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1. Introduction 

     In minimally invasive robotic surgery (MIRS), a surgeon 

can perform internal body inspection through small skin 

incisions with surgical instruments. This method reduces 

hospitalization time, postoperative infection, anesthesia time, 

incision size, trauma, and intraoperative blood loss [1]. Despite 

these advantages, there are also some limitations for surgeons 

in MIRS such as the loss of kinesthetic (force) and cutaneous 

(tactile) feedback [2], which affects the surgical efficacy and 

efficiency of the medical treatment [3]. To overcome this 

problem, tactile force sensors are used with surgical instruments 

in MIRS which provide cutaneous and kinesthetic feedback to 

surgeons. These sensors provide surgeons with the necessary 

feedback to avoid the application of excessive force and thus 

reduce the risk of tissue damage. With the recent technological 

advancements in the domain of robotics, tactile sensors have 

become an emerging topic due to their vast application in the 

robotics, and medical fields [4]. The attributes provided by 

tactile sensors showed their functionality in many applications, 

such as in the evolution of efficient object manipulation tasks  

[5, 6], and safe human-machine interaction [7, 8]. Currently, 

tactile force sensors have been developed for multi-axis force 

detection using different transduction mechanisms including 

piezoelectric [9, 10], piezoresistive [11,12], inductive [13,14], 

magnetic [15,16], and capacitive [17,18]. Piezoelectric force 

sensors utilize the piezoelectric effect of ceramic elements and 

quartz crystal effect for the detection of force with high stability 

and linearity [19]. However, piezoelectric sensors are only 

capable of detecting dynamic forces and require recalibration 

with time [20]. Piezoresistive force sensors utilize the effect of 

resistance change in materials, due to input force and have the 

advantages of relatively easy fabrication and simple readout 

electronics [21, 22]. However, in many applications, 

piezoresistive sensors are not suitable due to their poor output 

consistency and temperature sensitivity [23].  Inductive force 

sensors work on the principle of Faraday’s law of induction to 

measure the force and have a high sensitivity along with a wide 

measurement range [24, 25]. However, such sensors have a 

poor dynamic response and long-term reliability.  

Capacitive tactile force sensors have many advantages over 

other transduction mechanisms due to their high sensitivity, 

long-time stability, durability, and adaptability to the 

environment [26]. In previous studies, different types of 

capacitive sensors were proposed based on comb structures 

[27], overlapping parallel plates [28], and in-plane electrodes 

utilizing the fringing field effect [29].  The capacitive force 

sensors with an overlapping area, are based on the capacitance 

change due to a change in gap between two overlapping plates 

under an applied force [30, 31]. These overlapping capacitive 

sensors have low sensitivity such as Fernandes et al. [32] 

proposed a multi-axis capacitive sensor for normal, shear, and 

angular force detection with a high range but the main drawback 

of the sensor is low sensitivity for both the normal and shear 

applied forces. In comparison to the overlapping area-based 

capacitive force sensors, fringing field-effect based capacitive 
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This paper presents a design of multi-axis tactile force sensor using the fringe effect of an electric field 

between stationary patterned electrodes. The unique configuration of the electrodes consisting of four 

separate square-shaped sensing electrodes, with each encircled by excitation electrodes, allows to achieve 

enhanced fringe field effect and hence sensitivity. The proposed sensor can decouple the normal, shear and 

angular shear applied forces. The sensor is fabricated using low-cost rapid prototyping techniques with 

flexible Ecoflex 00-30 and silicone rubber RTV-528 as the elastomers for contact with the environment. An 

analytical model is developed that correlates the nominal capacitance of the sensor with that of the geometric 

dimensions of the stationary electrodes and air cavity height between the electrodes and elastomer. The force 

measurement ranges in the normal, shear, and angular axis are 5 N, 1.5 N, and 1 N respectively. The sensor 

shows a perfectly linear response, repeatability,and a low hysteresis error, thermal stability and robustness 

to the environmental interferances that makes it suitable to be used for force feedback in minimally invasive 

robotic surgery.  

 



sensors allow avoiding the parallel plate electrodes alignment 

errors, to achieve linear output response and physically isolated 

from the sensing environment. The working of such capacitive 

force sensors is based on the concept of change in capacitance 

due to changes in the effective dielectric medium above the 

capacitive plates under an applied force. Huang et al. [29] 

presented a fringing field effect based tri-axial tactile force 

sensor with four sensing electrodes and one public electrode.  

The sensor measures the normal and shear force for a force 

range of 0-10 N with the sensitivity of 0.0095/N, 0.0053/N, and 

0.006/N for normal, shear x-axis and y-axis. However, the 

configuration of the electrodes on the fixed substrate does not 

allow measuring the angular shear force. Sun et al. [33] 

presented a fringing field effect-based tactile force sensor with 

four comb-type sensing electrodes and one public electrode 

with normal and shear forces measurement range of 0-10 N. 

The output response of the sensor is linear in the range of 0-5 N 

only and nonlinearity increases exponentially for an applied 

force up to 10 N. In this paper, a low-cost, and multi-axis 

fringing field effect based capacitive tactile force sensor design 

is presented with a unique configuration of the electrodes on the 

substrate to achieve enhanced fringing electric field effect and 

hence sensitivity. The proposed sensor design can measure 

angular shear forces in addition to both the normal and shear 

xy-axis forces.  

2. Sensor Design and Working Principle 

    Figure. 1 (a) and (b) show an exploded and cross-sectional 

view of the proposed multi-axis fringing electric field effect 

based capacitive tactile force sensor respectively. The top layer 

of the sensor is octagonal shaped elastomer silicone rubber 

(RTV-528) bump which is encapsulated with a 3D printed 

Polylactic acid (PLA) based dome. The octagonal-shaped top 

elastomer (RTV-528) and dome allow applying the force 

uniformly in different directions on the sensor. The second part 

of the sensor is a dual-layer structure that consists of an air 

cavity and an elastomer Ecoflex 00-30 on the top. The 

elastomer dome used in the design is silicone rubber (RTV-528) 

with a higher Young’s modulus in comparison to the Ecoflex 

00-30 which results in maximum force transfer to the Ecoflex 

00-30. The third and last layer of the sensor consists of four 

sensing electrodes surrounded by four excitation electrodes. 

One excitation and one sensing electrode make a one-unit 

capacitor. The enhanced fringing electric field effect is 

achieved by increasing the length of an electrode in the 

minimum area by using a unique pattern of electrodes. These 

electrodes are patterned on the FR4 printed circuit board (PCB) 

and form four-unit capacitors (𝐶1- 𝐶4) as shown in Fig. 1(c).  

The elastomer Ecoflex 00-30 and the air cavity above the 

electrodes act as a dielectric material for the four-unit 

capacitors. The total area of a unit capacitor is 3.25 mm × 3.25 

mm with an inner electrode area of 1.5 mm × 1.5 mm. The outer 

electrode width is 0.75 mm and is placed at a distance of 0.125 

mm from the inner electrode. The size of air cavity between the 

elastomer Ecoflex 00-30 and a unit capacitor on the substrate is 

1.2 mm. The overall sensor size is 12 mm × 12 mm × 14 mm. 

The sensor is designed to be attached at the root of a surgical 

tool, integrated at the end of a robotic surgical arm, as shown in 

Fig. 1(d). The surgical tool is to be fixed exactly at the center of 

the tactile force sensor such that the normal force applied to the 

sensor through surgical tool uniformly deforms the sensor 

surface downwards.  

 Figure 2 (a) shows the 3D schematic of the sensor with 

direction of forces applied in normal, ±xy-shear axis and at an 

angle. When a normal force is applied to the top elastomer 

dome, the Ecoflex 00-30 elastomer moves downwards (-z-axis), 

and the air cavity gap decreases as shown in Fig. 2 (b) and (c). 

For an applied normal force, the dielectric medium above the 

capacitor units changes from air to Ecoflex 00-30 which has a 

higher dielectric constant (𝜀e = 2.8 ) then the air (𝜀0 = 1 ). 

Thus, the dielectric constant value for the proposed sensor lies 

in the range of 1 to 2.8 for an applied normal force. For an 

applied shear force, the bending of the elastomer Ecoflex 00-30 

results in an increase in the air cavity thickness on the side 

where forces are applied and a decrease on the opposite side as 

shown in Fig. 2 (d).   For an applied shear force in the +x 

direction, the bending of the elastomer results in a decrease in 

capacitance in the capacitor units 𝐶1, and 𝐶2 and an increase in 

capacitance in the capacitor units 𝐶3, 𝐶4 due to a change in the 

effective dielectric constant. For the proposed sensor, the size 

of electrodes remains constant with the application of a force, 

however, the structure of the multi-layered dielectric changes, 

which leads to a change in the effective dielectric constant 

which results in a capacitance change in the capacitor units. 

Figure 3(a) and (b) show the electric field lines distribution and 

corresponding electric field strength with the downwards 

displacement of the elastomer, before and after an applied 

normal force. The electric field strength increases as the 

dielectric air medium above the capacitor units is replaced with 

the elastomer medium of higher dielectric constant for an 

applied force. Moreover, under an applied force, the electric 

field lines are concentrated in the region above capacitor unit 

electrodes. This leads to a higher value of output capacitance of 

a capacitor unit. The layout of the capacitor units for the sensor 

allows to fully decouple the forces applied in normal, shear, and 

angular directions. Table. 1 shows the complete sensing scheme 

for the proposed sensor for an applied force in different axes. 

The upwards arrow (), downwards arrow () and dot (•) 

symbols represent increase, decrease and no change in 

capacitance values respectively. For example, for an applied 

normal force, the capacitance in the all four capacitor units 

increases and for an applied +x-axis shear force, the capacitance 

of the capacitor unit 𝐶1 and 𝐶2 decreases while that of 𝐶3 and 𝐶4 

increases. The output capacitance change for the four capacitor 

units is unique for an input force in the normal, ±xy-shear axis 

and at an angle which allows to fully decouple the input forces 

applied to the sensor. 



   

 

  

Fig. 1 (a) Exploded view of the sensor (b) cross-sectional view of the sensor (c) sensing and excitation electrodes configuration (d) integration 

scheme of the sensor with the robotic arm and surgical tool. 

 

Fig. 2. (a) 3D view of the sensor with applied force direction and cross-sectional view of the sensor under (b) no force (c) normal force (d) shear 

force

(a) (b) (c) (d)



 
Fig. 3. Electric field strength and field lines distribution with 

respect to the position of top elastomer (a) no force (b) applied 

normal force.  

The Eq. (1) to (7) show analytical formulation for the force 

estimation based on the measured capacitance values of the 

four capacitor units under applied force in different 

axes.The Δ𝐶1, Δ𝐶2, Δ𝐶3 and Δ𝐶4 are normalized 

capacitance change values of the individual capacitor units 

𝐶1, 𝐶2,  𝐶3, and 𝐶4 respectively. When a normal force is 

applied to the sensor then a positive change occurs in all 

the capacitor units according to Eq. (1). For a shear force 

in the 𝑥-axis, a positive capacitance change occurs in in the 

capacitor units 𝐶1 and 𝐶2 while a negative change occurs 

in the capacitors 𝐶3 and 𝐶4. However, in the case of shear 

force in the y-axis, a positive change occurs in the 

capacitance of capacitor units 𝐶2 and 𝐶3 as expressed in Eq. 

(3) while a negative change occurs in the capacitor units  

𝐶1 and 𝐶4. In the case of angular shear force in the first 

quadrant,  a positive capacitance change occurs in the 

capacitor unit 𝐶3, negative change occurs in the 𝐶1 while 

no change takes place in the capacitance of capacitor units 

𝐶2 and 𝐶4. 

 

 
 

In the case of angular shear force in the second quadrant 

positive change take place in the capacitance of 𝐶4, 

negative change in 𝐶2 and no change come out in 𝐶1 and 

𝐶3. For an angular shear force in the third quadrant, a 

positive capacitance change occurs in the capacitor unit𝐶1, 

a negative change occurs in the 𝐶3, and no change occur in 

the capacitor units 𝐶2 and 𝐶4. When a shear force is applied 

in the fourth quadrant, the capacitance of 𝐶2 is increased, 

the capacitance of 𝐶4 is deceased while the capacitance of 

𝐶1 and 𝐶3 remains constant. For an angular force at 45⁰, the 

capacitance of the capacitor unit 𝐶1 decreases and 𝐶3 

increases while it remains constant for the capacitor units 

𝐶2 and 𝐶4. 

Δ𝐶𝑍 = (Δ𝐶1 + Δ𝐶2 + Δ𝐶3 + Δ𝐶4) (1) 

Δ𝐶𝑋 = (Δ𝐶3 + Δ𝐶4) −( Δ𝐶1 + Δ𝐶2) (2) 

Δ𝐶𝑌 = (Δ𝐶2 + Δ𝐶3) − (Δ𝐶1 + Δ𝐶4) (3) 

Δ𝐶45° = Δ𝐶3 −  Δ𝐶1 + (Δ𝐶2 + Δ𝐶4) (4) 

Δ𝐶135° = Δ𝐶2 −  Δ𝐶4 + (Δ𝐶2 + Δ𝐶4) (5) 

Δ𝐶225° = Δ𝐶1 −  Δ𝐶3 + (Δ𝐶2 + Δ𝐶4) (6) 

Δ𝐶315° = Δ𝐶4 −  Δ𝐶2 + (Δ𝐶1 + Δ𝐶3) (7) 

3. Sensor Fabrication 

Figure. 4 shows the fabrication process steps for the 

proposed multi-axis capacitive tactile force sensor. In the 

first step, the elastomers are prepared for the top dome and 

dielectric layer using elastomers silicone rubber RTV-528 

and Ecoflex 00-30 respectively. The elastomers are shaped 

using PLA-based molds manufactured using 3D printing 

technology. The silicone rubber RTV-528 elastomer was 

Table 1. Sensing scheme for the proposed sensor for an 

applied force in the normal, ±xy-shear axis, and angular axis 

Applied Force 
Normalized Capacitance Change 

Δ𝐶1 Δ𝐶2  Δ𝐶3  Δ𝐶4  

Normal     

Shear (+x)     

Shear (₋x)     

Shear (+y)     

Shear (₋y)     

Angle (45°)  •  • 

Angle (135°) •  •  

Angle (225°)  •  • 

Angle (315°) •  •  

 



mixed with a 1% curing agent by volume and stirred for 3 

minutes.  

 

Fig.4. (a) Silicon rubber RTV-528 and Ecoflex 00-30 elastomer 

(b) PLA molds (c) elastomers (d) assembled sensor with the size 

reference of a coin.    

After stirring thoroughly and degassing, the prepared 

uncured RTV-528 elastomer was poured into the 3D-

printed mold. After curing at room temperature for 24 

hours, the cured RTV-528 elastomer layer was peeled off 

from the 3D-printed molds. The same procedure was used 

for the Ecoflex 00-30 elastomer with a curing time of 4 

hours. The capacitive electrodes are fabricated using 

conventional technology on an FR4 substrate. The 

cyanoacrylate glue is used for the final assembling of 

different parts of the multiaxial force sensor. The 

assembled multi-axis tactile force sensor is shown in Fig. 

4(d). The proposed multi-axis tactile sensor is to be 

attached with the surgical robot and will not be in direct 

contact with the internal body organs that resolves the issue 

of biocompatibility of the material. 

4. FEM Modelling 

4.1 Nominal Capacitance Model  

    Li et al. 2014 [34], presented a generic analytical 

formulation for the nominal capacitance between the two 

parallel plates lying on the same plane based on the 

effective theory which is given as; 

𝐶𝑜 = η × 𝜀0 × 𝑏 × (
𝑎

𝑑
 )

2
𝜋

arctan(
𝑑
𝑏

)
 𝑋𝛽 × 𝑌𝛾 

(8) 

Where 𝑋 = (1 +
𝑏

𝑎
), Y = (

𝑑

𝑎
), a and b are the width and 

length of the plates respectively while d refers to in-plane 

spacing between the plates.  The parameters 𝑋 and 𝑌 are 

electrodes scale dependent while η, 𝛽, and 𝛾 are geometry-

dependent parameters. Since for the proposed tactile force 

sensor, the geometric configuration of the electrodes is 

unique where a single sensing electrode is surrounded by 

an excitation electrode for each capacitor unit instead of 

simple double plate configuration, therefore values of the 

η, 𝛽, and 𝛾 parameters in Eq. 8 is estimated first. For the 

proposed sensor, the values of η, 𝛽, and 𝛾 are obtained by 

modeling three different geometries with different values 

of electrodes dimensions a, and b (as shown in Table. 2) in 

COMSOL Multiphysics and performing the nominal 

capacitance analysis. The nominal capacitance values 

obtained through analysis for each geometry are used in 

Eq. (8) to obtain three different equations which are 

simultaneously solved by using MATLAB's fsolve 

function which is based on the Trust-region-dogleg 

optimization algorithm to find the values of η, 𝛽, and 𝛾 

parameters as 41.63, ¬0.64 and 0.0262   respectively which 

modifies the Eq. (8) as;  

𝐶𝑂=41.63 × 𝜀0 ×  𝑏 (
𝑎

𝑑
 )

2
𝜋

arctan(
𝑑
𝑏

)
 𝑋−0.64 ×  𝑌0.0262 

(9) 

The nominal capacitance value obtained from Eq. 9 is 

compared with the experimentally measured nominal value 

of capacitor units of the proposed sensor in the absence of 

top dielectric. The experimental nominal capacitance value 

of 0.4 pF matches that obtained through Eq. (9) i.e., 0.392 

pF.  

 Table 2. Dimensions of three different geometric configurations 

of the sensing electrodes. 

Geometry b (mm) a (mm) Aspect ratio 

(b/a) 

Area 

(mm2) 

N1 1.5 1.5 1 6 

N2 2 1 0.5 6 

N3 2.5 0.75 0.3 6 

The limitation of the analytical formulation for the 

nominal capacitance presented in Eq. (9) for the proposed 

capacitive tactile force sensor is that it does not consider 

the effect of air cavity height present between the bottom 

electrodes and  top dielectric layer. To include the effect of 

air cavity, nominal capacitance analysis is carried out using 

FEM simulations with varying air cavity sizes and a 

nonlinear curve fitting is performed on the data curve to 

obtain the following equation, 

𝐶𝑓 = 𝐶𝑜 × 𝜀𝑟 × 0.05 𝑒ℎ5
⁄ + 3.9𝑒−13 (10) 

Where h represents the air cavity height between the 

bottom electrodes and top elastomer dielectric layer. This 

formulation considers the effect of both the geometric 

configuration of the electrodes for the proposed sensor and 

air cavity height. The air cavity height above the four 

capacitor units of the sensor is assumed constant which 

justified from the FEM based deformation profile of the 

sensor in response to the normal force, discussed in Section 

4.2. Figure 5 shows the comparison of the nominal 

capacitance values obtained through FEM-based 

capacitance analysis simulations with that obtained 

through Eq. (10). The close correspondence between the 

two shows that Eq. (10) can be used for the analytical 



approximation of the nominal capacitance for the proposed 

capacitive tactile force sensor.  

 
Fig. 5. Comparison of the simulated and calculated nominal 

capacitance with varying air cavity heights.  

4.2 Displacement Analysis Under Applied Force 

The working of the sensor under both normal and shear 

applied forces is verified through FEM simulations. The 

physical properties of the elastomers presented in [35] are 

used as input for the analysis. Figure 6 (a) shows that for a 

normal distributed input force applied on the dome, the top 

elastomer moves uniformly downwards towards the sensing 

electrodes. This uniform displacement of the elastomer will 

result in an equal change in the capacitance of all four 

capacitor units. For an applied shear force on the side face 

of the dome, the elastomer moves downwards on one side 

and upwards on the other side with a symmetric 

displacement profile. The symmetric displacement of the 

elastomer under shear force validates the use of Eq. (2) and 

(3) for the estimation of applied shear force in the x and y-

axis.  

 

Fig. 6. Deformation profile of the sensor for an applied force in the 

(a) normal axis and (b) shear axis. 

5. Sensor Characterization 

5.1 Experimental Setup 

        Figure 7 shows the schematic of the experimental setup 

used for the characterization of the proposed capacitive 

tactile force sensor. The setup consists of a digital push–pull 

force gauge with a 50 N force range and 10 mN resolution 

and a tri-axis translation stage with a displacement 

resolution of 1 µm. The tri-axial tactile force sensor is 

placed on the table and the digital push–pull force gauge is 

attached to the translation stage in the vertical direction to 

measure the applied normal force in the z-axis. For an 

applied shear force, the force gauge is attached to the 

translation stage in the horizontal orientation to measure the 

applied force in 𝑥 or 𝑦 axis. For the normal force, the Z 

column of the translation stage moves downwards while for 

the shear force it remains stationary, and the stage table 

moves. 

 

Fig. 7. Experimental setup for the sensor characterization for 

application of (a) normal force (b) shear force.  

 The capacitance change in all four capacitor units is 

measured using a 24-bit, 2-channel AD7746 capacitance to 

digital converter (CDC) with 4 fF accuracy and a minimum 

resolution of 4 aF. To investigate the capacitance change in 

all unit capacitors corresponding to an applied force, two 

AD 7746 CDC converters are integrated with an Arduino 

microcontroller unit (MCU). The MCU communicates with 

the AD7746 board through a multiplexer using I2C serial 

communication protocol.  Figure 8 shows the schematic 

diagram of the data acquisition system used for the testing 

of the sensor.  

 

 Fig. 8.   Schematic diagram of the proposed sensor and the layout 

of the AD7746 board with the individual components.  

5.2 Normal Force Characterization  

Figure 9 shows the normalized change in capacitance 

values for the sensor in the normal direction for an input force 

up to 5 N. The change in capacitance of all four capacitor 

units is obtained using AD7746 capacitance to digital 

converter and normalized capacitance is plotted using Eq. 1. 
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For an applied force above 5N, the sensor output saturates. 

The measured value of the displacement in the top dielectric 

for an applied force of 5 N is 1.2 mm. The output saturation 

of the sensor for applied force above 5 N can be attributed to 

the fact that the initial gap or air cavity height between the 

capacitor units and elastomer layer is fully transversed. 

 

Fig. 9.  Normalized capacitance changes for an applied force 

in the normal direction (𝛥𝐶𝑍).  

        The dielectric constant of the Ecoflex 00-30 elastomer 

is 2.8 and that of air is 1. When a normal force is applied to 

the bump of the sensor, the air cavity size decreases which 

leads to a change in the effective dielectric constant which 

lies in the range of 1-2.8 for an applied normal force. The 

increase in the normalized capacitance with an increase in the 

applied force, shown in Fig. 9, can thus be explained by an 

increase in the effective dielectric constant. The normalized 

sensitivity of the proposed sensor obtained from Fig. 9 is 

0.0378/N. This sensitivity value is better than the normal 

force sensitivity values of 0.0095/N and 0.0192/N reported in 

[29] and [33] for the fringing field based capacitive tactile 

force sensors. 

5.3 Shear and Angular Force Characterization 

As discussed in Section 2, for an input force in the shear 

axis (x and y-axis), the top Ecoflex 00-30 elastomer moves in 

such a way that the gap between the elastomer and two of the 

capacitor units decreases, and in other two increases. Figure 

10 (a) shows the normalized capacitance change in the 

capacitor units for an input force in the +x-axis. The results 

show that with an increase in the input force, the normalized 

capacitance of capacitor units  𝐶3, 𝐶4 increases and that of the 

capacitance of 𝐶1, 𝐶2 decreases which can be attributed to the 

increases and decreases in the effective dielectric constant 

above the capacitor units for  𝐶3, 𝐶4 and 𝐶1, 𝐶2 respectively. 

The ∆𝐶𝑥 is the response of the sensor which is plotted by 

using Eq. (2) when a shear force is applied in x-axis. 

 
Fig. 10. Normalized capacitances change for an input force in (a) 

shear + 𝑥-axis (b) at an angle of 45°. 

The normalized sensitivity of the sensor for a shear force 

in the +x-axis is 0.018/N for a force range of 1.5 N. Since, the 

sensor is symmetric in configuration, a similar response can 

be expected for an applied force in ± y-axis and -x-axis. As 

shown in Fig. 10(b), for input force at an angle of 45°, the 

capacitance of the 𝐶3 increases, for the 𝐶1 is decreases, while 

remains constant for 𝐶2 and 𝐶4 because a resultant change in 

the height of the air cavity on the top of capacitor units 𝐶2 

and 𝐶4 is zero. The Δ𝐶45° is the response of the sensor plotted 

using Eq. (4) when an angular force is applied at a 45° angle. 

The normalized value of sensor sensitivity for angular force 

is 0.010/N for a force range of 1 N.  

Figure 11 (a) shows the x-axis and y-axis output response 

of the sensor for an input force in the x-axis. The results show 

that for an input force in the x-axis, the normalized ∆𝐶𝑥 value 

changes linearly for an input force in the range of 0 to 1.5 N 

while there is slightly a change in the normalized ∆𝐶𝑦. The 

maximum value of normalized ∆𝐶𝑦 is -0.0025 for an input 

force of 1.5 N which ideally should have been zero. However, 

for an applied force in the y-axis, the change in the 

normalized ∆𝐶𝑥 value is constant, as shown in Fig. 11 (b), 

which shows a fully decoupled output response with 

negligible mechanical crosstalk of the sensor for an applied 

shear force.     



 

Fig. 11. Normalized capacitance changes of the sensor for an input 

force in the (a) 𝑥-axis (b) 𝑦-axis. 

To evaluate the multi-axis tactile force sensor response in 

3-dimensional space, the capacitive response of the sensor is 

tested by applying the angular force at angles of 45°,135°, 

225°, and 315°. The normalized capacitance change plots for 

applied forces at different angles are shown in Fig. 12. The 

plots are obtained by using measured capacitance values in Eq. 

(4) to (7). The results show that the input angular shear force 

range is 0 to 1 N for all four tested angles.  

 

Fig. 12. The normalized capacitance change of the proposed 

sensor when a shear force is applied at four different angles.   

 

 

The normalized capacitance change for the four angles is 

close to each other owing to the symmetric configuration of 

the stationary electrodes on the substrate. The small 

variations in the output can be explained by the non-uniform 

distribution of the top dielectric elastomer Ecoflex 00-30 and 

variation in the geometric dimensions of the electrodes due 

to manufacturing tolerances. The normalized sensitivity of 

the proposed tactile force sensor for angular forces at 

45°,135°, 225°, and 315° is 0.0098/N, 0.0067/N, 0.0078/N, 

and 0.0082/N respectively for a shear force in the range of 0 

to 1 N.  

6. Effect of Air Cavity Height on the Sensor Output 

Response 

To analyze the effect of the air cavity height between the 

stationary electrodes on the bottom substrate and top Ecoflex 

00-30 elastomer layer on the sensor output response, the 

sensors with different air cavity heights of 2.2 mm, 1.8 mm, 

1.4 mm and 1.2 mm are fabricated and tested.  Figure 13 (a) 

shows the normalized output capacitance change for the 

sensors with different air cavity heights for an applied normal 

force. For the sensor with an air cavity height of 2.2 mm, 

there are three distinct regions for the output capacitance 

change. For an input force up to 0 to 2 N, the output is nearly 

zero and for input force in the range of 2 N to 5 N there is a 

linear increase in the output capacitance which finally 

saturates for input force above 5 N. For the sensor with an air 

cavity height of 1.8 mm, the output capacitance changes 

increase linearly up to 2 N at slow rate. However, for the 

input force in the range of 2 N to 4 N, there is a sharp increase 

in the output capacitance of the sensor which finally 

decreases for input forces above 4 N. In comparison to the 

sensors with air cavity heights of 2.2 mm and 1.8 mm, the 

sensors with air cavity heights of 1.4 mm and 1.2 mm show 

a smooth and linear output response for an input force in the 

range of 0 to 5 N. The normalized output capacitance change 

for the sensor with an air cavity height of 1.2 mm is slightly 

higher than that of the sensor with an air cavity height of 1.4 

mm. Figure 13 (b) shows the output capacitance change for 

the sensors with different cavity heights for an input shear 

force in the +x-axis. The results show that the output 

capacitance change follows a similar trend for all the sensors. 

However, the slope and hence the sensitivity of the sensors 

increases with a decrease in the air cavity height. The results 

presented in Fig. 13 can be explained with the electric field 

distribution plot shown in Fig. 14. The strength of the electric 

field lines is higher in the vicinity of the stationary electrodes 

on the substrate and decreases linearly as the upwards 

distance increases. For the sensors with air cavity heights of 

2.2 mm and 1.8 mm, it can be observed that electric field 

strength is initially nearly zero which explains that for an 

applied normal force upto 2 N the output capacitance change 

of these sensors is almost negligible. However, as the force 



increases, the top elastomer reaches the relatively dense 

electric field lines and significant output capacitance change 

is observed. For the sensors with air cavity heights of 1.4 mm 

and 1.2 mm, the electric field lines are dense in 1.2 mm height 

then 1.4 mm height, which leads to a distinguishable 

capacitance change as the force is applied. These results 

show that for the fringe effect based capacitive force sensors,  

it is very important to quantify the electric field strength to 

obtain the air cavity height.  

 
Fig. 13. Output normalized capacitance response of the sensors 

with different air cavity heights for an applied (a) normal force and 

(b) shear force. 

 

Fig. 14. Electric field lines distribution above the stationary 

electrodes on the substrate with respect to air cavity height. 

The results in Fig. 13 (a) and (b) for the sensors with air 

cavity heights of 1.4 mm and 1.8 mm show that the difference 

in the output capacitance change between these two sensors 

for an applied shear force is higher in comparison to the 

applied normal force. This is because the elastomer layer that 

is used to achieve the air cavity has less stiffness when its 

height is 1.8 mm in comparison to 1 mm height. This leads to 

higher shear displacement in the case of a 1.8 mm air cavity 

sensor as shown in Fig. 15. 

 

Fig. 15. The elastomer displacement profile in the ± x-axis for an 

applied shear force.  

7.  Force Estimation Based on the Measured 

Capacitance Change 

              To estimate the forces from the measured output 

capacitance values of the sensor under an applied force, a 

mathematical model is required which enables the sensor to 

interact in the real environment. The proposed sensor is 

calibrated for the full range of applied forces and second 

order polynomial expressions are obtained, for both the 

normal and shear forces, by curve fitting to obtain the 

expression coefficients. The final expressions for the force 

estimation by the measured capacitance change in the 

normal and shear axis are given as;  

       ∆𝐶𝑧= −0.0016𝐹2 + 0.0442𝐹 + 0.0079                       (11)                        

   ∆𝐶𝑥 = −0.0006𝐹2 + 0.01𝐹 + 0.0005                         (12) 

Where Δ𝐶𝑧 is the normalized capacitance change in the 

normal axis, which is caused by normal force application, Δ𝐶𝑋 

is the normalized capacitance change in the shear axis which 

is due to the shear force application and F is the magnitude of 

the applied force. Figure 16 (a) and (b) show the comparison 

of the actual applied force and that estimated force using the 

developed analytical expressions for both the normal and shear 

forces. The results show a close correspondence and hence 

validate the accurate estimation of the applied force to the 

sensor from the measured output capacitance change.  



 

Fig. 16. Comparison of the applied force and estimated force by the 

measured capacitance change for (a) normal force (b) shear x-axis 

force.  

8. Hysteresis and Repeatability Analysis 

One of the important characteristics of a tactile force sensor 

is the consistency in the output response values for increasing 

and decreasing input force. The difference in the output 

values during the increasing and decreasing cycle of the 

applied force is usually dependent on the material properties 

of a sensor. Figure 17 shows the hysteresis plot for the 

proposed sensor where the normal input force is increased 

from 0 to 5 N and then subsequently decreased to 0 N with 

the step size of 0.1 N and corresponding normalized 

capacitance change values are plotted.  

 
Fig. 17. Hysteresis response of the multi-axis tactile force sensor. 

 

The difference in normalized capacitance change during the 

applied normal force region of 0 - 1.75 N is due to stress  

relaxing  behaviour of elastomer Ecoflex 00-30. The results 

show that the difference in the capacitance change values 

during increasing and decreasing input force with a 

percentage difference of only 2.64 % is obtained based on the 

measured data. 

      The repeatability of a tactile sensor is an important 

parameter for use in the robotics surgical system. The 

repeatability analysis of the proposed multi-axis tactile force 

sensor is performed for five loading cycles once a day for five 

consecutive days. The capacitive response of the multi-axis 

tactile force sensor is analyzed for 5 N force in normal 

direction (z-axis). Figure 18 shows the repeatability test results 

of the proposed sensor with the mean (line) of five values and 

negligible standard deviation (error bar) corresponding to an 

applied normal force. The sensor shows good signal stability 

by exhibiting the repeatability error of 4.15 %.   

 

      Fig. 18. The capacitive response of the proposed multi-axis tactile 

force sensor for the five loading cycles.   

9. Dynamic Output Response  

The output capacitance response is obtained by using four 

and six rising and falling force ramps for the 2 Hz and 3 Hz 

input forces respectively as shown in Fig. 19. The results show 

that the output capacitance change follows the input force. The 

slight drift in the input force amplitude for different cycles can 

be attributed to the alignment errors of the tri-axis translation 

stage. The values of the normalized capacitance change for 

both the 2 Hz and 3 Hz input forces of 1 N are close to the    

static input force with a value equivalent to 0.022. The minor 

delay in the output capacitance for an input dynamic force can 

be attributed to the viscoelastic behavior of the elastomer. The 

accurate response of the sensor for an input frequency up to 3 

Hz shows that the proposed sensor can be used for 

laparoscopic MIRS applications where the grasping frequency 

is usually below 3 Hz [36, 37]. The sensor bandwidth is 

dependent on the sampling frequency of the digital capacitance 

to voltage conversion IC used in the experimental 

characterization which is 90.9 Hz. In the robotic surgical 



systems, the desired bandwidth is generally dictated by the 

application which may be as high as 500 Hz for the force 

feedback [38]. However, due to experimental setup 

limitations, we were unable to obtain the dynamic response of 

the sensor for input forces with input frequency above 3 Hz.   

 

Fig. 19. Normalized output capacitance of the sensor for an input 

normal force applied at (a) 2 Hz and (b) 3 Hz. 

10. Stability Analysis  

To analyze the effect of the variation in the atmospheric 

temperature on the output response of the sensor, the sensor is 

placed inside an acrylic chamber and temperature is increased 

by using a heat gun. Actual temperature inside the acrylic 

chamber is measured using a standard digital thermometer. 

Figure 20 (a) shows the experimental setup for the analysis of 

environmental temperature variations on the sensor. The 

sensor was tested in the temperature changing environment 

from 25 °C to 40 °C under no loading condition. The results 

in Fig. 20 (b) show that with an increase in the environment 

temperature the nominal capacitance of the sensor increases 

and the variation in the nominal capacitance value is nearly 2.5 

% at 40 °C with respect to 25 °C. The temperature sensitivity 

of the proposed sensor is 4.4 fF/°C which can be further 

minimized by implementing temperature error compensation 

techniques. 

 
Fig. 20. Effect of environmental temperature variations on the 

sensor (a) experimental setup (b) normalized capacitance 

change for temperature in the range of 25 °C to 40 °C. 

In addition to the temperature variations, the effect of 

the surrounding interference on the out response of the 

sensor is evaluated by hovering the human finger from 0 

cm to 20 cm above the sensor and analyzing the nominal 

output capacitance under no load condition. Moreover, to 

compare the effect of the sensor shielding, output response 

of both shielded and unshielded sensor is evaluated. The 

sensor is shielded by integrating a flexible metal coated 

sheet below FR4 substrate and between the elastomer and 

elastomer dome and connecting to the ground. The flexible 

metal sheet is achieved using an inkjet printing technique 

by printing a conductive silver nanoparticles-based ink on 

a flexible Polyethylene terephthalate (PET) sheet of 0.135 

mm thickness. Figure 21 shows the normalized capacitance 

of both shielded and unshielded sensors with varying 

human finger height above the sensor. The results show 

that for the unshielded sensor, the nominal output 

capacitance of the sensor decreases to 1.5 % of its original 

value when the human finger distance is 2 cm above the 

sensor. By increasing the finger distance to 12 cm above 

the sensor, the output capacitance approaches the nominal 

capacitance value. For the shielded sensor, the output 

capacitance decreases to 1 % of its original value and 

approaches the nominal value when human finger is at 8 

cm above the sensor. These results show that shielding the 

proposed tactile force sensor, can further increase the 

robustness of the sensor to the surrounding environment 

interference.   

(a)

(b)



 

Fig. 21. Effect of varying human finger distance from both the 

shielded and unshielded  

11. Conclusion  

      A fringing field effect-based capacitive tactile force sensor 

is presented that can measure and decouple normal, shear ±xy-

axis and angular shear forces. An analytical model is presented 

that estimates the nominal capacitance value of the stationary 

fringing field electrodes with respect to the geometric 

dimensions of the electrodes and air cavity height between 

electrodes and the top elastomer. The sensor is low-cost that is 

fabricated using rapid prototyping techniques. The geometric 

design and configuration of the stationary fringing field 

electrodes in the sensor allowed to attain higher sensitivity and 

linearity in comparison to the fringing field effect-based tactile 

force sensors presented in the literature. The normalized 

capacitance sensitivity for normal and shear axis is 0.0378/N 

and 0.018/N respectively while for the shear angular force it is 

0.010/N. The sensor is tested for its repeatability and 

hysteresis error which showed a reliable operation of the 

sensor. The frequency response of the sensor showed that 

proposed sensor can be used for the measurement of dynamic 

input forces up to 3 Hz frequency. The demonstrated force 

measurement ranges, high sensitivity with repeatability and 

flexible contact surface allow the potential application of the 

proposed fringing field effect-based tactile force sensor in 

MIRS for the force feedback from the surgical instrument to 

the surgeon. The possible future improvement for the proposed 

sensor is to achieve better thermal stability and use of 

biocompatibile flexibilie materials for integration at the end of 

surgical tool in MIRS. 
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