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Abstract— Novel surgical techniques require laparoscopic
instruments which are intelligent micro-manipulators rather than
simple manually operated scissors. Hydraulic drives, with their
high force and power density, and low weight are the perfect
candidates to drive these new laparoscopic instruments. However,
their use in intelligent systems requires the integration of a
displacement measurement technology to ensure controllability.
The aim of this paper is the characterization and miniaturization
of a capacitive sensor that can be integrated into the hydraulic
drives in order to improve the precision of the instrument’s
positioning. The proposed sensor solution is structurally inte-
grated into the hydraulic drive, using its barrel and rod as a
coaxial cylindrical capacitor, so that no additional sensor needs
to be integrated. The performance of the proposed solution
has been examined using FEA simulations of a mini and a
miniaturized cylinder design. The simulation has been validated
experimentally and the results are in good agreement. The
results showed a linear relationship between capacitance and
displacement with a precision of ±27 µm, thus proving the
feasibility of the method.

Index Terms— Actuators, capacitive sensing, displacement
measurement, electro-hydraulics.

I. INTRODUCTION

M INIMALLY invasive surgical procedures are becoming
more common due to the advantages that they provide

to the patient: short recovery time, and reduced pain and
hemorrhage [1]–[3]. However, their complexity is a challenge
for the surgeon. Manually driven, mechanical instruments lack
freedom in movement, are restricted in their applicable force,
and operating their degrees of freedom is cumbersome and
requires training.

To meet the requirements of new surgical techniques, vari-
ous efforts have been made in recent years to develop micro-
manipulator systems [4]–[6], which, with the help of control
techniques and telemanipulation, facilitate laparoscopic pro-
cedures. However, they are not widespread, as the integrated
drives make them too heavy to hold or manipulate.

It has been proven that hydraulic drives are charac-
terized by greater force and power density compared to
classic mechanical transmissions [7], [8] thus hydraulically
driven laparoscopic instruments offer a significantly improved
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Fig. 1. Design of the laparoscopic instrument tip considered in this article,
driven by a hydraulic cylinder with a diameter of 2.5 mm. The cyan and blue
components highlight the space available for both the drive and the sensor.

performance over the standard minimally invasive surgical
instruments [9]–[12]. Moreover, they are lightweight, because
the power generator, the pump, does not have to be placed
inside the instrument. All these advantages make hydraulic
drives a viable solution for a micro-manipulator system. How-
ever, they are not as mechanically rigid compared to instru-
ments with mechanical drive mechanisms due to trapped air,
leakage, the compressibility of the medium, and the elasticity
of the tubes in hydraulic circuits. Their use in intelligent
systems thus requires the integration of a displacement mea-
surement technology. Hence, this research paper investigates
sensor methods for the hydraulic drives developed in [13].

Laparoscopic instruments are at the limit of what is tech-
nologically feasible in terms of miniaturization: integrating
any additional component is a significant challenge. Given
the instrument’s size, it is not possible to incorporate an
off-the-shelf sensor [14], [15], as displacement sensors on
the market are designed for large scale cylinders. Even the
smallest commercially available displacement sensor would
not fit in the limited space at the tip of the instrument, which
is already occupied by the hydraulic drive and transmission
mechanism, as can be seen in Fig. 1.

Position sensors integrated into micro hydraulic actuators
have been presented by Zhu and Book in [16], by Volder,
Coosemans, and Reynaerts in [17], and by Sumali, Bystrom
and Krutz in [18]. In [16], a capacitively coupled resistive
sensor has been developed, whereas in [17] and [18] a minia-
turized inductive sensor was presented. All these solutions
required the integration of additional elements in the hydraulic
cylinder.

The goal of this work is to determine a sensing method
which requires as little additional space in the instrument as
possible and necessitating the least changes to the existing
mechanical design. A capacitive measurement principle [19] is
investigated, as the integral structures of the hydraulic cylinder
already can be used for such a sensor, without the need
of additional elements. This method has been established in
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Fig. 2. Schematic of parallel capacitance sensor configuration. The sensor
electrodes are: the barrel’s base and the top head surface of the piston, in
black and grey respectively.

large-scale industrial applications [20], but no investigation of
its feasibility on a smaller scale is present in the literature.
Hence the objective of this research is to study the scalability
of this sensor principle. The following sections present the
results of the analytic considerations, the FEA simulations,
and the experimental investigation. The simulation and exper-
imental measurements are then compared and discussed. This
includes the discussion on the influence of mechanical toler-
ances on the measurements.

II. THE CAPACITIVE POSITION SENSOR

A. Principles of Operation and Theoretical Investigation

Capacitive sensors typically consist of parallel electrode
plates and a dielectric. The capacitance C is an electrical
property of the capacitor and designates the amount of charge
that can be stored on its electrodes in relation to the applied
voltage. This value depends on the geometry of the capacitor
and the characteristics of its dielectric medium [21].

There are two common configurations for capacitive dis-
placement sensors that can be adapted to the intrinsic geo-
metrical structure of a hydraulic cylinder: the flat parallel
electrodes and the coaxial cylindrical electrodes configuration.

In the flat parallel electrodes configuration, C is a function
of the distance between the electrodes d , the overlapping
electrode surface A, and the electrical permittivity of the
dielectric ε:

C = εA/d (1)

When applied to the hydraulic actuator, the cylinder’s base
and the top head surface of the piston act as electrode plates.
Once a voltage is applied to the two terminals, a charge is
accumulated and an electric field E builds up inside the piston
chamber as shown in Fig. 2.

The disadvantage of this sensor configuration is that for
values of d bigger than the sensor diameter, the electric field
can no longer be considered homogeneous, and the relation-
ship between the capacitance and the displacement is strongly
nonlinear. Moreover, when miniaturizing the dimensions, the
cylinder’s diameter is reduced and as the electrodes’ surface
is proportional to C as shown in (1), the value of C would
decrease. If the diameter is too small, the value of C becomes
so small that it is difficult to measure.

In the case of the coaxial cylindrical electrodes configura-
tion, the barrel and the rod act as the electrodes, see Fig. 3.
When applying a voltage, the accumulation of charge on the

Fig. 3. Schematic of coaxial cylindrical parallel electrode configuration.
The sensor’s electrodes are: the barrel side and the rod, in black and gray,
respectively.

plates generates a radial electric field, extending between the
barrel and the rod.

In an ideal scenario, without the consideration of boundary
effects, the capacitance can be calculated by (2),

C = 2πε0εr

ln rb
ra

L (2)

where ra denotes the radius of the inner electrode, rb the radius
of the outer electrode, L the length of the overlap of inner and
outer electrodes, ε0 the permittivity of free space, and εr the
relative permittivity of the dielectric between the electrodes.

The capacitance C of a coaxial cylindrical electrode sensor
is proportional to the length L where the inner and the outer
cylinders overlap. This principle is then used for displacement
sensing.

For the deduction of formula (2) the assumption has been
made that the electrode material is an ideal conductor. The
electrode material can be chosen according to the medical
requirements, given that this assumption remains valid.

The use of the coaxial cylindrical electrodes configuration
presents several advantages in comparison to the flat electrodes
configuration described earlier. From (2) it can be derived that
the sensitivity of the sensor is:

S = 2πε0εr

ln rb
ra

. (3)

It is a function of the ratio between the two electrodes‘ radii.
With the ratio getting closer to unity, the sensitivity of C
increases. The sensitivity equation shows that a radial rescaling
of the cylinder does not affect the sensor’s sensitivity if the
ratio between the outer and inner electrode diameters remains
constant. This is an advantage for miniaturization. Hence, the
coaxial cylindrical electrode configuration is most suitable for
this hydraulic actuator displacement sensing application.

B. FEA Simulation Results

In order to prove the validity of the concept, Ansys Maxwell
FEA software was used to investigate the distribution of the
electric field in the sensor and to calculate the capacitance.
Three designs have been investigated. Table I contains their
relevant dimensions and the voltage applied.
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TABLE I

SIMULATED MODEL DIMENSIONS AND VOLTAGE

Fig. 4. Electric field distribution in the longitudinal cross-section of design A;
calculated using the FEA software Ansys Maxwell.

Fig. 5. Electric field distribution in the longitudinal cross-section of design B;
calculated using the simulation FEA software Ansys Maxwell.

Designs A and B belong to the category of mini-hydraulic
drives. Design C has the dimensions of the miniaturized
hydraulic drive designed specifically for the laparoscopic
instruments presented in [13].

Fig. 4 and Fig. 5 show the electric field distribution in
designs A and B, respectively. The relationships between
capacitance and displacement for both designs A and B are
displayed in Fig. 6. They appear very linear. The slope of the
capacitance against displacement graph for design B, hence
the sensitivity of the sensor, is smaller than in design A. The
reason is that in design A, the ratio between the external and
internal electrode diameter is closer to 1 than in design B.
This supports the statement that it is preferable to manufacture
the rod and barrel with diameters of similar size in order to
increase the sensor’s sensitivity, as predicted in II-A.

Fig. 7 shows the plot of the capacitance against displace-
ment for the designs A and C. Fig. 8 shows the electric

Fig. 6. Plot of capacitance against displacement for design A and B;
calculated using the FEA software Ansys Maxwell.

Fig. 7. Plot of capacitance against displacement for design A and C;
calculated using the FEA software Ansys Maxwell.

Fig. 8. Electric field distribution in the longitudinal cross-section of design C;
calculated using the FEA software Ansys Maxwell.

field distribution of design C. The sensitivities of both designs
are identical. However, the capacitance range in design C is
smaller compared to design A, as the lengths of the rod and
the barrel are significantly smaller. This proves the assertion
made in section II.A, that the sensitivity of the sensor will not
be affected if the piston’s dimensions are scaled, as long as
the ratio of the rod and the barrel diameters remains constant.

The sensor may be affected by mechanical imperfections.
An eccentric position of the rod and its misalignment with
respect to the longitudinal axis of the barrel are considered to
be most critical. Both imperfections are investigated in realistic
scenarios.

Design A is simulated with a 0.2 mm eccentricity of the
rod; the maximum mechanical manufacturing tolerance of the



116 IEEE SENSORS JOURNAL, VOL. 17, NO. 1, JANUARY 1, 2017

Fig. 9. Capacitance against displacement for design A, in the ideal, eccentric,
and in the inclined case; calculated using the FEA software Ansys Maxwell.

Fig. 10. Electric field distribution in the longitudinal cross-section of
design A, where the rod is eccentric; calculated using the FEA software
Ansys Maxwell.

cylinder prototype. To simulate the effect of the rod being
inclined with respect to the longitudinal axis of the barrel, the
rod is tilted by 0.2 degrees, which is the maximum manufac-
turing tolerance of the piston. Fig. 9 shows the capacitance
against displacement plots for both cases.

In the case of the eccentric rod, the capacitance against
displacement plot remains linear, but the gradient of the plot
has changed compared to the ideal scenario.

With the misaligned rod, a nonlinear characteristic is
expected, but a slope variation is observed, because the small
tilt angle causes a negligible nonlinear effect. As expected,
with the asymmetric arrangement an asymmetric electric field
distribution can be observed in both cases (see Fig. 10 and
Fig. 11) when compared to the ideal scenario in Fig. 4.

III. EXPERIMENTAL ANALYSIS

A. Experimental Set up

In order to test the concepts described above experimentally,
a test rig, shown in Fig. 12, was developed.

The rig contained a mini-hydraulic cylinder with a diameter
of 10 mm and a length of 55 mm, which matched the
dimensions of design A in section II-B. The two parts used
as electrodes were manufactured from stainless steel and were
electrically isolated from the rest of the test rig. This test rig
was made adaptable in order to fit a miniaturized cylinder with
the dimensions of design C in Table I (see Fig. 13).

Fig. 11. Electric field distribution in the longitudinal cross-section of
design A, where the rod is inclined respect to the barrel longitudinal axis;
calculated using the FEA software Ansys Maxwell.

Fig. 12. Test rig used for experiments on the mini hydraulic actuator.

Fig. 13. Test rig adapted for a miniaturized cylinder with the dimensions of
design C in Table I.

The test rigs were equipped with a Schneeberger Miniscale
Plus quadratic encoder: a displacement sensor selected for its
precision, reliability, and resolution of 0.1 μm. It was used as
a reference to check the position precision of the capacitive
sensor system.

In order to avoid interference from the environment, the test
rig was shielded.

For the capacitance measurement acquisition, a Texas
Instruments FDC1004 capacitance to digital converter was
used.

The cylinder’s displacement was controlled using a Cetoni
neMESYS syringe pump, which enabled the dosing of a
defined liquid volume to the cylinder with great precision.
The pump and the hydraulic actuator were connected with
silicon tubes. Air was removed from the hydraulic circuit
before operation. Water was used as the hydraulic medium.

B. Mini-Hydraulic Drive: Results

In order to evaluate the performance of the sensor, measure-
ments were taken over a period of ten motion cycles. Every
cycle consisted of extension and retraction of the syringe pump
with constant step sizes. During those cycles, the capacitance
of the integrated sensor and the displacement of the mini-
hydraulic piston rod (via the encoder) were recorded. Four
experiments were carried out with syringe volume increments
which corresponded to a theoretical mini-hydraulic cylinder
displacement of 1 mm, 0.5 mm, 0.05 mm, and 0.025 mm.
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Fig. 14. Capacitance against displacement of mini-hydraulic cylinder for
1 mm position increment, taken over ten motion cycles (with detail view).

Fig. 15. Capacitance against displacement of mini-hydraulic cylinder for
0.5 mm position increment, taken over ten motion cycles (with detail view).

Fig. 16. Capacitance against displacement of mini-hydraulic cylinder for
0.05 mm position increment, taken over ten motion cycles.

Fig. 17. Capacitance against displacement of mini-hydraulic cylinder for
0.025 mm position increment, taken over ten motion cycles.

Fig. 14 to Fig. 17 show the plot of capacitance against recorded
displacement for the aforementioned motion cycles.

A least square regression analysis with a first order poly-
nomial y = ax+b was applied to the measurements. Table II
shows the results of the statistical analysis, where a and b
are the coefficients of the regression model. R-squared is the

TABLE II

RESULTS OF THE STATISTICAL ANALYSIS FOR
MINI-HYDRAULIC ACTUATOR

Fig. 18. Comparison between the experimental results, the FEA model and
the analytic model (2) for the mini hydraulic sensor.

coefficient of determination and its value provides a measure
of how well the measured data fits the statistical model.
RMSE is the root mean squared error and is the measure of
the average of squared difference between the measured values
and the values estimated by the model.

C. Mini-Hydraulic Drives: Discussion

The results from the experimental investigation indicate
a linear sensor characteristics, which is confirmed by the
least square regression analysis. The linear regression model
matches the measured data with an R-squared value of 1,
which shows that there is an almost perfect fit between the
data and the linear model.

The sensitivity S of the sensor can be calculated as the
gradient of the capacitance against displacement plot and
corresponds to the parameter a of the linear regression model.

When comparing the sensor characteristics obtained from
the FEA simulation with the experimental data in Fig. 18,
a close correspondence between the results is observed. The
difference between the gradients can be explained by mechan-
ical imperfections resulting from the manufacturing process.
Both plots show higher values than those predicted by (2),
because boundary effects of the electric field and material
characteristics of the electrodes are neglected in this equation.

The precision can be deduced from the RMSE. By using the
average of the RMSE in all the measurements taken and mul-
tiplying it with the gradient of the capacitance-displacement
plot, it is possible to conclude that the system is able to
measure with an average precision of ±27 μm.

Additionally, it is observed that the initial and final position
of the piston were never exactly matching, indicating the
presence of mechanical hysteresis. In order to examine this
in detail, the quadratic encoder was used. The measurement
of the piston displacement against the liquid volume in the
syringe pump, hence in the cylinder, was recorded. It is
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Fig. 19. Mini-hydraulic cylinder displacement against syringe pump volume.

Fig. 20. Magnified view of Fig. 19 for consecutive extension and retraction
movements.

Fig. 21. Cross-section of the cylinder piston to show the piston design and
ring sealing dimensions.

plotted in Fig. 19 and Fig. 20, where the latter is a zoomed
view. The plots are concentrated into two groups: retraction
and extension. The difference in displacement between exten-
sion and retraction is the same in every cycle and its measure
hmeas = 0.132 mm. Additionally, there is a constant shift
downwards to a lesser displacement with every measurement
cycle. This continuous reduction in displacement for every
cycle can be explained by small amounts of leakage out
of the system. The reason for the difference between the
extension and retraction movement per cycle is the mechanical
construction of the piston seal and its mechanical play.

In order to understand the hysteresis effect, Fig. 21 shows a
cross-section of the piston, together with the piston and O-ring
seal dimensions. It can be seen that the slot for the seal is wider
than the seal itself. This means that when extending the piston,
the seal is pushed towards the right side of this slot, whereas
when retracting, it is pulled towards the left. Therefore, the
volume of the piston chamber is larger during retraction than
during extension. When retracting, some of the liquid volume
flows in the seal slot without moving the piston. In order to
prove this hypothesis, the volume of liquid corresponding to

Fig. 22. Capacitance against displacement plot for the micro-hydraulic
actuator at 200 random positions.

TABLE III

RESULTS OF THE STATISTICAL ANALYSIS FOR THE

MINIATURIZED HYDRAULIC ACTUATOR

the seal movement has been calculated and compared to the
measured offset.

The volume available in the seal slot is:

Vgap = πh

[(
d1

2

)2

−
(

d2

2

)2
]

(4)

This volume can cause an offset in piston displacement of
htheo = 0.591 mm.

The theoretical value has the same order of magnitude as the
measured offset, but it is approximately 4.5 times larger. The
difference can be explained by the fact that the free volume in
the seal slot is smaller than the theoretically expected value,
because some of it is filled with lubrication grease.

The hysteresis can already be observed in the plot in Fig. 14
and Fig. 15, in which the measurements recorded per step are
concentrated into two clouds of points which almost overlap.

All measurements were executed with the setup shielded,
in order to reduce external interferences on the measurements.
For a final sensor-actuator design, a solution for the integration
of both the sensor and the shield into the laparoscopic instru-
ment must be found. This will require a conductive material
cover surrounding the hydraulic drive and an electric isolation
between the rod and the instrument tip.

D. Miniaturized Hydraulic Drive: Results and Discussion

To prove the simulation results for the miniaturized-
hydraulic drives the test rig shown in Fig. 13 was used.

The performance of the sensor was evaluated with 200 mea-
surements, taken with random movements of the piston.
Fig. 22 shows the result of the measurements.

The miniaturized version of the sensor demonstrated a
similar linear behavior to the mini-hydraulic drive, confirmed
by the least square regression analysis. Table III shows the
statistical analysis parameters for the fit.

Like the experimental results of the mini-hydraulic drive, in
this experiment, R-squared is approximately 1, which indicates
that the fit between the data and the linear model is good.
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Fig. 23. Comparison between the experimental result, the FEA model and
the simplified formula (2) for the miniaturized hydraulic sensor.

Fig. 23 demonstrates the good correspondence between the
results of the FEA simulation and the experimental results.
The two plots have a different slope which is explained by
the mechanical imperfection caused by the manufacturing
tolerances. Both plots show greater values than those predicted
by (2). This would be expected, as in the equation both bound-
ary effects of the electric field and material characteristics are
neglected.

The sensor has a precision of ±38 μm. As with the mini-
hydraulic drives, the sensor has been shielded during all the
experiments.

IV. CONCLUSIONS

The design principle of a position sensor integrated into a
miniaturized-hydraulic actuator was investigated. The feasibil-
ity of a coaxial cylindrical capacitive sensor was theoretically
analyzed and validated with a FEA simulation and an analytic
model. It was shown that a radial rescaling of the cylinder
did not affect the sensor’s sensitivity. Also, it was shown, that
mechanical imperfections due to manufacturing tolerances did
not severely influence the sensor’s linear characteristics.

An experimental setup was developed for a mini-hydraulic
drive and a miniaturized-hydraulic drive to validate the analyt-
ical and simulation results. The experimental results matched
the simulations and confirmed the linearity of the relation-
ship between the capacitance and displacement for both
sensorized drives with a precision of ±27 μm for the mini-
hydraulic actuator and ±38 μm for the miniaturized hydraulic
actuator.

The sensor-actuator design was shown to have the potential
to be integrated into laparoscopic instruments to improve
their positioning precision. However, since the measurements
were taken with an electrically shielded sensor, such shielding
would have to be incorporated in the final design.

The shield integration will be the subject of future research
in addition to further investigations into the design of the
hydraulic control circuit.
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