure of the wire flexure. The excessive compressive
load can lead to the buckling of the wire flexure. An excess load
beyond the load cell measurement range can also damage the load
cell. Therefore, a safety feature was implemented in order to limit
the magnitude of the compressive load. The attachment collapses
when the load exceeds a predetermined value. A helical spring
was used to preload the attachment. The preloading can be further
adjusted by an adjustment screw. If the magnitude of the compres-
sive load acting on the wire flexure is smaller than the preloading,
the reaction force is provided by the preloading. However, if the
magnitude of the compressive load increases the preloading, the
reaction force is provided by the spring and the spring collapses
under the load. There was a small clearance provided between the
top plate and the tube. The top plate comes in contact with the
tube if the attachment collapses under excessive compressive load
and protects the setup from further damage.

3.2.3 Dimensioning of the Wire Flexure. The wire flexure
can be axially loaded both in tension and compression. The
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Fig. 6 Conceptual design of a 1-DOF load cell module consist-

ing of a wire flexure, a 1-DOF load cell, and a preloading mecha-
nism for overload protection

compressive load on the wire flexure can lead to buckling and lim-
its the load capacity of the load cell. Therefore, the flexure should
be able to support the maximum compressive load, which can be
measured by the attached load cell without buckling. The critical
load F¢, for an undeflected wire flexure is given by

4m*El 7 Ed*
For = T 3
where d and / are the diameter and the length of the wire flexure,
respectively.

On the contrary, the wire flexure should be able to accommo-
date the error because of the misalignment during assembly and
the manufacturing tolerances of the components. The maximum
allowed deflection in the lateral direction should also include the
maximum deformation possible when the other load cell module
collapses because of the overload. This prevents the wire flexures
from getting damaged even if the FSM is overloaded and col-
lapsed under the load. If % is the maximum allowable deflection in
the lateral direction, the maximum stress due to bending will be

3Edh
Omax = T (4)

The longitudinal stiffness &, and the lateral stiffness &, of the wire
flexure are given by

EA nEd’

== ©)
12EI  3mEd*

S T ©

From Egs. (§) and (6), we find that the stiffness ratio is
ka/ky o (1/d)*. The wire flexure was designed for the maximum
deflection of 1.5mm in the compliant direction (i.e., in bending)
and the maximum compressive load of 100 N without buckling. A
value greater than 1000 was chosen for the stiffness ratio k,/k,. A
higher value for the stiffness ratio ensures reduced parasitic error.
Stainless steel wire 1.0 mm in diameter and 30 mm in length was
chosen for the wire flexure.

Journal of Medical Devices

Instrument

Top floating plate Curved rigid tube

Base fixed plate

1-DOF load cell module

Fig. 7 Conceptual design of the FSM with six 1-DOF load cell
modules. The six load cell modules are attached to the base
fixed plate. The top floating plate will be attached to the ends of
six wire flexures.

3.24 Design Embodiment of the FSM. Six precision minia-
ture load cells were selected based on the measurement range and
the resolution. The load cell measures forces up to 100N in both
tension and compression with an accuracy of 0.15% full scale
and with infinite resolution [19]. First, the six 1-DOF load
cell modules were assembled, as shown in Fig. 6. All of the
load cell modules were mounted on the base plate. The top plate
was aligned through three fixtures and finally clamped to the six
wire flexures. Figure 7 shows the design embodiment of the FSM.

3.3 Design of the T3M. The T3M was designed to measure
the motion of the tip both in rotation and translation along the lon-
gitudinal axis of the instrument at the exit of the curved rigid tube.
A contact with the displacement measurement modules can affect
the behavior of the instrument. Since we want to study the effect
of friction between the instrument and the tube, it may be very dif-
ficult to account for the output behavior. Therefore, contactless
measurement is preferred. Moreover, since we are interested in
displacement measurements in only two DOFs, i.e., the rotation
and translation along the instrument axis, the displacements in the
other four DOFs are constrained by an air bearing.

A laser displacement sensor (LDS) was chosen for the displace-
ment measurement. The LDS uses optical triangulation as the
measuring principle. A laser diode projects a visible spot of light
onto the target surface. The image of the spot is captured on a
high resolution CCD- or CMOS-element. The position of the tar-
get is measured by the change in the position of the reflected light
on the receiver [20]. Two LDSs were used for measurement in
both DOFs. A cam was designed to simultaneously facilitate mea-
surement in both DOFs.

3.3.1 Design of a Cam. A cam is designed with two lobes, as
shown in Fig. 8. The radial displacement r of a point on the cam is
linearly dependent on the angular displacement 0 as

r=ro+ <r1 ; ro)mod(07 ) @)

where ry and ry are the radius of the base circle and outer circle
enclosing the cam; mod(0, n) gives the modulus after dividing 0
with 7. Two identical lobes of 180 deg were designed. Therefore,
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LDS

Fig. 8 Conceptual design of the cam. The angular displace-
ment of the cam can be measured from the displacement mea-
surement of the LDS.

after every half rotation of the cam, the plot of the radial
displacement versus the angular displacement repeats, as shown
in the figure. Since the distance between the cam axis and the
LDS ¢ is fixed, the displacement s measured by the LDS is
directly proportional to the angular displacement of the cam and
is given by

— 1o

s=(co—ro) — (rl )mod(H, ) 8)

The computer aided design (CAD) drawing of the designed
cam is shown in Fig. 9. The plane surface is used to measure the
displacement due to translation. The curved surface is used to
measure the displacement due to rotation. An undercut is provided
to ensure that the laser spot always falls on the curved surface
when the cam is rotating.

3.3.2  Design Embodiment of the T3M. The conceptual design
of the T3M is shown in Fig. 10. The measurement range of the LDS
for the translation measurement is 50 mm with a resolution of 25 ym
at 1.5kHz [20]. The measurement range of the LDS for the rotation

§Q)

s |

Fig.9 CAD drawing of the cam

031004-6 / Vol. 7, SEPTEMBER 2013

LDS?2 for rotation

Guide shaft

Fig. 10 Conceptual design of the T3M

measurement is 20 mm with a resolution of 10 um at 1.5kHz. The
cam was attached to the tip of the instrument through a guide shaft,
which was supported on an air bearing. The designed cam profile
was obtained through wire electrical discharge machining.

3.4 Real-Time Measurement System. The experimental
setup also includes the hardware and software required for real-
time measurements and data logging. The measurement system
was used to evaluate the setup and will be used later to character-
ize the behavior of the flexible instrument and to control the
instrument tip motion and force.

An xPC target computer was used together with a host com-
puter running Matlab [21]. An xPC target application was created
from a Simulink model and downloaded to the target computer
from the host computer via a LAN (ethernet) connection.

A multifunction I/O card was selected for data acquisition
(DAQ) and control application. The DAQ card had an 8-channel
fast 14-bit A/D converter with a simultaneous sample/hold circuit,
8 independent 14-bit D/A converters, 8-bit digital input port and
8-bit digital output port, 4 quadrature encoder inputs with a
single-ended or differential interface, and 5 timers/counters [22].

The outputs from the six load-cells were first connected to the
amplifiers and then the amplified outputs were connected to the
six A/D channels. The other two A/D channels were connected to
the two LDSs. The two D/A channels were connected to the two
DC motor controllers. The two encoders of the DC motors were
connected to the two quadrature encoder inputs. Two optical
switches were used to limit the stroke of the AM translation,
which were connected to the digital input port. One of the
switches was used for the homing of the AM translation.

3.5 Discussion. Figure 11 shows the assembly of the experi-
mental setup, indicating the three modules, together with the key
components. The curved rigid tube was fixed on the top platform
of the FSM. The flexible instrument was inserted through the tube

&

Instrument

Laser displacement sensors

6-DOFs FSM 2-DOFs T3M
S - . LS \’f‘?}

Fig. 11 Experimental setup
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Fig. 12 The AM and the T3M were directly connected for the
design evaluation

and the two ends of the instrument were attached to the AM and
the T3M for the actuation and measurement of the two DOFs,
respectively. The AM and the T3M were aligned to the entry and
exit of the tube.

4 Design Evaluation

Table 1 shows the design specifications of the three modules—
AM, FSM, and T3M. The designed setup has to be evaluated for
the given specifications. First, the AM and the T3M were directly
connected through a coupling for a combined evaluation, as
shown in Fig. 12. Next, the FSM was separately evaluated and
characterized.

4.1 Evaluation of the AM and the T3M. We wanted to
evaluate the following parameters of the AM and the T3M:

1. Translation of the AM
(a) resolution
(b) error due to gear backlash
2. Rotation of the AM
(a) resolution
(b) error due to gear backlash
3. Translation measurement of the T3M
(a) resolution
(b) sensitivity of the LDS1
(c) error due to the nonlinearity of the LDS1
4. Rotation measurement of the T3M
(a) resolution
(b) sensitivity of the LDS2
(c) error due to the nonlinearity of the LDS2.

The measurements of these parameters were performed through
several experiments, which are explained in the following
sections.

4.1.1 Resolution of the AM. The translation axis of the AM
has an encoder of N, = 1000 pulses per revolution and the DAQ
acquires the signal through a quadrature encoder input. Including
the pitch of the ball screw p and the gear ratio n,, the resolution
based on the encoder resolution is, therefore, given by

)4
4N,n,

AXres = (9)

For p=2mm per revolution and n, = 4.38, the resolution, thus cal-
culated, is 0.1 um. The rotation axis of the AM also has the encoder
of 1000 pulses per revolution and the DAQ acquires the signal
through the quadrature encoder input. The gear ratio is 19.22. There-
fore, the resolution based on the encoder resolution is 0.005 deg.
However, the actual resolution is always marred by the friction
in the system. The resolution of the AM in translation and rota-
tion, as mentioned in Table 1, will be sufficient for the characteri-
zation of the flexible instrument and the validation experiments.
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Fig. 13 Static error measurement of the LDS1 and LDS2

4.1.2  Resolution of the T3M. The resolution of the T3M for
the translation and rotation measurements were obtained from
static measurements of the LDS1 and LDS2. The static measure-
ments give an indication of the level of sensor noise and the effect
of the selected bandwidth on the resolution. A sample rate of
1 kHz was used for the measurement. Figure 13 shows the static
error measurement of the LDS1 and LDS2 when the cam was in
the measurement range of both sensors. A rather noisy signal was
observed in both cases. The power spectral density of the data
showed high power in the frequency range of 100-150 Hz. In
order to reduce the sensor noise, a 2nd order low-pass digital But-
terworth filter was designed with a cut-off frequency of 45 Hz.
The data were filtered off-line, forward and backward in time, to
achieve zero-phase digital filtering [23]. The static error was cal-
culated by subtracting the mean value from the filtered data. The
plots of the static error after filtering were also included in Fig. 13
for both sensors. We observed that the sensor noise was consider-
ably reduced after filtering.

Static measurements were taken for the different positions in
the measurement range to determine if the error is same over the
measurement range. Three different positions along the translation
axis were considered—the start, middle, and end of the measure-
ment range. The output voltage from the LDS was measured and
the root mean square (RMS) value of the error was calculated
from the standard deviation. The RMS values were calculated for
both the unfiltered and filtered data for both the LDS1 and LDS2.
In addition, for the LDS2 the static measurements were taken at
three different positions in the measurement range. The sensitivity
of each LDS was calculated from the change in the output voltage
corresponding to the change in the input displacement (as will be
explained later in Secs. 4.1.3 and 4.1.4). After dividing with the
sensitivity of the LDS, we obtained the error in the displacement
measurement. Table 3 shows the result of the static error measure-
ment taken from both of the sensors. The error was reduced

Table 3 Static error measurement of the LDS

Unfiltered Filtered

LDS1 RMS value (mV) Error RMS value (mV) Error
Start 8 0.10 mm 0.9 11 um
Middle 11 0.14 mm 1.2 15 pm
End 11.5 0.14 mm 1.1 14 um
LDS2

Start 10.6 1.0 deg 1.4 0.13 deg
Middle 10.4 0.9 deg 1.2 0.11 deg
End 10.5 1.0 deg 1.4 0.13 deg
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Fig. 14 Output voltage from the LDS1 for the translation mea-
surement of the cam

approximately nine times after the filtering. The errors in the
translation and rotation measurement are about 15um and
0.15 deg, respectively. Therefore, the resolution will also be of the
same order. However, the resolution can be better or worse,
depending on the bandwidth chosen. For our application, a cut-off
frequency of 45 Hz will be sufficient to capture the characteristic
behavior of the flexible instrument.

4.1.3  Sensitivity Measurement of the LDSI. For the sensitiv-
ity measurement of the LDS1, the output voltage from the LDS1
was obtained for the input displacement of the AM translation.
The input displacement was obtained from the encoder reading.
Figure 14 shows the plot of the output voltage from the LDS1 for
the translation measurement. A linear fit was applied to the data.
The slope of the linear fit gives the sensitivity value, which was
0.0803 V/mm.

The residual is calculated by subtracting the fitted data from the
measurement data. The residual plot is also shown in Fig. 14. The
error was calculated from the RMS value of the residuals. The
RMS value of 11 mV was obtained, which was of the same order
as the sensor noise. The data were filtered off-line using the zero-
phase digital filtering, as explained in Sec. 4.1.2. The plot of the
residuals of the filtered data from the linear fit was also shown in
the figure. The error, thus obtained, was 1.3mV. The error was
reduced more than eight times after the filtering. The error in the
translation measurement due to the nonlinearity of the sensor,
obtained by dividing with the sensitivity of the LDS1, was 16 um.

4.14 Sensitivity Measurement of the LDS2. Similarly, for the
sensitivity measurement of the LDS2, the output voltage from the
sensor was obtained for the input displacement of the AM rota-
tion. Figure 15 shows the plot of the voltage output from the
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Fig. 15 Output voltage from the LDS2 for continuous rotation
of the cam
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Fig. 17 Residual plot of the LDS measurement for rotation af-
ter subtracting the filtered data corresponding to the cam
profile

LDS?2 for the rotation measurement. A linear fit was obtained for
every 180 deg rotation of the cam, assuming the two lobes of the
cam were identical. The sensitivity of the LDS2, thus obtained
from the slope of the plot, was 0.0111 V/deg.

Figure 16 shows the residual plot of the LDS2 measurement
from the linear fit. The data were filtered off-line by applying the
zero-phase digital filtering, as explained in Sec. 4.1.2, at a cut-off
frequency of 5 Hz to obtain the shape of the cam profile. The data
were filtered for a cut-off frequency of 45 Hz also for the error
measurement. The figure also shows the plots of the residuals of
the filtered data from the linear fit. The RMS value of the residuals
gives the error because of the nonlinearity of the cam. The RMS
value of the error, thus obtained, was 9.2mV. The corresponding
error in the angle measurement was 0.84 deg. The linearity of the
cam is, therefore, 0.5%. However, the error in the measurement
can be further improved by using the look-up table for the cam.

Figure 17 shows the residual plots of the unfiltered and filtered
data (at 45 Hz) from the filtered data (at 5 Hz) corresponding to
the cam profile. These residual plots provide the error if the cam
profile is taken into consideration. The RMS values for the unfil-
tered and filtered data were 10.6mV and 2.3mV, respectively,
and the corresponding errors in the angular measurement are
0.96 deg and 0.21 deg, respectively.

4.1.5 Backlash Measurement in the AM Translation. For the
backlash measurement in the translation axis of the AM, the dis-
placement measurement of the LDS1 was compared with the
encoder reading corresponding to the translation, while the AM
was moving in both directions along the translation axis. The
input motion was given by rotating the coupling, which connects
the gear shaft to the ball screw. As the coupling was rotated, the
ball screw was already moving, but the motor encoder was not
moving because of the clearance in the gear box. Figure 18 shows
the plot of the unfiltered and filtered data. The data were filtered
using the zero-phase digital filtering, as explained in Sec. 4.1.2. A
backlash of 0.2 mm was observed in the translation axis.

4.1.6 Backlash Measurement in the AM Rotation. Similarly,
for the backlash measurement in the rotation axis of the AM, the
cam was rotated in both directions by rotating the coupling which
connects the gear shaft with the T3M (as shown in Fig. 12). The
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Fig. 18 Output displacement measured by the LDS1 compared
with the input displacement measured from the encoder, show-
ing the gear backlash in translation

displacement measurement of the LDS2 was compared with the
encoder measurement along the rotation axis. Figure 19 shows the
plot of the unfiltered and filtered data. The data were filtered using
the zero-phase digital filtering, as explained in Sec. 4.1.2. The
backlash of 1.0 deg was observed due to the clearance in the gear
box.

4.2 Evaluation of the FSM. The FSM was designed to mea-
sure the external forces and moments acting on the top floating
plate. The designed module was calibrated by applying forces at
known locations. If an external force and moment F.,, is applied
at point P on the floating platform, the load cells attached to the
base of six wire flexures will be loaded. Figure 20 illustrates the
loading configuration. The equivalent force F, acting at the origin
O can be expressed as

F. = BFex

or

360 T T T T T T T

3401

320

300

280

260 -
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180 i i i i i i i i
-20 0 20 40 60 80 100 120 140 160
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Fig. 19 Output displacement measured by the LDS2 compared

with the input displacement measured from the encoder, show-
ing the gear backlash in rotation
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Fig. 20 Loading configuration showing the external load
applied on the top floating plate of the FSM at point P; Fe,
includes the external forces and moments

F, 10 0 0 0 O)[F]
F, o 1 0 0 o o]|F
F. o 0 1 0 0 o0]|F
M| o —= y 1 o o||m (10)
M, z 0 —X 0 1 0 M;
M) | x o o o 1][m]

where (x,y,z) are the coordinates of the point P with respect to the
origin. Here, F\, F, and F_, are the forces and M}, M}, and M_ are
the moments acting at point P along the xyz-directions,
respectively.

Here, F, can be further transformed into a force vector F,,, con-
sisting of six force components along the wire flexures, as
expressed in Eq. (2).

If S is the sensitivity matrix of the load cells of the FSM, the
voltage output of the load cells V,, is related to the force vector F,,
as

V, = SF,
or
Vi Sit S12 813 sS4 S5 Si6 | [ F
Vs S21 S22 8§23 S S5 Sk | | B2
Vi s31 S32 833 S34 S35 836 | | B3 (1
Vs S41 S4p S43 Saa Sas Sae | | Fa
Vs S51 Ss2 853 Ssa 855 Sse | | Fs
L Vs ] | S61 Se2 63 Se4  Se5  Se6 | | Fs ]

where s;; is the sensitivity of the ith load cell because of the jth
component of the force F,,. If the wire flexures have only longitu-
dinal stiffness k, and negligible lateral stiffness &, the force com-
ponent F, will directly act on the nth load cell. Therefore, for the
larger ratio of stiffnesses k,/k;,, the sensitivity matrix S will be a
diagonal matrix and the diagonal terms will be the individual sen-
sitivities of the load cells. However, because of the nonzero lateral
stiffness (also called the parasitic stiffness) of the wire flexures,
there will be resultant forces acting on the other load cells arising
from the force acting along one of the load cells. This results in
nonzero off diagonal terms. The inaccuracies in the fabrication of
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Table 4 Static measurement of the load cells

Load cells 1 2 3 4 5 6
Unfiltered RMS value (mV) 33 29 31 29 28 29
Error (mN) 153 13.4 143 13.7 13.7 13.7
Filtered (at 45Hz) RMS value (mV) 1.9 09 1.0 12 09 0.8
Error (mN) 88 42 46 59 43 38

the mechanical components and their assembly will also contrib-
ute to nonzero off diagonal terms.

The evaluation of the FSM requires the calculation of the fol-
lowing parameters:

(1) resolution of the load cells
(2) Sensitivity of the load cells and the FSM
(3) error measurement of the FSM

The measurements of these parameters were performed through
several experiments, which are explained in the following
sections.

4.2.1 Resolution of the Load Cells. Static measurements were
taken from the load cells in order to obtain the sensor noise and
the resolution. The output voltage from the six load cells was
measured without an external load applied on the FSM. The load-
ing on the load cells was from the weight of the top floating plat-
form and the load due to the initial deflections along the
compliant directions of the wire flexures.

Table 4 shows the static error measurement of the load cells.
The RMS value of the error was calculated for each load cell for
both the unfiltered and filtered data. The filtered data were
obtained by the zero-phase digital filtering, as explained in Sec.
4.1.2, for a cut-off frequency of 45 Hz. The corresponding error in
the force measurement was obtained by dividing with the individ-
ual sensitivity of the load cell, which will be explained later in
Sec. 4.2.2. The error in the force measurement, thus calculated,
was of the order of 9 mN after filtering. Therefore, the resolution
of the load cells is 9 mN at 45 Hz.

4.2.2  Sensitivity of the Load Cells and the FSM. For the sen-
sitivity measurement of the load cells and the FSM, the output
voltage of the load cells were measured by applying different
loads at various locations along different directions. For a set of N
measurements using Eq. (11), the output voltage and the force
components along the load cells for different applied external
loads can be written as

[Vn.lvnl te Vn.N} =S [Fn,an,Z c Fn.N]

or

[Vin] = S[Fun] (12)
where V,,; and F, ; are the output voltage from the load cells V,,
and the force components F,, for the jth measurement. Here, F), is
calculated for each applied external load F.y,. Using Egs. (2) and
(10), we have
F, = A"'BFy (13)

The individual sensitivities of the load cells S; were directly
obtained by plotting the output voltage V;y with respect to the
load F,y acting along the ith load cell. Figure 21 shows the plot of
the output voltage of the load cells. The sensitivities of the indi-
vidual load cells were obtained from the slopes of the linear fit
and summarized in Table 5. The off diagonal elements cannot be
obtained by this method.

Alternatively, the full sensitivity matrix S of the load cells of the
FSM can be calculated from Eq. (12) using the pseudoinverse as

031004-10 / Vol. 7, SEPTEMBER 2013
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Fig. 21 Output voltage of the load cells for the forces acting
along the load cells

Table 5 Individual sensitivity of the load cells
Si S» S3 Sa Ss Se
Sensitivity (V/N) 0215 0.213 0216  0.205 0.209 0.212

S = [Vn,lvn,Z e VnﬁN] [Fn,an,Z e Fn‘N}+
or
S = [Vaw][Fan] " (14)

where [F,,N]Jr is the pseudoinverse of the matrix. The sensitivity
matrix, thus obtained, is

0.2152 0.0010 —0.0006 —0.0008 —0.0003 0.0004
0.0008 0.2135 0.0009 0.0010 0.0033 —0.0012

§— —0.0001 —0.0003 0.2162 0.0004 0.0026  0.0007
—0.0018 0.0008 0.0010 0.2035 0.0068 —0.0039
0.0001  0.0003 —0.0036 0.0039 0.2108 —0.0005
0.0015 —0.0005 0.0017 —0.0086 0.0061 0.2067
(15)

The diagonal and off diagonal elements can be simultaneously
obtained. We also observed that the diagonal elements are at least
24 times higher than the off diagonal elements. It was also
observed that the diagonal elements are almost identical to the
individual sensitivities of the load cells.

4.2.3  Error Measurement of the FSM. The forces acting on
the FSM are measured in the xyz-coordinates. Therefore, the error
in measurement should be expressed in terms of three forces and
three moments along the xyz-coordinates. The estimated force F,
can be calculated from the output voltage readings of the load
cells V,, using Egs. (2) and (11) as

F, = A4SV, (16)
where F, can be directly obtained from the applied external load
F., using Eq. (10). The error can be calculated from F, and F,.

The relative errors in the force and moment measurements were
calculated for a new set of experiments where known loads were
applied on the top floating plate of the FSM. Figure 22 shows the
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Fig.22 Relative error in the force and moment measurement

plot of relative error in the force and moment measurements. The
error obtained in the force and moment measurements are less
than 0.8% and 2.5%, respectively.

5 Discussion

The AM has a translation resolution of 0.1 um and a rotation re-
solution of 0.005 deg based on the encoder resolution. However,
the actual resolution is always marred by the friction in the sys-
tem. However, the resolution of the AM at least exceeds the reso-
lution of the T3M, which is on the order of 15 um in translation
and 0.15 deg in rotation. This will be sufficient for the characteri-
zation of the flexible instrument and the validation experiments.
The largest errors of the AM are because of the gear backlash.
The backlash observed in the translation and rotation is 0.2 mm
and 1.0 deg, respectively. The motion hysteresis observed in the
simulation of flexible instruments were on the order of 2mm in
translation [7,9]. The motion hysteresis in rotation is expected to
be on the order of 10 deg. However, if required, the gear can be
replaced or preloaded. The AM can achieve slow speeds on the
order of 0.2mm/s in translation and 0.1 rev/s in rotation, which
can be useful for the study of stick-slip behavior of the instrument.
The AM can achieve a higher speed of 30 mm/s in translation and
4 rev/s in rotation, which can be used to generate a combination
of the translation and rotation motions.

We used a low pass filter with a cut-off frequency of 45 Hz for
improving the resolution of the T3M. This enables filtering any
noise due to the power supply of 50 Hz. At the same time, it is
high enough to perform dynamic measurements. However, the
stick-slip behavior of flexible instruments due to friction may
require higher bandwidth. The error in the rotation measurement
due to the nonlinearity of the cam is on the order of 1.0 deg. How-
ever, the error was reduced to 0.2 deg if the cam profile was taken
into consideration. The specifications of the T3M are comparable
to the design specifications.

The load cells of the FSM have a measurement range of 50 N
with a resolution of 9 mN at 45 Hz. The error in the measurements
of the force and moment are less than 0.8% and 2.5%, respec-
tively. These values allow for the accurate measurement of the
forces that a flexible instrument exerts on the tube.

The designed experimental setup is used to validate the simula-
tion results from the flexible multibody model of a flexible instru-
ment inside a curved rigid tube. The achieved specifications of the
three modules—AM, FSM, and T3M—enabled us to provide
actuation in translation and rotation along the longitudinal axis of
the instrument at the proximal end, to measure the interaction
forces, and to measure the translation and rotation of the distal
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end of the instrument. However, the details of the experiments are
beyond the scope of this paper and can be found in Ref. [24].

6 Conclusion

We designed the experimental setup based on the design
requirements necessary to validate the flexible multibody model
and to characterize the flexible instruments inside an endoscope.
The actuation module provides the actuation in the axial and twist
directions from the proximal end of the flexible instrument.
Although there is a backlash of 0.2 mm and 1.0 deg in the module,
the motion hysteresis in the case of a flexible instrument is at least
10 times higher than the error due to backlash. The tip motion
measurement module achieves contactless measurement of the
distal end motion in the axial and twist directions via an air bear-
ing guided cam. Off-line filtering helps to improve the resolution
to 15 um and 0.15 deg. The force sensing module measures the
force and moment exerted by the flexible instrument on the curved
tube, which is fixed to the floating platform. The force resolution
of 9mN and the force and moment error of 0.8% and 2.5%,
respectively, are within the specifications. The three modules of
the setup conform to the design objectives. The experimental
setup is used for the validation of the developed model of the flex-
ible instrument inside a curved rigid tube.
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