Design of a robotic instrument for minimally
invasive waterjet surgery
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Abstract—Using a pressurized waterjet for cutting or abrasing
tissue is a well established method in surgery. This paper presents
a robotic tool for minimally invasive waterjet surgery with two
degrees of freedom, integrated suction and an optional splash
protection. The function of the tool and the effect of the splash
protection on the suction of the applicated water was successfully
evaluated in tests with ballistic gelatine. Based on this evaluated
design, a concept for further increasing the oscillation frequency
of the instrument tip is introduced and the results of preliminary
tests of a simplified mockup are shown.

Index Terms—Medical robotics, instrument, waterjet, surgery

I. INTRODUCTION

Using waterjet instruments for surgical interventions allows
a selective cutting or abrasing of patient tissue. By changing
the water pressure the abrasiveness of the waterjet can be
adapted to the surgical needs. In liver surgery, for exam-
ple, it is thereby possible to remove the soft intrahepatic
parenchyma while preserving the ducts and vessel lying within
the parenchyma. This simplifies the hemostasis and reduces
the blood loss of the patient [1]-[6]. Further applications of
waterjet instruments, which have to date been investigated,
include debridement of chronic wounds [7] and open fractures
[8], kidney surgery [9], treatment of rectum cancer [10],
removal of lymphatic tissue in testis-cancer patients [11]
and neurosugery [12]-[14]. While in earlier studies adapted
agricultural sprayers [1] or specially designed pumps and
handpieces [2], [3] had to be used, several waterjet systems are
commercially available today — e.g. the ERBEJET 2 [Erbe
Elektromedizin GmbH, Tiibingen, Germany], the Debritom
[Medaxis AG, Baar, Switzerland] and the Versajet II [Smith
& Nephew plc, London, UK] [15]-[17]. The application
possibilities of these systems, however, are currently limited by
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the available handheld, mostly rigid applicators. While these
applicators are sufficient for open surgery, their handling in
minimally invasive surgery is cumbersome, especially if not
only cutting but abrasion of tissue is required: Firstly, due to
the loss of two degrees of freedom (DoF) in the trocar, it is not
always possible to orientate the waterjet from the applicator
orthogonal to the tissue surface. This may reduce the abrasive
effect and complicate suction. To allow an orthogonal orienta-
tion of the applicator tip and the tissue also in situations when
the trocar axis is not orthogonal to the tissue, an intracorporal
wrist with at least one DoF is necessary. Secondly, the spatial
abrasion of tissue requires many precise, repeated applicator
tip motions, which are laborious to perform with an handheld
instrument. Thirdly, the splashing of the pressurized liquid
(typically physiological saline solution [1], [2]) after hitting
the tissue, obscures the endocopic image.

To overcome these limitations, we present in the following
a robotic instrument for minimally invasive waterjet surgery
providing a universal wrist with two DoF and a splash pro-
tection made from highly flexible silicone. The setup of the
robotic system consisting of the robotic instrument and the
robot arm DLR MIRO is displayed in figure 1.

II. MATERIALS AND METHODS

Within this study, an ERBEJET 2 has been used as pump
and suction unit and a commercial flexible probe (Erbe Item
No. 20150-020) with an outer diameter of dy,; = 1.3 mm and
a nozzle diameter of 120 um as waterjet applicator.

The design of the instrument is based on the instrument
for minimally invasive robotic surgery (MIRS) developed by
THIELMANN ET AL. [18]. While the versatile drive unit is
used without modifications, the autoclavable tool was adapted
for the integration of the waterjet probe and the suction hose.
The revised tool (see figure 2) provides a universal wrist joint
with two DoF close to the tool tip, which is actuated by the
versatile drive unit via two tendons in the tool shaft. Each
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Fig. 1. Total view of the robotic system for waterjet surgery. The instrument,
consisting of versatile drive unit and waterjet tool is attached to the instrument
interface of the robot arm DLR MIRO. Thanks to the universal joint near the
tool tip, the axis of the waterjet nozzle can be orientated orthogonal to the
tissue phantom while maintaininig the trocar point (red dot).

tendon features two crimped balls at its both ends and one
crimped ball at its center. The crimped balls at the centers of
the both tendons are pressed in two round cavities in the distal
part of the universal joint (one of these cavities can be seen in
Fig 2 c)). More details about the function of the universal
joint are revealed in the paper by THIELMANN ET AL. in
figure 4. Instead of the orange and green ring shown in this
schematic figure, the both ends of the tendons are connected
to a system of levers and pulleys in the tool interface of the
real system. The two actuated DoF of the universal joint offer
for the following advantages:

o More effective cutting: The cutting/abrasion effect is
maximum when the impact pressure of the waterjet can
be used. As soon as a water film in the target area
has evolved, only the less effective stagnation pressure
acts on the tissue. To ensure that the waterjet affects
areas without water film, the instrument tip must perform
a high-frequency oscillating motion [19], [20]. BAHLS
ET AL. proposed an approach to automatically calculate
these high-frequency motion with small amplitude, the
transection, around the user controlled or automatically
planned macroscopic motion, the dissection. By using
Lissajous curves for defining the transection trajectories,
several kinds of continuous 1-D and 2-D figures can
be created by varying just four parameters [20]. The
waterjet instrument tip must move with high frequencies

in one dimension to follow the transection trajectories for
cutting and in two dimensions to follow the transection
trajectories for abrasion. If in a robotic application the
instrument was rigid, the transection would have to be
realized by motions of the robot arm. Moving the whole
mass of the robot at high frequencies, however, would
result in a significant load on the robot’s drive train with
undesirable consequences like noise and increased wear
of mechanical components. In contrast, in an instrument
with — at least — two actuated DoF, only these must be
moved to follow the transection trajectories. The DoF of
the robot arm are only used to realize the slower dissec-
tion motion. Due to the small mass of the instrument tip
distal from the two instrument DoF, the resulting load for
the instrument drive unit is comparatively low.

o Simplified planning for minimally invasive interven-
tions: Due to the motion capabilities of the wrist joints
the instrument shaft does not have to be orthogonal to
the tissue surface to enable an orthogonal orientation of
the nozzle axis w.r.t. the tissue surface. This gives the
surgeon more freedom in choosing the trocar position
and thereby simplifies the preoperative planning of the
minimally invasive intervention [4], [19].

The integration of the suction within the waterjet applicator
renders a separate suction device unnecessary. Thus the sight
of the surgeon on the operation field is improved and — in
minimally invasive surgery — the necessary number of trocars
is reduced.

The addition of the splash protection has two main objec-
tives: Firstly the splash protection shall reduce the amount of
water splashed by the waterjet to prevent the obstruction of the
endoscopic view by water drops on the endoscope lense and
mist around the operation field. Secondly it shall improve the
effectiveness of the suction. To do so, it must be moved close
to the tissue surface. To minimize the risk of tissue damage
in case of collisions, the splash protection must be highly
flexible. At the same time its material must be sterilizable and
preferably transparent to allow visual control of the waterjet
application.

The function of the designed robotic instrument for mini-
mally invasive waterjet surgery was evaluated in two types of
tests:

o Function tests of the suction: The time necessary for
sucking 100 ml of tap water from a measuring glass
was stopped once for a wrist joint deflection of 0° and
once for a deflection of 35°. Subsequently the tool was
investigated for leaked water and the average suction
speed for both cases was calculated.

« Function tests of the splash protection: For testing the
effect of the splash protection on the cutting and suction
performance, phantoms made of the ballistic gelatine
GELITA GELATINE Type Ballistic 3 [GELITA AG,
Eberbach, Germany] in a 10 % ratio gelatine : water were
used. According to JUSILLA ET AL. hydrogels with 10-20
% gelatine are typically used to simulate the behavior of
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Fig. 2. a) View of the complete waterjet tool with the tool interface on the
left and the silicone splash protection on the right.

b) Detail view of the tool tip without splash protection. The suction is carried
out through four holes equally distributed around the spring pretensioned ring.
¢) Cross section of the proximal part of the waterjet instrument without
splash protection (for clarity without flexible probe, suction hose and actuation
tendons): The tip of the flexible probe is clamped in the slotted part of the
gripper, which is compressed by the spring pretensioned ring. The pretension
can be adapted by screwing the casing with more or less overlap on the distal
part of the universal joint. The hose of the flexible probe is routed through
the center of the universal joint and the central tube of the instrument shaft.
Since the outer diameter of the flexible probe is smaller than the inner diameter
of the central tube, the remaining cross section can be used for suction. To
flexibly connect the suction channels on the proximal and the distal side of
the universal joint, a EPDM/PP hose is slided on the connection nozzles and
on both sides of the joint.

muscle tissue [21]. The applied phantoms therefore mimic
the behavior of soft muscle tissue. The waterjet nozzle
was moved orthogonal to the surface of these phantoms
on a rectangular meander with an amplitude of 100 mm
and a distance between the amplitudes of 4 mm. During
each test, 15 rectangular meanders (with 30 straight, 100
mm long lines) were completed. The waterjet was running
during the whole test with a pressure of 35 bar, the
suction with a pressure of -800 mbar. The influence of the
distance between waterjet nozzle and phantom surface on
the suction performance was investigated by testing four
different distances: 4 mm, 6 mm, 8 mm and 10 mm. For
each distance, one test run was performed without and
one with splash protection (the distance between splash
protection and phantom surface was 1 mm). Subsequently
the ratio between water removed by the integrated suction
and applicated water was calculated for both scenarios.

III. RESULTS

The developed waterjet tool provides the following features:
o Autoclavable: The tool contains no electronic compo-

nents and consists completely of autoclavable materials
like stainless steel, aluminum, EPDM/PP and silicone to
facilitate its sterilization.

Clamping mechanism for flexible probe: A spring
preloaded clamping mechanism (compare figure 2) allows
the tool-free change of the flexible probe (e.g. when the
nozzle is blocked). To remove the probe, the overlap
of the casing and the distal part of the universal joint
must be increased by screwing the casing on the distal
part. Thus the spring pretensioned ring is moved towards
the universal joint and the load on the slotted part of
the gripper is reduced. Now the probe can easily be
exchanged. Subsequently the casing overlap of casing and
distal part of the universal joint is reduced again to restore
the clamping between gripper and probe.

Compact physical dimensions: As displayed in figure
2 b), the waterjet tool without the splash protection fits
through a standard 10 mm trocar. The distance between
the axes of the joint and the waterjet nozzle is 30 mm.
Two DoF in a universal joint: The universal joint allows
a rotation of +35° around both rotation axes [18]. Since
the flexible probe and the suction hose pass through
the center of the universal joint, their strain due to the
bending of the wrist is minimal.

Integrated suction: Four suction holes are distributed
around the spring pretensioned ring. The pump is con-
nected via a flexible hose to the outlet at the tool interface.
The fluid is guided through the central tube and an
EPDM/PP suction hose with inner diameter D; = 2.54
mm and outer diameter D, = 4.22 mm [RCT Reichelt
Chemietechnik GmbH + Co., Heidelberg, Germany],
which is used to flexibly connect the suction channels
on the proximal and the distal side of the universal joint.
The hose of the waterjet probe with an outer diameter
of dw; = 1.3 mm is surrounded by the hose for the
integrated suction. Therefore the cross-sectional area of
the suction can be calculated as:

D?  di
Ag = F(TZ - %) = 3.74mm?

The function tests of the suction proved the leak tightness
of the suction and revealed a suction speed of 5.9 +
0.15 ml/s for the elongated wrist joint (number of tests
n=3) and 5.7 £ 0.42 ml/s for the wrist joint tilted by 35°
around one axis (number of tests n=4).

Flexible splash protection: To meet the requirements
regarding flexibility, sterilizability and transparency, the
splash protection with a wall thickness of 0.6 mm (see
figure 3) was molded in a 3D-printed cast from the
silicone Dragon Skin 30 [Smooth-On Inc., Macungie,
PA, USA], which has a shore hardness of 30 A. Using
the splash protection reduced the ratio between water
removed by the integrated suction and applicated water
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Fig. 3. The final version of the splash protection (a)) consists of the conic,
molded splash protection on the outside and a ring of stiffer silicone between
splash protection and instrument stucture.

Effect of the splash protection for a distance of 6 mm: Without splash
protection (b)) the bowl with the gelatine is filled with water and a significant
amount of water has splashed outside the bowl. With the splash protection
(c)) the remaining amount of water is smaller and almost no water splashed
outside the bowl.

in all performed tests (compare table I). In the first test
with splash protection (distance 10 mm) it was observed,
that a collision of the splash protection with the phan-
tom surface during active suction caused a momentary
collapsing of the splash protection around the tooltip and
thus an interruption of the waterjet cut. The addition of
a silicone ring (inner diameter 8 mm, outer diameter 11
mm, shore hardness 60 A) between tool tip and the splash
protection resolved this problem. The final structure of
the splash protection and its effect on the suction and the
avoidance of splashing is displayed in figure 3.

TABLE I
RESULTS OF THE FUNCTION TESTS OF THE SPLASH PROTECTION: RATIOS
BETWEEN WATER REMOVED BY THE INTEGRATED SUCTION AND
APPLICATED WATER. FOR EACH TEST SCENARIO ONE TEST RUN (FIFTEEN
RECTANGULAR MEANDERS WITH AN AMPLITUDE OF 100 MM AND A
DISTANCE BETWEEN THE AMPLITUDES OF 4 MM) WAS CONDUCTED.

Distance [mm] | Without splash protection | With splash protection
4 63.17% 82.26%
6 50.14% 85.84%
8 31.55% 89.68%
10 5.21% 76.18%

IV. DISCUSSION

The designed tool and the versatile drive unit for its actu-
ation can be attached to the versatile robot arm DLR MIRO

to perform both open and minimally invasive robotic waterjet
surgery. The feasibility of the approach has been demonstrated
in phantom studies using ballistic gelatine [19], [20] as well as
in ex vivo studies on porcine skin tissue [22]. Due to the larger
diameter of the suction hose compared to the combination
of tendon and spring in the original DLR MICA tool [18],
the range of motion of the universal joint is slightly reduced:
Instead of 40° the universal joint of the waterjet instrument
can only be bent by 35°. Nonetheless, the advantages in
minimally invasive surgery compared to a tool with a rigid
shaft are obvious. The function test of the suction showed
only a minimal reduction of the suction speed from 5.9 +
0.15 ml/s for the elongated wrist joint to 5.7 £ 0.42 ml/s for
the maximum bent wrist joint. The bending of the wrist has
therefore no significant influence on the suction.

The effectivity of the splash protection and the integrated
suction has been demonstrated in the phantom tests (see figure
3). As displayed in table I, the integrated suction alone could
remove between 5.21 % and 63.17 % of the applicated water.
For all investigated distances the splash protection increased
the ratio between water removed by the integrated suction and
applicated water, meaning it made the suction more effective.
This effect become stronger with increasing distances. There
may be two reasons for this: Firstly, the splash protection
prevents a lateral splashing of the water over large distances.
Instead, the laterally splashing water is contained at the inside
of the splash protection, forms larger drops there and flows
down the splash protection. Therefore the splash protection
ensures that almost all of the applicated water remains in
the sphere of influence of the suction. Secondly, the suction
is more effective when the underpressure is stronger. The
splash protection reduces the gap through which air can
flow from the environment towards the suction to the small
gap between splash protection and tissue surface. Thereby
the suction can create a stronger underpressure within the
splash protection and remove a larger portion of the applicated
water. If the underpressure becomes too strong, however, the
splash protection can collapse and block both the waterjet and
the removal of the applicated water. Although the distance
between splash protection and phantom surface was 1 mm
for each test, the measured ratios for the tests with splash
protection differ slightly. This may result from two reasons:
In some tests (especially for distance 4 mm) the water of
the waterjet infiltrated the gap between gelatine and the
bottom of the bowl. This caused an bulging of the gelatine
in the middle of the bowl and therefore reduced the distance
between waterjet nozzle and phantom surface. Furthermore,
the described collapsing of the splash protection around the
tooltip obstructed the suction, which explains the relatively
low ratio for using the splash protection at a distance of 10
mm.

In the phantom tests, the target area was even and the nozzle
axis remained permanently in an orientation orthogonal to the
gelatine surface to improve the comparability of the different
test runs. The more uneven the target area is and the more
the angle between the nozzle axis and the normal of the



S SN

= B

Fig. 4. Low-cost actuation concept for oscilating the tooltip:

a) In addition to the waterjet nozzle 1 the tooltip also integrates a vibration
motor 2. A flexible element 3 (which could be a compression spring (left) or a
simple spring steel rod (right)) between tooltip and joint allows an oscillation
of the tooltip around its position of rest.

b) By integrating adequate actuation means (e.g. a vibration motor and a
flexible element) between universal joint and tool tip, the amount and the
speed of dissection motions necessary for the abrasion of a predefined area
can be reduced. When the actuation at the tool tip performs the high frequent
transection motions (represented by the circles in the right sketch), the robot
and wrist joints only have to perform less and slower dissection motions
(represented by the meandering lines).

target area deviates from 90, the smaller gets the effect of
the splash protection. To ensure an effective suction also in
such a case, the amplitude of the universal joint movements
should be reduced and the nozzle should be moved closer to
the target surface to reduce the gap between surface and splash
protection.

In the current tool design, the transection motion is created
by brushless DC motors in the instrument drive unit and
transmitted via tendons to the universal joint at the tooltip. This
actuation method was originally designed for teleoperation
in minimally invasive surgery, where the required forces are
comparatively high (up to 10 N) while the required motion
frequencies are relatively low (up to 5 Hz) [18]. Potentially,
the penetration depth of the waterjet and therefore the cut-
ting/abrasion speed can be increased further by a modified
tool design allowing higher transection frequencies [20]. One
feasible approach is the integration of actuation means for
oscillating the tooltip between universal joint and tool tip
(compare [23]). While radial or longitudinal piezo elements
as described in [23] allow a fast and precise deflection of the
tooltip, they are relatively expensive. A low-cost alternative,
which could also be applied in a single-use tool, is the
integration of a vibration motor and a flexible element at the
tool tip (compare figure 4 a)). The vibration motor in the
tool tip causes a periodic excitation, whose frequency depends
on the motor model and the pulse width modulation (PWM)
signal controlling the motor. The flexible element between the
motor and the wrist joint of the tool, which can e.g. be a
spring steel rod or a compression spring, enables the tooltip
to oscillate. When integrating this mechanism in a robotic
waterjet tool with a 2-DoF wrist joint as described above, the
oscillations caused by the vibration motor can serve as high
frequent transection motions. Thus, especially for the abrasion
of an area, the necessary amount and the speed of dissection
motions, which must be performed by the robot arm and the
wrist joint, potentially can be reduced (see figure 4 b)): The

Fig. 5. a) Cross section of the mockup of the tool tip with spring steel rod
1 and vibration motor 2. The splash protection disc 8 was mounted between
motor housing and tip 4.

b) Tool tip mockup used in the function principle tests: The motor cables are
twisted around the spring steel rod to minimize their impact on the shape of
the tip oscillation. The two thin wires energize the IR-LED for the tracking
of the tip motion.

¢) Testbed for tool tip mockups of waterjet tools with integrated vibration
motor: The FT sensor 5 attached to the mechanical structure 6 and the
proximal end of the flexible element 7 measures the forces caused by the
vibration motor within the mockup. An IR-LED at a defined position on the
splash protection disc 8 is tracked by the monochrome camera 9 to quantify
the oscillations of the tooltip. The whole structure can be tilted around the
joint 10 to investigate the influence of gravity on the tooltip motions.

number of meandering lines necessary for the abrasion of a
predefined area could be decreased by superimposing them
with circular motions caused by the vibration motor.

The testbed displayed in figure 5 was designed to investigate
the reachable forces and oscillation amplitudes. It contains a
6-DoF force torque (FT) sensor ATI Nano43 [ATI Industrial
Automation, NC, USA] and a monochrome camera Prosilica
GC 1600H [Allied Vision Technologies, Stadtroda, Germany]
in combination with an objective lens Pentax C60636KP 6 mm
/1.4 [Ricoh Imaging, Tokyo, Japan]. The mockup of the tool
tip containing a vibration motor VM-0610A3.0 [Elektrotech-
nik Karl-Heinz Mauz GmbH, Ostfildern, Germany] [24] is
connected to the ATT Nano43 via a spring steel rod (diameter
0.5 mm, material X12CrNil77) and an adapter plate. Since the
opposite side of the ATT Nano43 is connected to the mechani-
cal structure, the sensor can measure the forces induced by the
vibration motor. To measure the oscillations of the tooltip, a
SMD IR-LED [Harvatek 1204 HT-110IRAJ, Harvatek Corp.,
Hsinchu City, Taiwan] is mounted on a defined position on
the splash protection disc and its motions are recorded by the
Prosilica GC camera below the tooltip mockup. The motor is
controled by an Arduino Uno [Arduino AG] and a motor driver
Pololu A4990 [Pololu Corporation, Las Vegas, NV, USA].

During the tests, different PWM rates were applied to the
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Fig. 6. Measured forces in x-direction of the ATI Nano43 for PWM20: The
graph above displays the measured forces over the time, the graph below the
result of a Fast Fourier Transformation of the forces. It can be seen, that
the forces follow a sinus function with an amplitude of about 0.15 N and a
frequency of about 13.8 Hz.

vibration motor and the resulting forces and motions were
recorded. A fast fourier transformation of the forces was
performed to determine the rotation frequency of motor. The
test results confirmed an increase of the force frequencies
with increasing PWM rates. A PWM rate of 20 resulted, for
example, in a measured force frequency of 13.8 Hz and a force
amplitude of 0.15 N (compare figure 6).

As figure 7 shows, the amplitude of the instrument tip
motion strongly depended on the excitation frequency. In the
test setup, the maximum amplitude of 3.2 mm was observed
for a PWM value of 20. Apart from the PWM value of the
motor, the guidance of the LED and vibration motor cables
also influenced the oscillation amplitude and shape.

Since the measured force amplitude for PWM 20 was with
about 0.15 N (compare figure 6) similar to the measured thrust
of the waterjet reported in [20], the thrust of the waterjet may
have significant influence on the shape and amplitude of the
oscillation. Additionally, the supply cables of the vibration
motor and the waterjet hose act as a parallel spring-damper
element and may influence the shape and amplitude of the
oscillations significantly if they are not guided properly. And
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Fig. 7. Camera images showing the oscillation of the tool tip for PWM 20
(top left) and PWM 130 (top right). The exposure time of the camera was
adapted to the measured force frequency to reproduce a complete oscillation.
A magnified view of the oscillation area (as exemplifiedin the bottom for
PWM 20) was used to calculate the amplitude by counting the pixels. In the
displayed image 13 pixels correspond to 1 mm.

finally, for strongly tilted operation setups the gravity may
have a impact on the oscillation. The center of the elliptical
motion of the tool tip is expected to shift in the direction of
the gravity vector while the amplitude of the ellipse should
not change significantly. While the preliminary tests showed
the feasibility of the approach in principle, a more detailled
investigation of the above named three issues with a more
realistic prototype is necessary. Besides the universal joint, the
spring element and the vibration motor, this prototype should
integrate a commercial waterjet probe, a technical solution for
the suction and provisions for a splash protection. Only after
a successful evaluation of this prototype, the construction of a
practically applicable, single- or multi-use waterjet instrument
with integrated vibration motor can be addressed.

V. CONCLUSION

A waterjet instrument for minimally invasive robotic surgery
has been developed. It provides a universal joint with 2 DoF as
wrist, an integrated suction and a splash protection to increase
the efficiency of the suction and reduce the obstruction of the
endoscope optics by waterdrops. Function tests demonstrated
the capability of the developed waterjet instrument and the
splash protection.

The proposed approach for the design of a low-cost waterjet
tool for high oscillation frequencies based on a vibration motor
was investigated with regard to reachable forces and oscillation
amplitudes. The preliminary tests confirmed the feasibility of
the approach in principle, but also revealed a high sensitivity
of the tool to external forces resulting from the waterjet thrust,
cable stiffness and gravity. A future instrument design must
aim at reducing this sensitivity, e.g. by increasing the force
amplitudes of the vibration motor.
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