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Abstract—A variety of sensing technologies have been 

proposed to measure loading on the plantar surface of the 

human foot. The majority have a single measurement axis, and 

few are designed with multiple measurement axes capable of 

monitoring normal and shear stress. This paper proposes a low 

cost, biocompatible triaxial piezoresistive sensor that can be 

implemented with a simple fabrication using inexpensive 

equipment. The sensor can detect pressures from 0-800kPa with 

high response and recovery with minimum hysteresis and 

repeatable results for more than 100 cycles.  

Keywords— FDM 4D printing, force-sensitive sensor, flexible 

sensors, plantar force measurements 

I. INTRODUCTION  

State of the art tactile sensors are primarily based on 
inorganic silicon [1], [2], organic semiconductors [3][4][5], 
carbon nanotubes [6], graphene nanoplatelets [7], pressure-
sensitive rubber [8], self-powered devices [9][10] are 
susceptible and can be applied to human skin. However, they 
have complex and expensive fabrication processes which 
require high-end workshops.  

Various shear force sensitive sensors have been 
demonstrated. For example, Chase and Luo [11] developed a 
shear and normal force sensor with four squared electrodes at 
the bottom and a single squared electrode at the top of the 
sensor. The mechanism was based on the deflection and 
compression of the filler layer between the top and bottom 
electrodes. The shear force and direction were calculated 
using the ratios of the four single capacities. The drawback of 
this configuration is that one only obtains a tiny delta in the 
capacitance, especially when measuring shear force. 

Lei et al. [12] developed a capacitive pressure sensor for 
measuring plantar load. The sensor consists of a raised 
‘bump’ layer, a top electrode, a PDMS dielectric layer, and a 
bottom layer with four electrodes. This forms four 
independent capacitive sensing switches, which are averaged 
to enable robust pressure measurement up to 945 kPa, even 
in loads causing non-uniform deformation to the dielectric 
layer. In general, these sensors embed four capacitive 
elements, which can be used to obtain normal and shear 
forces through selective decoupling of the output signals. 
Using this approach, in 2013, Dobrzynska and Gijs [13] 
developed a flexible triaxial force sensor with “E”-shaped 
design for both the top and the bottom electrode and consists 

of four parallel-plate capacitors, employing a silicone 
dielectric. This sensor can measure load in each axis up to 14 
N (equivalent to 220 kPa), offering an appropriate range for 
plantar shear stress measurement.  

Overall, these models highlight a particular challenge in 
measuring shear forces. Electrode configuration and substrate 
integrity should be arranged to detect shear forces 
independently. The substrate material refers to the material 
that contributes to the composite flexibility rather than the 
charge carrier [14]. The design principle focuses on the 
integrity of the substrate material, where it is reformed to be 
able to detect normal and shear forces.  

II. SENSOR DESIGN 

The design of the proposed structure of a three-axis tactile 
cell is illustrated in Fig. 1a. It consists of five different layers. 
The structure and materials shown as b, i, etop, s, p, and ebot 

indicate the thickness of the negative bump (silicone 
elastomer Mold Max™ 10), an insulation layer (Kapton 
tape), top electrode (copper tape), 3d printed semiconductive 
substrate (Ninjatek eel), PDMS (SYLGARD 184) spacer, and 
bottom copper electrode, respectively. The size of the cell is 
10×10mm. In each sensor cell, there are four resistors located 
on each corner of the substrate to form a 2×2 array. The 
negative bump has four positive bumps at each corner of the 
cell and is situated in the centre above the upper electrode 
insulation layer. The PDMS spacer is located between the 
bottom electrode and substrate. Four gaps are formed from 
the design of the substrate, as shown in Fig. 1c. The gap 
distance, dz, on each resistor is determined by the direction 
of the applied force. The mechanism works like a seesaw 
where torque is generated at the pivot points shown in Fig. 1b 
Two see-saw mechanisms are formed and responds to the 
direction of the shear force when the moments on each side 
are uneven.  Consequently, when a normal force is applied to 
the top of the cell, the substrate is compressed, and the four 
air gaps between the electrodes decrease identically. This 
behaviour implies an equivalent resistance change for the 
four resistors. On the other hand, when a normal and shear 
force is applied to one direction, the substrate produces a 
torque, incrementing the gaps for one resistor towards the 
applied shear force direction as shown in Fig.1d. As a result, 
based on the resistance variation, the applied normal and 
shear force can be sensed differently. 
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Finite Element Analysis was performed in Solidworks 
using a 3D model to verify the mechanical principle. Material 
properties were used from datasheets from all materials 
forming the tactile cell [15],[16],[17]. An elastic model for 
analysis was employed since the stress-strain curve of the 
materials used is almost linear, and the hysteresis is negligible 
for small deformations. Normal (z) and shear force (y) were 
applied across the whole top surface of the cell as illustrated 
in Fig. 1d. The boundary condition for the bottom of the 
model has been fixed in all directions. The figure's colour 
gradient displays the calculated displacement in z-direction 
under shear pressures where blue indicates minimum 
displacement regions and red the maximum ones. As shown 
in Fig. 1f, the cell deforms as expected for shear pressures 
applied on the x and y-axis.  

III. ELECTRICAL MODEL 

The sensor was modelled with a simple approach using 
four resistors in parallel located at the corners of the sensor. 
The four resistors in Eq. (1) are four independent sensing 
elements for normal and shear loads detection.  

 (1) 

It is assumed that there is no influence on the wiring since 
the length of each wire was equal for each connection. 
Negligible strain is present on the x and y components since 
the load applied to the sensor is compression and not tension. 
Therefore, the z component maximum strain is present. The 
areas of all four-square electrodes were designed identically 
with the area A = A1 = A2 = A3 = A4. The theoretical model 
assumes that the resistivity is equally thick across the entire 
sensor with a thickness of d. Therefore, the resistivity Eq. (2) 
can be employed for the initial resistance Re: 

          (2) 

A force in the z-direction reduces the distance by Δdz, 
decreasing all four resistors' resistance there Rz is the sum of 
all resistors as in Eq. (3). A force in the x-direction increases 
the thickness of the resistor R1 by Δdx and decreases the 
thickness of R3 to the same extent while not influencing R2 
and R4. A subtraction of each pair of resistance indicates the 
applied shear forces in the x- and y-direction, as shown in 
Eq. (4)(5).  

  (3) 

 (4) 

 (5) 

IV. FABRICATION PROCESS 

The sensor consists of the two identical semiconductive 
flat substrates packaged. The design was performed in 
Solidworks and the material used was a carbon black fused 
filament. Ninjatek Eel is a flexible conductive filament, that 
carbon black. Surface treatments such as wet etching were 
used to form electrodes. Firstly, copper tape and the Kapton 
tape were adhered together avoiding any air vents between 
the two surfaces as shown in Fig. 2a. A photosensitive film 
was used as a mask to form the desired electrode location 
with its connection traces. Photolithography then penetrated 
the film leaving the negative profile of electrode 
configuration Fig.2b, c. The etching process follows by using 
a positive developer (NaOH) to remove the penetrated traces 
of the mask Fig.2d. Finally, the PI-Cu laminate was exposed 
to FeCl acid to complete etching Fig.6e. This results in a 5.5 

 

Fig. 1d Deformed part from normal and shear pressure 

Fig. 1f  Deformed part from shear pressure 

 

 

 
Fig. 2 Fabrication process; surface treatments and packaging 

 

 
 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
Fig. 1c Sensor composite structure annotating in yellow V1, V2, 

V3, V4 of each resistor, pivot points in blue and dz gap disctance 

between the two substrates.   
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Fig. 1a  sensor layers and materials 

 

Fig. 1b  sensor screenshot 

 



μm thick copper electrode with 6.3μm of insulation.  Finally, 
wires are soldered to the copper pads in the PI-Cu laminate. 
PDMS spacer was formed by mixing the two parts and 
degassing them. To form a thin layer for the spacer the 
uncured silicone was poured on a flat surface and agitated 
using an orbital shaker. Then placed in a convection oven at 
80 °� for approximately 1 hour 30 minutes until the PDMS 
was completely dry. Finally, cut into shape using square-
shaped 

hole punchers. Silicone MoldMax 10T was used to create 
the top encapsulated layer using the moulding method to 
achieve the desired profile. Packaging was done manually by 
stacking part g and f with the encapsulation on top, as shown 
in Figure 2f-k. 

V. EXPERIMENTAL RESULTS AND DISCUSSION 

 Sensor performance was characterized using a uniaxial 
Mechanical test machine (Zwigg Roel). A rigid indentor 
covering the whole surface of the cell was used to apply a 
known load. The cell was attached to a silicone slab to mimic 
the natural environment mechanics of plantar forces because 
the applied force from the foot is striking the shoe elastomer 
and not the ground. 5V, 0,3A DC power supply to the bottom 
electrode of the sensor and TEKTRONIX 4 channel 
oscilloscope were used to measure the voltage change on the 
top electrodes through a voltage divider circuit. Firstly, to 
find hysteresis, response recovery, repeatability, and fatigue 
resistance of voltage change, a cyclic fatigue test was used, 
applying a constant load of 10N with 300ms hold for 100 
cycles. Secondly, a creep test was prompted to find relaxation 
by holding a constant load of 20N for 1 hour. Thirdly, to find 
the sensitivity of the tactile cell, a stepwise load test was 
conducted ranging from 1 to 80N, with an increment of 1N 
per step. Lastly, zero drift time was found by supplying a 
constant current for 1 hour.  

Table 1 summarizes the overall performance of the sensor 
cell. Figures 3b and c show the raw data from the cyclic 
fatigue test and creep load. Results show that after ten cycles, 
repeatability lies within 4%. The creep test showed that the 
sensor relaxation has a deviation of 5% within 30 minutes of 
holding a constant load. Hysteresis is improved by the PDMS 
spacer enabling the sensor to return to an open circuit when 
not in load. Figure 3a illustrates the sensitivity of the sensor 
from the stepwise load test. The sensor appears linear in two 
regions, one between 0-200kPa with ~100 Pa/mV and 
another from 200 to 800kPa with 375 Pa/mV. Consequently, 
the cell is almost four times more sensitive to low pressures 
than to higher pressures. The force range could be customized 
upon the task.  

Additionally, shear tests were performed to apply force in 
four directions using a triaxial controlled end effector. 
Initially, the force was applied normal to the cell's surface, 
followed by shear force on the x and y-axis from one corner 
to the other of the cell. Figure 4a depicts the voltage changes 
of the four sensing elements under x-axis shear loads where 
only V1 and V2 are active according to the direction of the 
force. Similarly, the x-axis shear testing results in Fig. 4b 
show that the measured voltage changes of V3 and V4 have 
significant signal variations compared with V1 and V2. As 
stated in section three z axis load is derived by the sum of all  

 

 

 

 

 

 

 

 

 

 

 

voltage values. Hence, normal and shear loads can be 
distinguished through the proposed sensor. 

VI. CONCLUSION 

This paper describes the design and development of 
a low-profile planar sensor that can be used to measure shear 
and normal load (pressure). An array of the sensors might be 
configured in an instrumented insole to measure ground 
reaction force and the foot’s centre of pressure. While the 
sensor was designed primarily for in-shoe application, it 
could also help measure shear forces between any adjacent 
surfaces where a small, low-profile sensor is needed. 
Adjustments could be made to fit the requirements of 
different applications. Such fine-tuning could be achieved by 
altering the percentage infill of 3D printing of the substrate 
materials or its thickness. Overall, the sensor cell 
shows promising results, although part to part fabrication 
reproducibility must be improved by changing the packaging 
method, which will be achieved in future work.  
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Table 1 Sensor characteristics 

Fig. 3b Cyclic test raw data  

Fig. 3a Sensor sensitivity 

Fig. 3c Creep test raw data 

Fig. 4c Indentor load motion 

Fig. 4a Force in x axis Fig. 4b Force in y-axis 
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