








 

 
FIGURE 6: SENSITIVITY EFFECT OF EMBEDDING THE 
STRAIN GAGE 

The experimental voltage trend for the sensor design in 
which the strain gage is placed directly on top of the diaphragm 
(Figure 6a) follows the reference voltage well. The sensor strain 
for the gage embedded within the diaphragm (Figure 6b) does 
not follow the reference voltage, which may be due to the strain 
gage being closer to the neutral axis of the deflection. When 
analyzing each sensors’ response to a pressure sweep, the 
inversely proportionate ratio of absolute change in experimental 
strain versus reference voltage that was observed when the strain 
gage was placed on top of the diaphragm indicates that it is more 
sensitive to tensile and compressive forces along the full duration 
of the pressure sweep. 
 
3.4 Drift due to Temperature 

 

 
FIGURE 7: DRIFT DUE TO TEMPERATURE OF HALF AND 
QUARTER BRIDGE CIRCUIT DESIGNS 

 

After identifying the design best suited for sensing 
capabilities (1mm diaphragm w/ a strain gage secured directly 
on top of the diaphragm), it was imperative to test both quarter- 
and half-bridge sensor-types for drift due to temperature 
fluctuation. A 1mm diaphragm sensor with diameter of 18mm 
was printed with dual strain gages. The dual gages design allows 
for the same sensor to be tested with either a quarter- or half-
bridge configuration on the P3 Indicator; thus, the data in Figure 
7 is from one sensor part. When hooked up as a quarter-bridge 
circuit, the sensor’s output is sensitive to temperature change, 
drifting to 858uE, which back-calculates to an inaccurate 
apparent ~26.8psi. The range of the quarter-bridge strain is 
~820uE, whereas the range of the half-bridge data is 10uE. The 
half-bridge drifts to only 21uE, or an apparent pressure of 
~0.26psi. Therefore, in a reasonable operating range of 

temperatures, the quarter-bridge device is highly sensitive to 
temperature change, and the half-bridge device is resistant to 
temperature fluctuation, as was expected. Any deviation from the 
accurate pressure in half-bridge circuits could be reasonably 
eliminated during calibration of the device since the error is 
relatively constant. 
 

3.5 Repeatability 
Three sealed, half-bridge sensors were pressurized to 5psi 

and subsequently vacuumed down to 0psi ten times in succession 
to test the repeatability of each sensor. The three sensors had 
1mm diaphragms with dual gages embedded directly on top of 
the interior surface, and the diaphragm was sealed with acetone. 
Figure 8 shows the results of one sensor’s ten “runs” of being 
pressurized to 5psi and vacuumed to 0psi. 
 

 

 

FIGURE 8: REPEATABILITY OF FINAL SENSOR DESIGN 

 

In each run, there is an observed hysteresis on the return path 
to 0psi; however, this hysteresis does not appear to affect the 
repeatability of the sensor after several runs. The drift of the 
sensor from run to run, noted in Figure 8 as ΔP, approaches zero 
as the sensor experiences ~8 runs. Six iterations of the sensor 
showed similar results to those presented in Figure 8. Each 
sensor operated in its own range of apparent pressures. This 
discrepancy from part to part was expected as a symptom of 
FDM printing; however, each sensor is precise to itself, which 
would allow for individual calibration of each part. 

The discrepancies between sensors is likely due to variance 
in the human interaction with the process. For example, the two-
part epoxy applied on the surface of the diaphragm may not be 
the same amount each time. Furthermore, the thickness of the 
epoxy likely has an effect on the readout of the strain gage; thus, 
if not controlled, the epoxy could be a source of discrepancy. 
Process variables that affect the cure of the epoxy such as the 
temperature of the diaphragm at time of application and the cure 
status of the epoxy when the gage is placed could affect how each 
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gage experiences strain in response to pressure. Finally, the 
acetone sealing process may also create slight differences 
between sensors as it seals the diaphragm. The acetone sealing 
process is completed by a human; thus, there is likely variance 
in the sealing process. Such variance could affect the intrinsic 
stress of the diaphragms and their responses to pressure.  

 

4. CONCLUSION 
The engineering goal of this work was to fabricate a sensor 

that is sensitive, experiences minimal hysteresis and drift, is 
effectively sealed, and makes repeatable readings—a goal which 
was successfully met and supported by analysis of the data 
presented. The final sensor design included a 1mm diaphragm 
with two strain gages arranged into a half-bridge circuit and the 
diaphragm sealed with acetone to minimize leak rate. The sensor 
yielded a precise, repeatable response with no apparent elastic 
hysteresis. The edge behavior of the diaphragms suggests that 
there is likely no horizontal delamination of the diaphragm layers 
when pressure is applied. Consistency between prints was 
lacking; however, each sensor demonstrated precision. The 
results of this work show that FDM printed parts can be 
functionally integrated with sensing elements and individually 
calibrated to produce repeatable readings.  

The results presented in this paper support the case for 
embedded elements in 3D-printed parts as a component of the 
FDM process cycle. Additionally, the observations that the ABS 
plastic diaphragm experienced no significant elastic hysteresis or 
delamination of horizontal layers effectively challenge the 
negative preconceived notions surrounding printed ABS versus 
bulk ABS that has caused FDM printing to enter the trough of 
disillusionment on the economic curve of expectations. The 
material behavior of the printed ABS is similar to those of a 
mesoscale, structurally homogeneous diaphragm. This means 
that it is possible to take advantage of the flexible properties of 
this material. 

This sensor would be well-suited as a demonstration 
workpiece in either a high-school or college classroom, where it 
would operate at room temperature only. The design is conducive 
to teaching students how to design parts for the overhang 
constraints of a 3D printer. At the same time, it introduces the 
concepts of in-situ processing, post-processing, and embedded 
electronics to the FDM process. 

Embedding sensing elements into a 3D-printed part can be 
done safely, quickly and precisely by slightly altering the process 
to fit the application. Future research may benefit from exploring 
embedding techniques that are compatible with this bottom-up 
fabrication process. Furthermore, sensing elements may be 
embedded into FDM objects without the use of pre-fabricated 
elements—electroplating ABS cavities with conductive material 
or screen printing conductive leads may also be promising 
techniques for embedding sensing elements in FDM objects. 
Focusing on the development of techniques for embedded circuit 
boards, conductive leads, and sensing elements may allow the 
market of FDM printing to push beyond the strictly static model 
prototyping role it fulfills now. 
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