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3.3 Electrical Design 

The strength of the electromagnetic field produced by a coil is dependent on the current 

flowing through the wire. Using Ohm’s law [21], it is apparent that minimizing resistance and 

maximizing voltage will lead to the highest possible current flow. Ohm’s law states that 

𝐼 =
𝑉

𝑅
 

[21] 

 

where I is the current, V is the voltage and R is the resistance in the circuit. Based on the pulsing 

nature of the system, there does not need to be a constant, sustained voltage source. For this 

reason, capacitors are used to discharge into the coil. Figure 19 depicts a schematic for the circuit 

used to send current through the solenoid coils. A voltage source charges the capacitors which, in 

turn, open the circuit when filled. When the switch is closed, the capacitors discharge through the 

coil instantaneously. In a perfect circuit, this method has the benefit of a sustained, although 

lower, voltage through the coil because the capacitors and voltage source are discharging in 

parallel through the wire. Another benefit of using capacitors is that they are not limited in their 

power output. Unlike a battery or a power supply, capacitors can instantaneously discharge all 

the stored energy, which allows for a higher current in the system.  
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Figure 19: Pulsing circuit schematic. C = 60,000 µf; R = 1 Ω. Inductor symbol represents the coils of the 
solenoid. 

 

 

For this thesis, a capacitance value of 60000 uF was chosen. A 30V, 2A power supply was 

utilized to drive the system, although the target voltage was 27 V for potential future use with 9V 

batteries. Since the power supply was limited to a 3 A output, the capacitors were crucial in 

increasing the current as high as possible instantaneously in order to create a strong magnetic 

pulse. Figure 20 shows the two capacitors used in the circuit. 
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Figure 30: Enclosure body with inlet valve attached (on right) and orifice (on left) 

 

 

Figure 31: Enclosure with diaphragm attached (Black circle is solenoid core inside enclosure.) 

 

Inlet Orifice 
Inlet Valve 
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The inlet valve is a small aquarium check valve (PS+; Livonia, MI). In addition, there is an 

inlet orifice for additional flow. The open orifice greatly improved the performance of the 

pumping mechanism. The aquarium check valve was chosen because of its ability to handle very 

low flow rates, as well as its overall robustness. The aquarium valve, shown in Figure 32, is a 

simple one-way valve that requires no external actuation other than fluid movement.  

 

Figure 32: Left: Closed check valve; Right: Open Check Valve 

 

3.7 Experimental Results  

In order to test the efficacy of the device, two different methods were used. The first was to 

measure the maximum displacement of the diaphragm during each of twenty pulses, and the 

second was to measure the efficacy of the water pumping enclosure by measuring the total water 

displaced after certain time intervals. 

3.7.1 Diaphragm Displacement 

The measurements for diaphragm displacement were done visually. The pulses were 

recorded at 240 frames per second using an iPhone 8. The maximum displacement of a pulse was 
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measured in relation to a ruler in the frame. These values are depicted in tabular and graphical 

forms in Sections 4.2 and 4.3. 

3.7.2 Pumping Efficacy 

The pumping efficacy of the device was tested by measuring the total amount of water 

being expelled from the orifice of the enclosure. The device was placed with the orifice sitting 

0.5 mm above the surface of a pool of water.  A pulsing signal was then sent through the coil, 

allowing the diaphragm to pulse. The pulsing caused water to be expelled from the orifice and 

pool on the surface of the device. The pooled water was then vacuumed into a graduated cylinder 

and measured after a specified period of time. Figure 33 shows the motor used to pump the 

pooled water into the graduated cylinder. 

 

 

Figure 33: Pumping motor used to vacuum pooled water for measurement. 
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Chapter 4 - Data 

In this section, the results from the testing methods described above are presented. The 

pulsing electrical signal is broken down and testing data from in-air and in-water experiments are 

shown. 

4.1 Pulsing Circuit 

 

 

 Figure 34: Single Example Pulse 

Figure 34 shows a single pulse from the pulsing circuit. The two leads were placed on either 

side of the coil and the measurement shows the signal being sent through the windings. The 

initial input value was 27 V and this signal shows that the loss through the circuit was minimal. 

The initial spike was created by the discharging capacitors. The capacitors were almost 

completely discharged within 250 ms of closing the circuit. After the spike, there was an elbow 

that leveled off at around 3 V. The leveling off occurred because the capacitors were fully 
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discharged and the only voltage through the system was coming from the power supply. The 

power supply is limited to 3 A and, following Ohm’s law, the 1 Ohm of resistance through the 

coil leads to a limit of 3 V being output from the power supply. After the initial leveling off, 

there was a sharp cutoff where the voltage dropped to zero. The drop-off occurred when the 

circuit was opened. An open time of around 500 ms was necessary in between pulses to let the 

capacitors recharge.  

 

 

Figure 35: Multiple pulse signal 

 

Figure 35 shows an example of sequential pulses. Here, the Arduino was programmed to 

close the circuit for 250 ms and open it for 500 ms. The same peak described above was seen 

here in all the pulses, but there was a much steeper drop-off, as opposed to the elbow seen in 
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Figure 34. The off time was therefore set much shorter in order to increase the frequency of the 

pulsing. 

4.2 In-Air Testing 

4.2.1 Measured Displacement 

The data below correlates to the maximum displacement of the diaphragm during each 

pulse. Twenty pulses were recorded, each with the circuit closed for 250 ms and opened for 

500ms, and the maximum displacement values of the solenoid core are reported in Table 3. 

The highest displacement was 2.72 cm and the lowest was 2.5 cm, giving a range of 0.22 

cm and an average displacement value of 2.62 cm. The standard deviation for the data is 0.06 

cm, indicating a very low spread in data values compared to the average. 

Table 3: In-Air Maximum Displacement Values 

 

Pulse # Displacement (cm)

1 2.6

2 2.6

3 2.6

4 2.6

5 2.7

6 2.6

7 2.7

8 2.7

9 2.5

10 2.5

11 2.5

12 2.6

13 2.6

14 2.6

15 2.6

16 2.7

17 2.6

18 2.6

19 2.7

20 2.6
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Figure 33 shows the clustering of the maximum displacement values. Twenty pulses were 

measured, and the displacements were recorded in the plot below. 

 

Figure 36: In-Air Maximum Displacement Values 

 

The blue bars on each point are error bars, showing the standard error for each 

measurement. This error was found to be 0.013. The red horizontal line indicates the average 

value of 2.62 cm. 

Figure 37: Time lapse of In-Air displacement (Note: all times are in seconds) 

T=0 s          T=0.15 s        T=0.25 s           T=0.45 s     T=0.55 s 
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Figure 37 shows a representative series of frames from the slow motion video of the in-air 

diaphragm displacement video with the ruler in place.  The maximum displacements were 

determined visually.  In Figure 37, the maximum displacement can be seen at T = 0.25 s.   
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4.3 Underwater Testing  

4.3.1 Measured Displacement 

Underwater testing results can be seen in Table 4.  Table 4 contains the maximum 

displacement values for each of twenty pulses of the diaphragm. The maximum observed 

displacement was 0.46 cm and the minimum was 0.38 cm, leading to a range of 0.08 cm. The 

average value was 0.407 cm and the standard deviation was 0.0213. The low standard deviation 

indicates the repeatability of the displacement measurements. An explanation for the difference 

in the points may be the elastomer core rubbing against the inside wall of the cylindrical coil 

holder. It may rub slightly differently each time leading to a difference in displacement values. 

 

Table 4: In-Water Maximum Displacement Values 

 

Pulse # Displacement (cm)

1 0.4

2 0.4

3 0.4

4 0.4

5 0.4

6 0.4

7 0.4

8 0.4

9 0.4

10 0.5

11 0.4

12 0.4

13 0.4

14 0.4

15 0.4

16 0.4

17 0.4

18 0.4

19 0.4

20 0.4
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Figure 38 below shows the spread of maximum displacement values for 20 pulses of the 

diaphragm. The range of the data set is 0.08 cm, indicating a tight spread of data points. The bars 

on the top and bottom of each point show the error in each measurement. The error is 0.005 cm, 

which suggests that consistent displacement measurements are obtained with each pulse of the 

circuit. The red line shows the average displacement value and further proves the consistency of 

the displacements due to the tight grouping around the average. 

 

Figure 38: In-Water Maximum Displacement Values 
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Figure 39 illustrates the data collected for each of three different tests. The orange points 

indicate the total volume of water pumped in 120 seconds (2 minutes). The blue points show the 

total volume of water pumped in 60 seconds (1 minute), and the yellow points show the total 

volume of water pumped after 100 displacements of the diaphragm. The green, blue, and purple 

horizontal lines show the average values for the 120 second, 100 pulse, and 60 second trials, 

respectively. 

The first notable difference is the change in pumping rate between the 1 and 2 minute trials. 

The average total volume pumped for the 1 minute trial was 250 ml, whereas the volume 

pumped during the 2 minute trial was 460 ml. This was not a linear pattern and was likely due to 

the slight change in the water level of the water bath as water was removed. Another notable 

statistic is the range in each set of data. The volume range in the 1 minute trials was 28 ml and 

the range for the 2 minute trials was 25 ml. This range is relatively small compared to the total 

amount of water pumped and validates the repeatability of the pumping efficacy for set periods 

of time. Table 5 shows statistics for the trials, with the most notable statistic being the standard 

deviation. The values are very low compared to the averages, indicating a consistent pumping 

rate for each trial. 

Table 5: Statistics for 60s, 120s, and 100 pulse trials 

 

 

60 Second (ml) 120 Second (ml) 100 Pulses (ml)

Standard Deviation 8.71 5.49 4.53

Range 28.00 25.00 18.00

Average 252.80 460.05 301.00

Error 1.95 1.23 1.01
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Figure 39: Pumping Data 

 

 

Figure 40: Time Until 500 ml Pumped 
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Figure 41: Graph indicating the nonlinearity of volume being pumped over time. Each point shows a mean 
value of a range of data taken in tests discussed above. 

 

Figure 40 is a graph of the time taken for the device to pump to 500 ml. The blue lines 

above and below each point are error bars, with the error being 0.46 seconds. The standard 

deviation of the data is 2.04 seconds, deviating from the mean of 131.8 seconds, indicated by the 

orange line, only slightly. The small standard deviation indicates a consistent pumping method, 

as the total time remains very similar throughout twenty trials. 

Figure 41 shows the nonlinearity of the volume being pumped over time. Each point is an 

average measurement value of the tests discussed above. When connected, the slope of the 

connecting line changes, indicating a change in the pumping rate over different time intervals. 
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Figure 42 below shows an image of the expulsion of water in action. Underneath are small 

timestamps indicating when each step occurred. 

 

 

Figure 42: Frames from slow motion video of in-water pumping test (Note:  all times are in seconds) 

 

T=0 s         T=0.2 s  T=0.3 s      T=0.55 s  T=0.6 s 

Note how the water exits the orifice as a cylindrical slug and turns into a mushroom shape, 

like the vortices mentioned in section 2.1.5 by Thomas et al. [9] 
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Chapter 5 - Discussion 

The goals of this thesis were to: 

• Develop an elastomer solenoid core. 

• Create a diaphragm capable of pulsing when subject to an external force. 

• Eliminate the need for high voltages and pneumatics. 

• Implement the core and diaphragm in a soft actuation device capable of pumping 500 

ml/min of water. 

Overall, the work performed in this thesis was a success. The elastomer solenoid core 

was effective in actuation via a magnetic field. The diaphragm was created using Ecoflex 30 

and was also effective in using it to pulse and create pressure differences inside an enclosure. 

The maximum voltage used was 27 volts, which is well below threshold to be considered 

high voltage. Lastly, the pump was capable of pumping 250 ml of water in a minute. The 

original goal was 500 ml/min, meaning the pump fell short by 250 ml, but overall the 

development of the prototype was a success. The following sections go into further detail on 

these topics. 

5.1.1 Develop an elastomer solenoid core 

The cornerstone of this work was the development and implementation of an elastomer core 

capable of propagating a magnetic field. The development of the core was successful. Utilizing 

Sylgard 184 as the elastomer material with which to mix iron oxide particles turned out to be a 

much better choice than Ecoflex 30 for the reasons stated previously. Initial tests of adding 

windings to the outside of the core and applying a voltage caused the silicone to become a soft 

electromagnet.  


