Sensing slip of grasped wet, conformable objects
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Abstract— Grasping and manipulation of biological tissue are
crucial processes during minimally invasive surgery (MIS). To
enable atraumatic and reliable grasping, it would be useful
to detect slip of the grasped object. Because tissue is moist,
conformable, and delicate, and because the sensor must work
in a surgical environment, this application requires a departure
from conventional slip sensing methods. We present a technol-
ogy and method based on hot-wire anemometry to detect slip
while grasping wet, conformable materials and discuss how
this approach may be extended to graspers used in robot-
assisted surgery (RAS). We present our design and the results
from characterization tests as well as experimental results that
demonstrate its ability to detect planar direction of slip of wet,
compliant objects.

I. INTRODUCTION
A. Motivation and Application

Preventing slip of biological tissue during grasping is
an important problem in surgery. Tissue grasping and ma-
nipulation enable standard tasks like dissecting, moving,
stabilizing, and suturing tissue, but they require surgeons
to balance two competing goals: maintaining grasp stability
while avoiding damage due to excessive grip force [1]. In
minimally invasive surgery (MIS) and robot-assisted surgery
(RAS), this is made more difficult by the small size of
the instruments’ jaws, which makes it challenging to avoid
applying high pressures [2]. Surgeons attempt to maintain
their view and control tissue position by tailoring their
selection of grasper type to the given task and modulating the
grasper jaws to provide just enough force to prevent tissue
slip, but not so much that damage occurs.

Applying excessive force to tissue can have serious conse-
quences for the patient: tissue injury can lead to cell death,
and torn tissue can be difficult to detect immediately. These
can lead to sepsis and serious infections, particularly if tears
occur in the small bowel. To avoid crushing tissue, surgeons
may apply insufficient force to manipulate the tissue, causing
it to slip from their grasp. This lengthens the procedure and
reduces surgeons’ confidence in their tools, both of which
increase the opportunities for errors and complications. In
a study of laparoscopic colectomy, Heijnsdijk et al. [3]
reported a success rate of only 63% of grasping actions
with 7% of failures attributed to tissue slip, of which about
half resulted in trauma. Some surgeons experienced with
RAS resort to alternative grasping methods to avoid causing
trauma; e.g., using the instrument shaft rather than the jaws
to manipulate delicate tissue.
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Fig. 1. Left: Slip sensor mounted in 3D printed adapter on a modified
Intuitive Surgical Long Tip Forceps for future studies. Center: Prototype
slip sensor used for data collection. Four thermistors are arrayed around 2
heating resistors and denoted IV, S, F, and W; S-N direction corresponds
to +y and W-E to +Z as shown. Right: 3D-printed grasper. Grasping region
is enlarged to allow for video capture via camera & as a ground truth for
motion analysis.

Although some researchers have sought to use grip force
feedback to address this problem, the maximum force with
which one can atraumatically manipulate tissue and maintain
grasp stability varies by tissue type [4], [5], jaw geometry [6],
and other situational factors; realistically, implementation
would be technically complex and require empirical tuning.
Furthermore, [7] found that grasping control is more efficient
when based on slip-related signals as opposed to signals re-
lated to exerted finger force. Thus, as in [1], we propose that
a tissue slip sensor more directly addresses the fundamental
problem of ensuring efficient grasping during MIS.

Slip detection is essential for grip force regulation, manip-
ulation, and tactile exploration [8]; it is particularly important
during MIS. Sensing slip of grasped rigid objects with
Coulomb friction is a well-studied problem with many work-
able solutions [9]. However, sensing slip of wet, deformable
objects (such as biological tissue) poses many additional
challenges because wet slip lacks the stick-slip vibrations
that tend to signal incipient slip (slip that occurs in a narrow
region of the contact surface and precedes macro slip) in dry
scenarios [8]-[10].

Sensing slip in MIS introduces additional requirements:
solutions must be capable of sensing slip of wet, compliant
objects and have the potential for integration into MIS
or RAS end effectors, e.g. Intuitive Surgical’s da Vinci
EndoWrist® instruments. Integration into the end effector
imposes significant packaging constraints. Slip is most easily
sensed near the event of interest, so the sensor must fit
into the grasper jaws or at least pass through the bore
of a standard laparoscopic trocar. Furthermore, to facilitate
surgeon acceptance, our technology must only minimally
change the nature of the grasper jaws. Here we present a



Sensor: Top View

A Slip

{ 'thermistoc—---""’“

-

P | .

v T

ol |
| Li ¥
(17 D |
| i\ g 1 %
1 1 | v leRi g -

I~ heater--=""

B Slip Sensor: Side View

—

=
W
(D  sensor @

) e

slip
_—

=

tissue

Sensor

C Slip Signals

o |— N s W E

slip [mm

27H—3$
2.65 slip threshold
261 slip detected
255
2.5
2.45 ' : : ;
0 0.5 1 1.5 2 2.5

slip [mm

Slip V]

Fig. 2. A: Slip sensor top view with labeled N, S, E, and W thermistors.
B: Cross-sectional view through E and W. Heater emits thermal energy
conductively transferred to the thermistors (mainly through the grasped ob-
ject) when stationary (. When the object slips @), E senses a temperature
increase above baseline while VW senses a decrease. N and S remain near
baseline. C: Representative data for a slip from W to E; mean value across
10 trials and 1 standard deviation are plotted. Upper plot shows described
temperature readings. Lower plot shows the output slip signal, Sy ; a nearly
unchanged Sy, is shown for comparison. The dashed black line denotes the

slip threshold of 3 standard deviations above the mean baseline slip signal;

here, slip is detected within 0.7 mm. Data is from turkey tissue!'.

proof-of-concept technology that has high applicability to
RAS, can sensitively and specifically indicate the presence
of slip and its direction, and is robust to mechanical noise
or environmental impacts.

B. Related prior work

Dry, rigid-body slip is a relative displacement between two
surfaces [8], [9]; see Francomano et al. [8] for a thorough re-
view of slip sensors. Displacement-based slip sensors detect
motion between two surfaces and may rely on mechanical
parts joined to magnetic or optical transducers, but the
interstitial spaces between moving parts are difficult to clean.
More recent sensors compare CMOS sensor-acquired image
sequences which are analyzed to obtain slip speed and
direction. These present computational challenges for rapid

motion analysis and packaging challenges for integration into
the jaws of a surgical instrument.

Other sensors — including thick film PZT cantilevers,
PVDF film transducers, accelerometers [11], and acoustic
emissions detectors [12] — detect the stick-slip microvibra-
tions that tend to signal incipient slip between contacting dry
surfaces with Coulomb friction [10]. However, these vibra-
tions are no longer present or are severely attenuated when
the slipping object is wet and compliant. Brown et al. [13]
added brass ridges to the jaw’s contact surface and detected
slip by monitoring pressure changes with PVDEF, but their
results stated that even with this mechanical amplification
and alteration to the jaws, false positives were common.

Force transducers for slip sensing often sense changes in
pressure distribution or surface deformations. These designs
present miniaturization challenges and the likelihood of
incurring false positives and negatives. The nature of con-
forming contact may cause changes in pressure distribution
without slip occurring, but slip may also occur without
accompanying force changes. Designs that seek to estimate
the grip force required to balance the shear force or to detect
the transition between static and dynamic friction are ill-
suited to this application: the friction coefficient between the
tissue and grasper jaw is difficult to estimate and changes
with time, trauma, tissue type and other physiological factors.
Stoll and Dupont [1] presented an approach that requires
tangential grasp force measurement and differentiating relax-
ation and friction forces. However, this method may require
modifications to the grasping surface to amplify friction
forces and may be inaccurate if pressure concentrations are
present.

Finally, a class of slip sensors senses temperature changes
associated with mechanical slip [14], [15]. Based on hot-
wire anemometry, these sensors use a thermal probe to
maintain a heater at constant temperature, which requires
nearly constant power. When slip occurs, a convective heat
transfer term is introduced to the simple conduction problem,
and the power required to maintain a constant temperature in-
creases; the slip sensor monitors this change. Acknowledged
drawbacks of this design are its inabilities to differentiate
between making/breaking contact and slip, or to sense slip
direction. The sensor presented here (fig. 1) is inspired
by [14], [15]. However, our design relies on relating changes
in spatial temperatures rather than changes in heating power,
which can enable sensing directionality of motion (fig. 2).

II. METHODS

A. Slip sensor design

As shown in figs. 1 and 2A, the sensor consists of
four thermistors are arranged around a heating element and

IRaw “turkey bacon” (imitation bacon made of reconstituted turkey meat)

was selected for data collection. Slices are consistent, homogeneous, and
unlikely to tear unexpectedly. The thin slices provide uniform deformation
throughout their thickness, crucial for DIC analysis. The slip sensor
performed as well on pork loin, and chicken heart and gizzard, but thick
tissue resulted in poor DIC (ground truth) planar deformation estimates.
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Fig. 3.

Contact events likely to occur during RAS, the desired system action, and the conditions a single sensor and an array of multiple sensors will

experience. Note that grasp/release may result in asymmetric changes as shown; perfectly even contact would result in common mode temperature and
temperature derivative changes. The information one can obtain from a single sensor is limited to a motion vector. If three sensors are arrayed in the plane
of the grasper jaw, one can estimate the tissue’s planar deformation and extract the rigid body components of the motion (see explanation in text below).
To effectively reject making or breaking contact with tissue (column 1), sensor fusion with a contact sensor is currently required.

embedded in a grasper jaw. The slip sensor has a surface
area of 3.5x3.5 mm?; the overall PCB is 7x26 mm?.

The thermistors (NTCGO63JF103FTB, TDK Corp.) are
named after the cardinal directions (IV,S,E,W); in the plane
of the jaw, Z corresponds to W-E, and ¢ corresponds to
S-N. This thermistor was selected for its low cost, fast
response, and compact package. The thermistors’ resistances
are converted to voltages using transimpedance circuits. Tem-
perature is calculated from resistance using the Steinhart-
Hart equation:

% = A+ B[In(R)] + Clin(R)]?

(1
where A = —22x107%, B=7.9x107% and C = —2.2x
1076 (fit against a thermocouple in a water bath and checked
against manufacturer-provided calibration data). Opposing
pairs of thermistors (N-S, W-E) are fed into instrumentation
amplifiers to amplify their differences: S, = T — T,
Sy = Tn — Ts. These are differentiated to produce slip
signals S, and S, which are amplified and centered about
2.5V (see Section II-B for relation to slip).

The heater (a pair of 49.9Q2 Vishay Thin Film resistors
in series, PCANO603E49R9BSTS5) is resistively heated at
110 mW. This heating power was selected after preliminary
tests to determine the maximum heating power that does
not result in exceeding 45°C limit for direct tissue contact
safety [16]. 110 mW results in ~43°C' over 10 minutes.

The slip sensor substrate was designed to minimize in-
ternal conduction (minimal copper near the thermistors and
heater) because, ideally, the thermistors would sense tem-
perature changes at the grasping contact interface and not
through the substrate. To create a smooth contact interface,
the resistors and thermistors are coated up to the level of
the tallest component (0.5mm) in Loctite 435 ™(Henkel
Corporation), selected for its low thermal conductivity.

B. Sensing strategy

When tissue comes in contact with the jaw, heat is
conducted from the heating element into the tissue, forming
a thermal gradient T'(z,y,t) in it. As in [14], [15], we
approximate this heat transfer problem as:

oT

ot

where ¢(z,y) [%] is the heat source, x [m?/s] is the
thermal diffusivity of the grasped tissue, and v - V7' is the
convection term that models the slip of the tissue against the
sensor; this term is zero if no motion is present.

If tissue moves over a thermistor, there will be a signal
in proportion to the change in temperature. In general, local
tissue movement can arise from any combination of motion
(translation and rotation) and deformation (dilation, exten-
sion, and shear) [17]. For slip sensing, we are interested in
translation. With a single sensor we cannot entirely separate
the effects of motion and deformation because distinguishing
them requires multiple points of measurement and a sense
of scale: a microscale slip may be part of a macroscale slip
or stretch, and motion may have both rigid and deformation
components (fig. 3). However, we can construct signals, S,
and S, that respond primarily to translation in the  and ¢
directions, respectively.

We note that for a translation, and assuming an approxi-
mately symmetric heating zone, the thermistor in the leading
direction should experience an increase in temperature while
the thermistor in the trailing direction should experience a
temperature decrease. Therefore, we define slip signals as
Sy = 2(Tg — Tw) in the & and S, = 2(Ty — Ts)
in the g. Time derivatives are used to avoid reliance on
magnitude. Note that dilation (as may occur when increasing
the grasp force on a piece of tissue so that it expands radially)
will produce no signal because the thermistors’ temperatures
will decrease together. A pure rotation will also produce no

= kV2T — v - VT + {(z,y) )



signal, due to symmetry.

The signals S, and Sy are, of course, imperfectly corre-
lated with slip. The temperatures measured at each thermistor
also depend on the history of heating and tissue movement
and on the overall conduction and convection at the bound-
aries. This sensing strategy is also not robust to uneven
contact or release of tissue, which causes unpredictable
changes in the four sensed temperatures and can mimic
slip. However, for realistic grasping scenarios, S, and S'y
provide a useful single-point indicator of slip occurrence
and direction. Using an array of such sensors, a topic for
future work, would enable estimation of the tissue’s planar
motion and deformation over the grasper jaw. Our goal here
is to produce a directional signal in response to 1 mm of slip
(approximately half a standard jaw width).

This design is well-suited to sensing slip of biological
tissue: by collecting redundant absolute measures of tem-
perature, we can monitor a critical parameter tied to tissue
damage. Furthermore, by collecting multiple measurements
on a single input, varying moisture content or tissue thickness
are common mode events that are rejected.

III. EXPERIMENTS

Figure 4 illustrates the bench-top experimental setup made
to imitate a MIS grasper. A DAQ (Sensoray826, Sensoray)
reads the analog output from 4 thermistors (N,S,W,E), the
thermistor pair differences (Sy, S..) and their derivatives (5 s
S,), and a single-axis button-type load cell (FSSO15WNGX,
Honeywell) into a custom C++ program. The heating circuit
maintains constant power (110 mW); it is left on to simulate
real use. The load cell was centered below the slip sensor to
obtain grip force.

Video was recorded at 60fps with 1280x720 pixels res-
olution using an ELP-USBFHDOIM-L21 camera (Ailipu
Technology Co., Ltd) calibrated with the MATLAB Camera
Calibration toolbox. Videos were used to perform digital
image correlation (DIC) to estimate displacements at the con-
tact interface and ensure slip (rather than stretch) occurred
during testing. DIC is a ubiquitous non-contact technique
for measuring material displacement and deformation based
on the comparison of two images acquired at different
states, before and after motion. Here, DIC was performed in
MATLAB using Ncorr, an open source 2D-DIC MATLAB
software [18]. To aid DIC analysis, grasped objects were
stained with randomly placed dots of black food coloring.
The grasped object was displaced using a custom system
based on a monocarrier (MCMO03015P02K, NSK Global),
a linear slide (6709K301 and 6709k120, McMaster-Carr),
and a SmartMotor (Moog Animatics). Accuracy of Ncorr
and the SmartMotor system were validated using a laser
displacement sensor (LK-H082, Keyence); displacements
agreed within 0.5% of desired motion.

Tests were conducted to test the effectiveness of our sen-
sor. The sensor was operated as described; four thermistors
were sampled and the differences between opposed pairs
were differentiated to obtain the slip signals as described
in the previous section. The slip sensor was mounted in one
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Fig. 4. Experiment setup for commanding slip trajectories and measuring
slip. Right inset shows the grasper; the jaw-mounted camera obtains video
of the planar tissue deformation. On the underside of the slip sensor board,
a load cell collects grasp force. Left inset depicts DIC analysis on speckled
foam. Left image is the ‘reference’ image. Middle image is taken 0.5s
later; the vector field of Lagrangian displacements w.r.t. the reference
image is overlaid. Right image shows a Ncorr colormap output of the x
displacements; color gradient shows increasing displacement from bottom
to top, implying stretch.

jaw of a rigidly-mounted 3d-printed grasper. A force sensor
under the slip sensor allows the grip force to be precisely set
prior to each trial. The other grasper jaw contains an optically
clear window to allow video capture of the grasped tissue for
motion analysis. Thin samples of tissue were used to obtain
more accurate planar deformation estimates. Tissue is held in
two clamps mounted on a passive linear guide carriage and
a linearly actuated carriage. The passive carriage is linked
rigidly to the other carriage to mimic tissue slip through
the grasper. Rigid-body motion of the tissue is enforced by
imposing slip trajectories with the SmartMotor and checking
homogeneity of motion using DIC analysis.

IV. RESULTS

The results from tests comparing two speeds of slip in
the +2 direction are shown in fig. 5. Grip force was set at a
relatively low value (0.5 N) to allow nearly rigid-body motion
with minimal stretch (confirmed with DIC). Fluctuations in
grip force associated with slip were present but with a poor
signal-to-noise ratio. As expected, S, changes repeatably in
response to slip while Sy remains approximately unchanged.

Figure 6 presents results from tests where the acceleration
(velocity ramp rate of the controlled stage) of slip was varied.
The rate of change of slip signal with slip distance is the
same regardless of the acceleration. We hypothesize that for
faster slip, the tissue moves faster than it is locally heated,
so the signal continues to grow. For slower slip, convection
is less, so the slip signal reaches a lower maximum. We
anticipate that this result will be consistent with higher
speeds up until some maximum where the tissue is moving
so fast that the sensors cannot obtain a measurement.
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Fig. 5. Results from 10 trials each of fast (0.61 mm/s2) and slow

(0.12mm/s2) slip of room temperature tissue slipping through the grasper
in 4+ for 3mm (row 3); mean and standard deviations are shown. Grip
force was set at 0.5N for all trials (row 2). Row 1 shows the slip signals;
there is clearly a Sy response but no Sy response. The dashed black line
denotes a significant deviation (i + 3 % 03 pu = 2.504,0 = 6.4 * 1073)
above baseline slip signal levels, or the level at which we can identify slip.
Minimum detectable slip levels ranged from 0.7-0.9 mm.

V. DISCUSSION

During slip, the difference between opposed pairs of
thermistors increases at a rate independent of slip speed or
acceleration. Faster slips are accompanied by larger maxi-
mum slip signals because the tissue is moving faster than
heat can be conducted through it. Grip force fluctuations do
occur during slip, but the variations have a poor signal-to-
noise ratio and are visually poor indicators of slip.

There are some error sources on the hardware side. Our
signals rely on resistance measurements, so any asymmetry
in the signal conditioning circuits (performance variations,
manual potentiometers, component value tolerances) and
amplifier nonidealities contribute to error. Furthermore, al-
though the nichrome heating resistors were selected for their
low temperature dependence, a value of zero is unachievable
so the heating power does vary with temperature.

The tissue we tested was near room temperature (~24 —
29°C) which is much cooler than the heating element
(~42°C'). Tissue in vivo is likely much warmer, nearer to
37°C. Cooler objects have steeper thermal gradients and
therefore sharper changes in slip signals associated with slip;
therefore, we can expect some reduced sensitivity in vivo.

The grasped object’s properties affect sensor performance.
Slip signals are larger when the grasped object has lower
specific heat capacity and/or less mass between the grasper
jaws: objects with these characteristics require less heat to
locally change their temperature. This means that the region
of the grasped object in contact with the slip sensor can more
quickly establish a steep thermal gradient, which will enable
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Fig. 6. Sz vs. slip displacement for different slip accelerations; 5 trials
were conducted for each acceleration; mean and standard deviations are
shown. As shown in the inset, the rate of change of slip signal with slip
distance is independent of the acceleration. For faster slip, the tissue moves
faster than it is locally heated, so the signal continues to grow. For slower
slip, convection is less, so the slip signal reaches a lower maximum. As in
fig. 5, the dashed black line denotes (i + 30) above baseline slip signal.
Minimum detectable slip ranges from 0.87-1.4 mm.

a clearer response from the sensor more quickly.

VI. CONCLUSIONS AND FUTURE WORK
A. Conclusions

This paper presents a slip sensor whose working principle
takes inspiration from hot-wire anemometry. The presented
sensor has the additional ability to inform directionality of
slip in addition to detecting it within 1 mm. A heater keeps
the sensor and its local environment above the environmen-
tal temperature. When the environment is stationary, the
temperature at all four thermistors changes approximately
equally. When slip occurs, thermistors on opposite sides of
the heater experience different temperature changes. Taking
the derivatives of these temperature differences amplifies the
sensitivity to slip. The temperature at each thermistor is a
function of the speed of slip, the contact conditions and
the thermal properties of the grasped object. However, the
computed derivative slip signals are relatively independent of
these variables. These results compare favorably with those
in previous work (e.g. [15]).

B. Future Work

Our goal is to implement thermal slip sensing within
the profile of the grasper jaws of a RAS instrument (see
fig. 7). Our next efforts will focus on miniaturization, safety,
and wiring. Miniaturization of the circuitry to contain all
electronics in the jaw would facilitate sensor performance
by increasing responsiveness, reducing thermal mass, and
making uniform contact easier to achieve. Furthermore, as
noted in [19], thermal phenomena are relatively slow, e.g.
as compared to electromechanical ones. However, because
the time constant is proportional to L?, we can expect the
response time to diminish as the linear dimension of the
sensor is reduced, a result presented in [15].

Jaws vary widely in grasping surface dimensions (lengths
range from 5-30 mm, widths from 3-8 mm), and many have
fenestrations (holes) in the main grasping region, making



Fig. 7. Prototype slip sensor mounted on modified Intuitive Surgical Long
Tip Forceps with 3D printed adapter.

packaging a difficult challenge. We are currently exploring
SMT versions of this sensor as well as other more compact
technologies.

While the heating element is currently powered open-loop;
implementing closed-loop control would be straightforward
and would allow us to maintain the highest permissible
temperature gradient in warm tissue, thereby enhancing the
device’s safety and sensitivity.

By creating an array of our sensors, we can provide 2D
planar deformation information across the sensing surface.
Increasing the number of temperature sensors arrayed around
each heating element will allow us to improve the accuracy
of the slip direction vector at each sensing point. Wiring
is a concern as well; the number of conductors that must
be routed around or through the instrument wrist should
be minimized. Once optimized, additional ex-vivo tissue
grasping data will be collected with the sensor to explore
performance on a variety of tissue types and under environ-
mental conditions that better approximate surgery.

Finally, integration into a RAS system poses many chal-
lenges not yet addressed. Beyond robustly distinguishing
slip from contact, there is the potential to provide feedback
for tissue manipulation. In other work, [20] noted that
tactile feedback proved more useful than visual feedback in
displaying tissue slippage; however, transduction technolo-
gies are worth exploration. Furthermore, surgeons are not
always grasping or trying to avoid slip. Avoiding presenting

unwanted information is crucial to user acceptance. The pre-
sented work is a bench-top model and will require significant
advances to prepare for clinical use and evaluation.
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