Printing Strain Gauges on Intuitive Surgical da Vinci Robot End Effectors
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Abstract— Force feedback during robotic surgery is critical
in order to minimize potential injury to the patient and decrease
recovery time from surgical procedures. Here we describe the
use of a novel strain gauge printing method to apply low
profile, low cost sensors directly to the surface of da Vinci
surgical robot end effectors (Intuitive Surgical, Inc.) to sense
deflection and provide force feedback. This additive, vapor-
deposition-based sensor fabrication method is used to deposit
strain gauges directly onto the surfaces of the end effectors
with minimal disruption to the device and without the need
for adhesives or machining operations. Initial experiments
characterize sensor performance and indicate the applicability
of the proposed approach for force feedback during minimally
invasive procedures.

I. INTRODUCTION

The use of robotics in MIS (Minimally Invasive Surgery)
has improved the quality of care for a number of procedures.
Benefits include a reduction in recovery time, postoperative
pain, and reduced cost of treatment [1], [2], [3], [4], [5].
However, there are a number of unresolved challenges that
have the potential to further benefit these outcomes. Since
the operator (surgeon) is mechanically decoupled from the
surgical workspace, there is a disconnect in the haptic feeling
and perception of the overall procedure. Integrated haptic
feedback may help to improve some clinical procedures by
allowing the surgeon to feel the forces that the instrument
is applying to the local environment and therefore prevent
damage to tissue or instruments due to excessive loading.
Excessive forces at the instrument point of contact can lead to
procedural complications and decreased quality of treatment
[6]. A key aspect to allow force-feedback will be to have
a good estimation of the forces applied at the end effector
throughout the surgery. Tissue tensioning during surgical
procedures can require forces up to 2 N at the point of contact
[7], and robotic end effectors may deflect up to 15 mm during
surgery leading to errors in instrument positioning if these are
not compensated for, which can ultimately lead to decreased
efficacy of the task [8]. Even though there are a number of
solutions to measure or estimate forces at the end-effector,
their widespread adoption is limited since existing sensors
add significant mass and volume, require complicated custom
manufacturing techniques or adhesives, lack robustness to
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sterilization, are not compatible with existing surgical end-
effectors, or are cost-prohibitive [9]. Available sensors to
measure tool-tissue interaction forces include customized
force sensor to measure forces applied by a forceps dur-
ing microsurgery [10], soft liquid-embedded tactile sensors
[11], and silicon-based strain gauges [12], [13]. Capacitive
sensors are another option to measure contact properties, in
particular force and pressure [14]. In addition, piezoelectric-
based sensors using PVDF (polyvinylidene fluoride) have
been integrated into minimally invasive surgical tools for
haptic sensing [15]. Optical sensors such as embedded Fiber
Bragg Gratings (FBG) have also demonstrated advantages
due to their physical robustness, sensitivity, and immunity
to electromagnetic interference [16], [17]. These techniques
have created sensors with sufficient capabilities to measure
forces during MIS. However, in addition to their cost, there
are a number of challenges when implementing these tools in
practice, such as the size of the sensor to meet the dimensions
of the tools, the required surface conditioning of the tool
to ensure proper adhesion, and robustness of the sensor to
survive the sterilization process before and after surgery.

As an alternative to physical sensors integrated on the
end effector, the drive motor current can be combined
with dynamic models to estimate the force or strain of a
particular degree of freedom of the robot [18]. However,
these methods may lead to inaccurate estimation of strain
and external forces due to factors such as frictional losses
and nonlinearities in the drive-train.

In this paper, we present a method to print lightweight,
low-volume sensors directly onto the surface of surgical
instruments without the need for complicated machining
processes or adhesives. We achieve this by using physical and
chemical vapor deposition technology in a multi-layer strain
gauge. This technique, derived from the work in [19], results
in low-cost sensing that can be applied to flat surfaces as well
as singly-curved surfaces allowing for the direct integration
of sensors on robotic end effectors for force detection. We
show that this method can be successfully applied to a
variety of substrates and surface configurations. As a proof
of concept, we describe the process to print strain sensors
onto glass-reinforced composite shafts of the Large Needle
Driver and the Fenestrated Grasper for the Intuitive Surgical
da Vinci robot in a variety of configurations and gauge
materials. Both end effectors have similar specifications,
namely similar overall dimension and materials; the primary
difference is the tool at the tip of the end effector. Section
II includes an overview of the general gauge manufacturing
process. Section III examines the application of this process
to the da Vinci instruments and describes prototype fabrica-
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Fig. 1. Overview of the manufacturing steps: (1) Surface conditioning: (1.a)
Sand blasting is used to roughen the surface followed by (1.b) silane etchant
bath to promote adhesion between substrate and insulator. (2) Insulation: A
thin layer of Parylene C is used to insulate the substrate from the metal
gauge. (3) Masking: Kapton tape is cut accurately in the DPSS laser and
place on the tool for selective sputtering. (4) Metallization: Sputter coating.
(5) Mask removal. (6) Encapsulation: The gauge is coated with Parylene C
to encapsulate and protect it.

tion. Section IV discusses bench-level testing and presents
characterization results. Section V discusses conclusions and
future research on this topic.

II. GENERAL GAUGE DESIGN AND MANUFACTURING

Gauges are designed using the bulk material properties of
the gauge metals and deposited onto the substrate surface
using physical and chemical vapor deposition techniques.
The process steps include (A) gauge design, (B) surface con-
ditioning (if needed), (C) preliminary dielectric deposition
using chemical vapor deposition (CVD), (D) masking using
laser-micromachined contact masks, (E) metallization using
physical vapor deposition (PVD), (F) CVD encapsulation,
(G) electronics and signal processing and (H) EMI shielding.
An overview of the manufacturing steps is shown in Fig. 1.

III. APPLICATION-SPECIFIC MANUFACTURING
A. Gauge Design and Material Considerations

The material used is Constantan, an alloy of 55% Cop-
per and 45% Nickel. Its main feature is its resistivity,
5 x 1077Q-m, which is constant over a wide range of
temperatures. Constantan tends to exhibit a continuous drift
at temperatures above 65°C [20], but common body and
ambient temperatures are significantly lower than this tem-
perature. It has also an adequately high strain sensitivity,
good fatigue life and relatively high elongation capability.
These properties needed for strain gauge applications make
Constantan a suitable alloy for the printed sensors. In ad-
dition to Constantan, Karma has also been used, it is an
alloy of Nickel, Chromium, Aluminum and Iron. Karma is
characterized by good fatigue life and excellent stability, and
it is appropriate for accurate strain measurements over long
periods of time at room temperature, or shorter periods at
high temperatures [21].

Serpentine gauges are designed for ease of manufacture
and testing with a trace width of 400 ym and a thickness

Fig. 2. Serpentine gauge pattern on the composite shaft of an Intuitive
Surgical end effector.

of 0.816 pum (Fig. 2). The single serpentine design includes
three turns with a total length of 0.180 m resulting in a
predicted resistance of 1.552 x 102 Q.
In the regime of small (e.g.,<1%) strain, € is defined as
Al

€= (D

where Al is the elongated length of the gauge and [ is the
unstrained length of the gauge. The gauge resistance change
as a function of strain (i.e., the gauge factor, GF) is defined

as
AR

GF = 1 )

€

where AR is the change in Constantan resistance due to
strain induced by elongation and R is the unstrained resis-
tance of the gauge. Because the gauge thickness (< 1 pum)
is negligible relative to the diameter of the target devices
(8.3 mm), we assume the surface strain experienced by the
gauge is identical to the strain experienced by the surface of
the surgical device. This is given by
MZ
‘T EI
where M is the bending moment experienced at the location
of the gauge, Z is the distance from the neutral axis to
the outer surface of the device shaft, £ is the modulus of
elasticity for the material (empirically determined), and I is
the second moment of inertia for the geometry (annulus).
The material modulus is derived from force and deflection
values using a cantilever beam configuration on a materials
testing machine (Instron model 5544) and calculated using
beam theory:
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where F' is the force perpendicular to the neutral axis at the

distal end of the shaft and D is the distance of the distal

end deflection (assuming these deflections correspond to the

linear elastic range of the base material), and L is the length

from the shaft distal end to the center of the deposited gauge.
Expanding equation (3) results in
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where R, is the distance from the neutral axis to the outer
surface of the shaft and R; is the distance from the neutral
axis to the inner surface of the shaft. In the case of a
Constantan gauge located 0.2 m from the distal end of the
Large Needle Driver, gauge strain at a deflection of 30 mm
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Fig. 3. Schematic cross sections of the shafts and strain gauge locations.
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Fig. 4. Schematic representation of the strain gauge locations on the end

effectors.

is predicted to be 0.38%. The predicted resistance change is
5.72 Q, resulting in a predicted GF' = 0.969.

For testing, Constantan (C) and Karma (K) gauges are
placed 180° apart at 90° intervals around the circumference
of the shaft for use in both single-sided and differential
mode operation (Fig. 3). Two sensors, printed opposing
each other, allow having two planes of strain detection. As
one of the sensors experiences extension, the material on
the opposite side is under compression. This configuration
helps characterize the printed sensors as well as serves as a
prognostic tool for sensor health since the absolute value of
the change (resistance or voltage) should be the same when
the force is applied.

In addition to the location of the sensors around the
cross section, gauge pairs are placed at the mid-point of the
Large Needle Driver for increased force range and at the
proximal end of the shaft on the Large Fenestrated Grasper
for increased sensitivity, as shown in Fig. 4. As a result of
the non-uniformity of the strain along the shaft, these two
locations allow for testing the sensors under different force
configurations.

B. Surface Conditioning

On substrates such as metals and composites it is some-
times desirable to use surface preparations such as sand blast-
ing or surface sanding to maximize adhesion of dielectric
or metallization layers. Maximum bond strength to a metal
surface is obtained using a combination of sand blasting
beginning with an aggressive 250 ym aluminum oxide media
followed by treatment with 100 pm aluminum oxide. Final

surface preparation includes surface cleaning with isopropyl
alcohol then application of a 1% mixture of Silane A-174,
isopropyl alcohol, and deionized water for 30 minutes to etch
surface oxides and impurities. In preparation for processing,
the instruments are disassembled such that the composite
shaft can be processed by itself. The shaft is then cut to fit
in the smaller vapor and particle deposition chambers. This
step would be eliminated with the use of larger processing
equipment.

C. Dielectric Deposition

On metallic substrates it is desirable to apply a 50 pm
base dielectric layer of Parylene C, a moisture resistant, low
permittivity biocompatible polymer, before application of the
gauge metallization. The adhesion of the dielectric layer to
the substrate and deposited metallization is critical for proper
adhesion, accurate transmission of the surface strain to the
sensing element, and electrical isolation of the deposited
signal-carrying traces. Dielectric deposition is carried out
using the PDS 2010 Parylene deposition system (Specialty
Coating Systems, Inc.). For the composite shaft of the da
Vinci robotic end effector initial dielectric deposition is not
needed.

D. Masking

Contact mask writing is carried out using a custom built
1.5 W DPSS (Diode Pumped Solid State) laser system.
In this process, the mask is fabricated from 25 pm thick
polymide (Kapton) tape (DuPont). The sample is placed into
the DPSS system and cut at full power with the 10 ym wide
beam moving at 20 cm/sec and retracing the cut geometry
25 times in order to produce smooth cuts with a minimum
of recast material on the mask surface. Completed masks are
positioned onto the surface of the prepared substrate, which
is then placed into the PVD system for metal deposition.

E. Metallization

Deposition of the gauge and electrical trace metals are
completed using a Denton Desktop Pro PVD system (Denton
Vacuum LLC, Moorestown, NJ, USA). Deposition rates vary
with material, copper was deposited at 109 nm/min, and
constantan at 51 nm/min. Depositions are built up layer by
layer with cooling cycles allowed between applications. The
total sputtering time is 20 minutes and the final thickness
is approximately 1 pm. Typically, the deposition chamber is
operated with a duty cycle of one minute on, one minute
off so that the machine, the substrate, and the masks are not
subject to overheating.

Each end effector has four gauges, the initial resistance of
the printed gauges ranges from 1500 to 2000 © (£100 £2).
Although the manufacturing process is similar, the differ-
ence in the initial resistance is likely due to manual steps
during the manufacturing process that could introduce some
differences in the electrical properties.
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Fig. 5. Wheatstone bridge circuit diagram.

F. Encapsulation

Gauge and electrical trace elements are covered with a
final 10 pm thick layer of Parylene C as a hermetic seal in
order to minimize oxidation (which could negatively affect
gauge performance). An additional benefit of this layer is
to serve as a barrier for sterilization for medical devices.
The layer is manufactured using a chemical vapor deposition
(CVD) technique and a pre-patterned Kapton tape mask
is aligned to the tool before the polymer deposition. The
electrical connections to the gauges are wired before the
encapsulation process.

G. Electronics

Changes in resistance are measured with a basic Wheat-
stone bridge used in quarter-bridge configuration as shown
in Fig. 5. Despite printing two sensors and having the
opportunity to use the circuit as a half-bridge configuration
to further amplify the signal, the simplest setting was chosen
to improve consistency of the circuit and eliminate the
need to match resistance between two strain gauges. The
board includes a magnet mounted 3.7 V Li-Po battery as
its power source, an LT 3008 adjustable voltage regulator
(Linear Technology) set to an output of 2.0 V, an INA333
differential operational amplifier (Texas Instruments) and a
tunable potentiometer. The adjustable instrumentation differ-
ential amplifier has its gain set to 500 to improve overall
signal output. System noise measured at the amplifier input
is 0.0186 V/,/Hz.

All tests conducted use the quarter bridge configuration
to characterize the sensitivity of a single gauge. However, a
half-bridge configuration could be implemented by replacing
Ry in Fig. 5 with a strain gauge that is parallel to the original
strain gauge on opposite side of the shaft. Adding this gauge
would improve the signal to noise ratio because the voltage
changes for each input of the instrumentation amplifier would
be larger.

To analyze the frequency composition of the output noise,
we connect a strain gauge to the circuit and record the
output voltage without applying any strain. Fig. 6 shows
the power spectral density for this quiescent data. At low
frequencies, the noise is quite low; the magnitude makes
sense considering the noise produced by resistors, the strain
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Fig. 6. Power spectral density estimate for quiescent noise.

gauge, and other electronic components.There is a consid-
erable amount of noise around 400 Hz. The cause of this
noise is a 400 Hz power supply located in the same room
tests were conducted. This demonstrates that the gauge is
susceptible to electromagnetic interference.

H. EMI Shielding

Surgical rooms are populated with multiple instruments
that can create electromagnetic and electrostatic interference
if not dealt with correctly. In order to improve the signal qual-
ity of the strain gauge sensor, an electromagnetic shielding
will be included on both the top and the underside of the
printed strain gauges and will be separated by an insulator
layer. The shield will create a conductive enclosure (Faraday
cage) which will reduce the susceptibility of the signal to
electromagnetic fields, therefore improving the signal-to-
noise ratio. As a basic concept test, a Faraday-type grid
arrangement is deposited on the outer surface of the gauge
and separated from it with an insulation layer. Here, the
enclosure is optimized to suppress frequencies of up to 5.8
GHz as described by the IMS band (Industrial, Scientific
and Medical band) of the electromagnetic spectrum. Elec-
trosurgery and electrocautery require high frequencies, for
example the typical frequency used for electrosurgery is
around 0.5 MHz, to ensure that the current goes through
the patient’s tissue without producing electrical shocks to
the skin [22].

This shield is incorporated in the manufacturing process
of the strain gauges as explained in Section II. After encap-
sulating the strain gauge, the sample is inserted back inside
the sputter coater to deposit a metallic layer (copper) that
forms the outer shielding. The shield design is manufactured
using two different masks to integrate the required features.
First, rectangular conductive pads are printed perpendicularly
to the gauge, as shown in Fig. 7. Once this first coating
is deposited, an additional mask is placed perpendicular to
this last one to form the grid. The conductive grid was
applied on top of each strain gauge and a printed copper
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Fig. 7. Fiberglass shaft and detail of the transverse coating that forms the
shield.
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Fig. 8. (1) Schematic cross section of the fiberglass shaft and layer-up
after printing the sensor and the EMI shield: (a) Substrate: Composite
shaft that does not need to be insulated due to its non-conductivity. (b)
Metallization: Carried out in the sputter coater. The materials used are
Constantan or Karma, and the total thickness of the sensor is approximately
1 pm. (c) Encapsulation: Layer of Parylene C (approximately 10 pm)
that encapsulates the sensor and avoids contact between the gauge and
the shielding. (d) Metallization: Copper shield with approximately 1 pm
thickness. (e) Encapsulation: Layer of Parylene C (approximately 10 pm)
that encapsulates the metallization and prevents degradation. (2) Schematic
exploded view of the layer-up. The layer-up consists of four layers,
metallization (gauge and shield), and insulation and encapsulation layers.
(3) Intuitive Surgical composite shaft and encapsulated EMI shielding made
of copper (underneath there is the strain gauge): (a) Trace used to ground
the shield. (b) Detail of one of the traces that connects two grids to ensure
proper grounded.

trace connects the shielding of each strain gauge element
to guarantee proper grounding of the Faraday cage. In the
final version, printed electrical traces from the strain gauges
will run beneath the printed grounding traces to the Faraday
shielding. This will provide an opportunity to capacitively
bypass the gauge signal leads to the Faraday shield as they
exit the shield area.

The copper is deposited more rapidly than other materials,
such as Constantan, at a rate of about 109 nm/min. After
metallization, the mask is removed and the sample is returned
to the parylene coater for a final encapsulation of a thin layer
of biocompatible polymer material (Parylene C) to prevent
damage. A detailed image is shown in Fig. 8.

An EMI shielding concept test is performed in an anechoic
chamber which absorbs reflections of electromagnetic waves
and is also insulated from exterior sources of noise. As it is
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Fig. 9. EMI shielding testing configuration.
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Fig. 10. Robustness to EMI interference with and without EMI shield

grounding: (a) Interference from external source is introduced with EMI
shield grounded. (b) Interference from external source is introduced with
EMI shield not grounded, resulting in observable signal amplitude change.

shown in Fig. 9, the proximal end of the end effector and
the electronics are placed inside the chamber, leaving the
strain gauge and shielding outside to be tested. The goal of
this exercise is to conduct a preliminary test of the outer
shield by monitoring the signal output, while an AC motor
is switched on close to the end effector as a representative
noise source (this test noise source is substantially lower in
frequency and intensity than a cautery noise source would
be). The signal, when the shield is grounded and the AC
motor disturbs the environment, results in peak to peak
voltage amplitude of approximately 30 mV, shown in Fig. 10,
part (a). Furthermore, if the shield is disconnected, the
signal output increases to 50 mV, as shown in Fig. 10, part
(b) indicating the partial shielding has some effect on the
induced EMI.

IV. TESTING AND RESULTS

Gauge characterization is conducted on an Instron 5544
materials tester with a Versa-Channel peripheral transducer
for voltage input during surface strain testing. Signal process-
ing during Inston testing is provided by an in-house manu-
factured circuit board with analog electronics as described
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Fig. 11.

Instron 2.5mm Needle Driver sensitivity test.

in Section III, subsection G. In an effort to recreate the
clamping and deflection experienced during actual usage, the
Intuitive Surgical Fenestrated Grasper and the Needle Driver
proximal ends are clamped at testing height horizontally and
supported by an adjustable lab jack. Downward force on the
distal end is exerted by the Instron, straining the sensorized
surface. The composite shaft of the end effector is moved
at 100 mm/sec and force is detected with a 2 KN Instron
load cell. Sensitivity is evaluated during cyclic deflection
tests of 2.5 mm which require forces of 400 mN (Fig. 11)
shown in blue. Force spikes are seen at the peaks and the
valleys of the Instron data due to the inertial effects on the
load cell resulting from reversing the cross head. During the
deflection tests, data received from the printed strain sensor
(shown in red) is digitally filtered using a Butterworth 1st
order filter set to a 10 Hz cutoff (3 dB). The comparison of
the precise Instron force data is in close correlation to the
printed sensor data in phase (0.71°), slope (within 2.1°) and
amplitude (amplification dependent).

The lower limit of strain sensing resolution is defined by
the test system noise floor which is 15.9 mV, primarily due
to induced noise from the Instron lead screw motor. This
proves to be a good baseline for actual operating conditions
as equipment in the surgical suite is expected to create
substantial background EMI which is addressed in Section
III, subsection H. Instron cyclic testing at a deflection of
30 mm requires forces of 5 N (well above typical tissue
pretension needs) and is shown in Fig. 12. Similar to the
sensitivity testing, precise force data is compared with gauge
output which is filtered using a Butterworth 1st order low
pass filter set to a 10 Hz cutoff (3 dB). Analysis of the
Instron force data (Fig. 12, shown in blue) reveal substantial
inertial effects exerted on the load cell from the motion of
the cross-head due to the high feed rate. This shows up as a
substantial decrease in force (at the peak) and a substantial
increase in force (at the valley) of each test cycle. Evidence
of slippage between the cross-head load cell contact point
and the composite shaft is also evident at the 3.4 N point on
the downward movement (shown as positive force) during
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Fig. 12. Instron 30mm Needle Driver cyclic test.

the four cycles shown in this test. This is a result of contact
point movement as the shaft deflects. As positive force is
exerted on the shaft there is close correlation between the
precise Instron force data and the printed strain gauge data in
phase (0.84 degrees delay of the gauge signal), slope (0.04
degree deviation) and amplitude (amplification dependent).
This deviation is repeated through the four cycles shown in
the figure. A comparison of the negative slope side of each of
the four cycles show some slope deviation in the response
of the gauge in comparison to the response of the Instron
load cell. Here the force estimated from the gauge varies in
slope from the precise Instron force by 4.6 degrees. This is a
result of the composite shaft slipping relative to the Instron
load cell contact point as the shaft straightens.

During limit testing of extreme fiber strain on the Fen-
estrated Grasper shaft (3000 pe at the gauge location), a
single distal end deflection of 43 mm requires a force of
12 N and results in an output voltage of 410 mV peak to
peak. Precision and repeatability are examined by analysis of
digitally filtered gauge data using a Butterworth 1st order low
pass filter at 10 Hz. In order to verify the sensor response,
an extension cyclic test was performed in which the Instron
machine was set to apply 1200 extension cycles of up to 30
mm at the tip of the instrument. Fig. 13 shows the sensor
response, as it can be seen, during the first 100 cycles of the
test, the sensor response shows a clear variation in voltage
relative to the extension of the instrument. When comparing
the first 100 cycles to the last 100 cycles of the test it can
be seen that there is a drift of the measurement of ~0.02V.
Future work will focus on identifying causes of this drift to
prevent it, moreover, for multiple applications in which the
position of the instrument is known at some points of the
procedure it may be possible to implement algorithms that
reset this drift when the instrument is not supporting loads.

V. CONCLUSIONS AND FUTURE RESEARCH

We present an implementation of a novel method for
printing low cost and low profile strain gauges on da Vinci
robotic end effectors from Intuitive Surgical with the intent
of providing tactile force feedback ability for the surgical
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Fig. 13. Gauge repeatability and drift test by applying 1200 extension

cycles. Blue line shows sensor response during the first 100 cycles and red
line shows the sensor response during the last 100 cycles.

system. The low profile nature of the application fits well
into the needs of the instrument operational space constraints
(entry into the trocar, etc.) These sensors are placed onto
the shafts with little or no surface preparation and minimal
process steps. Gauges and electrical traces are hermetically
sealed in a coating of Parylene C, making them compatible
with accepted medical device encapsulation. Using printed
sensors, the detectable forces perpendicular to the end-
effector shaft range from 100 mN up to 12 N (in the extreme
case). After an initial investment in processing equipment
(up to $75,000), the materials to produce 1000 printed strain
gauges cost ~$0.09 per sensor. These costs do not include
labor or maintenance costs. Although the current process
includes manual steps (alignment jigs have been introduced
to standardize the process), in this particular case, the strain
gauges could be printed on the fiberglass shaft, before the
final assembly. Also, numerous gauge trace configurations,
orientations, and layer stackings are compatible with this
technique and integrated signal processing is possible using
the existing interface area with additional signal electronics
inside the robot. In the future, our intention is to continue
refinement of the gauge printing process and push signal
detection and processing in order to improve the signal to
noise ratio. We will implement a small scale deployment of
printed sensors onto the da Vinci or similar robots to provide
real time haptic feedback and to receive usage feedback from
physicians in the field.
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