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ABSTRACT

Force sensing is an important component for a number of
surgical procedures as it can help to prevent undesirable dam-
age to the tissue and at the same time provides the surgeons with
a better “feel” of the tool-tissue interaction. However, most of
the current commercially available multi-DOF force sensors are
relatively large in size and it is a challenge to incorporate them
into the surgical tool. Hence, a multi-DOF miniature force sen-
sor is desired and this paper presents the design and development
of a miniature 2-DOF force sensor. In order to achieve a minia-
ture force sensor, microfabrication technique is used and the pro-
posed force sensor is a capacitive-based sensor. The proposed
force sensor can be used in a number of percutaneous procedures
as well as catheter-based procedures. This paper presents the
design and microfabrication process of the proposed miniature
force sensor.

1 INTRODUCTION

Interaction force between the surgical tools and the tissues
is an important information in a number of surgical procedures
like breast biopsy [1] and cardiac catheterization. This informa-
tion can be used to prevent undesirable damage to the tissues
and also provide the surgeons with a better “feel” of the tissue.
However, most of the commercially available multi-DOF force
sensors are not sufficiently compact and is a challenge to incor-
porate them into the surgical tool. Hence, there is need for a
multi-DOF miniature force sensor.

Researchers have proposed a couple of possible miniature
force sensing solution. P. D. Goodyer et al. [2] propose an optical

fiber pressure transducer for use in the upper airways by measur-
ing the change in the reflected light intensity and P. Polygerinos
et al. [3,4] propose using similar optical method for catheters. In
order to miniaturize these fiber-optic sensors, equipments such
as fiber-optic couplers and optical fibers are required, which in-
evitably increases the cost. Fiber bragg grating (FBG) sensors
have been used in a number of other applications [5, 6] and is
also a possible solution. However, like the reflected light inten-
sity method, the disadvantage of the FBG method is the need for
costly equipment. In addition, the mounting of the FBG sensors
is challenging. H. Gao et al. [7] on the other hand proposed us-
ing PVDF. However, the length of the sensing element in that
prototype is large and will hinder surgical procedures.

In order to achieve low cost with minimal required assem-
bly, MEMS technique is explored in this paper. Manufacturing
a piezoresistive based force sensor for multi-DOF sensing is a
challenging task due to the challenges to form side wall piezore-
sistors and is hence not chosen. H.-L. Chau and K. D. Wise [8]
proposed a miniature 1-DOF solid-state capacitive pressure sen-
sor. This force sensor only has 1 DOF of sensing and the mi-
crofabrication process is not straightforward. Hence, the design
of a two-DOF capacitive miniature force sensor is proposed in
this paper. The targeted application includes percutaneous pro-
cedures such as breast biopsy and catheter-based procedures. In
percutaneous procedures, the force sensor located closer to the
tip of the biopsy probe can help to determine the needle insertion
force and in catheter-based procedures, for example, the force
sensor can help to determine the interaction forces between the
catheter and inner wall of the blood vessel.
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Figure 1. Examples of miniature force sensor placement
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Figure 2. Sensor design

2 SENSOR DESIGN

Fig. 1 illustrates how the sensor is integrated into a biopsy
probe or a catheter’s ablation tip and Fig. 2 shows the capacitive
force sensor design. The capacitor combs seen in Fig. 2 are the
sensing elements and it can be seen that the capacitor combs on
the device layer are separated by slots and structurally connected
through the oxide and handle layer. The purpose of the oxide
layer is to act as the insulator between the capacitor combs.

The flexure hinges provide the required spring effect in a
force sensor and unlike most designs, the flexure hinges in the
proposed sensor include the handle layer and are not limited to
the device layer. This is to increase the robustness of the sensor
without increasing the thickness of the device layer. Increasing
the thickness of the device layer to improve robustness is not
recommended as it will affect the fabrication of the capacitive
combs. The effect of the moment on the flexure hinges due to
forces exerted at the tip is not significant because the depth of the
force sensor is significantly larger than the width of the flexure
springs. In addition, the distance from the sensor to the tip is not
large. The authors are also intending to calibrate the sensor with
the tool at the system level, which will include the effect due to
the moment to give a more accurate result.

The electrical contacts for the force sensor are located along
the circumference of the device layer. Wires for the force sensor
and instruments like an ablation device can be run through the
space at the center. The present diameter of the force sensor is
4.5 mm and the size is expected to reduce after a few iterations.
Finite element analysis of the force sensor has also been per-
formed and the flexure hinges are designed such that the sensor
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Figure 3. Microfabrication process

can handle 1 N force in each principal direction. The dimensions
of the flexure hinges can be changed according to the specific
application.

3 MICROFABRICATION

The underlying microfabrication technique of the proposed
force sensor is based on the research group of B. J. Nelson [9-11]
for cell manipulation applications. The underlying microfabrica-
tion technique is similar, but the design is different due to differ-
ent targeted application. This microfabrication process is simple
and results in a low cost force sensor with minimal assembly re-
quired.

The proposed capacitive force sensor was fabricated using
the microfabrication facilities in the FabLab at the University of
Maryland and the process is illustrated in Fig. 3 and described
below:

1. Start with a double polished SOI wafer (65 um highly doped
Si, 1 um SiO2 and 300 um Si)

2. DRIE on the backside (handle) to form the flexure springs

and the main body of the sensor

Bond the SOI wafer with a dummy wafer

4. Spin a layer of photoresist on the top side (device) and pat-
tern the top side features

5. DRIE the top side (device) to form the capacitive comb, flex-
ure springs and sensor body

6. RIE to remove oxide layer and the sensor will be structurally
separated from the main wafer

7. Remove individual sensor from the dummy wafer by remov-
ing the photoresist

b

In order to etch high aspect ratio channels in silicon, AZ-
4620 photoresist is used. The DRIE is performed using a Sur-
face Technology Systems Etcher and the RIE is performed on
Trion. The two-DOF capacitive force sensor is fabricated as a
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Figure 4. Prototype of the 2-DOF miniature force sensor
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Figure 5.  Finite element analysis of the force sensor

single piece and no assembly is required within the sensor. In
addition, unlike other complicated fabrication processes, the pro-
posed process requires only two masks. Another major advan-
tage of the microfabrication process is that no cutting is required.
The dice-free process to realize the force sensors (see step 7 of
the microfabrication process) helps to prevent the fragile flexure
structures from getting damaged.

4 PROTOTYPE

The force sensor is fabricated and Fig. 4(a) shows a photo of
the force sensor held with a pair of tweezers while Fig. 4(b) illus-
trates the size of the force sensor in comparison with a US Dime.
The diameter of this first prototype is 4.5mm and the height is
366um. Finite element analysis has also been performed on the
sensor design. Fig. 5 shows the deformation result when the
sensor is subjected to a IN force. For illustration purpose, the
deformation scale for Fig. 5 is set to be 50 to better illustrate the
deformation and the capacitive combs are removed in the figure
because the plates cannot be clearly identified in the figure at this
scale.

5 CONCLUSION

This paper presents a 2-DOF miniature force sensor for sur-
gical procedures. The design, together with the microfabrication
technique, are presented. The distinct advantages of the proposed
2-DOF force sensor is its 1) compact size, and 2) simple micro-
fabrication process. In our future work, we plan to incorporate
a third degree-of-freedom in force measurement as well as de-

velop the necessary electronics to be able to measure the tissue
and sensor interaction forces.
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