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Abstract

Untethered Devices (UDs) can be defined
as wireless devices within the millimetre
range, and could have a significant impact on
medicine. Some possible uses of microrobots
include targeted drug delivery, treatment of
vascular diseases, and cell delivery. In this pa-
per a study is done on the effects of downscal-
ing a UD that is powered by a PEM fuel cell.
The effects of downscaling are tested for dif-
ferent inlet pressures and cell temperatures,
as well as different flow plate designs. The
parameters are tested within a range that is
safe to use inside the human body. The re-
sult of this study shows that upon increasing
pressure, the performance of the fuel cell in-
creases. This is valid for all three sizes, thus
this will also improve performance upon scal-
ing down. In addition, the overall performance
of the microrobot will improve upon scaling
down, and also when the pressure is increased.
Regarding the temperature, the performance
of the microrobot will decrease upon increas-
ing temperature. However, this difference in
performance does become less significant for
smaller sizes, thus this will likely become ir-
relevant upon scaling down further. Finally,
different flow plate geometries have also been
tested using a flow simulation. These show
that a 5-step serpentine will result in the best
performance of the fuel cell.

1 Introduction

Untethered Devices (UDs) or microrobots can be de-
fined as wireless devices within the millimetre range,
and could have a significant impact on medicine. An
example of a UD is shown in Figure 1. Some possi-
ble uses of microrobots include targeted drug delivery
[1], treatment of vascular diseases [2], and cell deliv-
ery [3]. Because they are small and wireless, they
can reach places that existing medical devices can-
not. UDs can shorten procedural time, and increase
actuation precision, due to the lack of guidewires. As
the amount of people with cardiovascular diseases is
likely to increase, the need for better procedures in-
creases as well, and thus researching and improving
UDs can prove to be very valuable in the future. [4]
Typically, these UDs move by deriving power from
an externally applied magnetic field. However, there
are several problems with this method. One of them
includes the robustness of the setup, due to the need
for strong magnets, which require cooling elements.
Another is the dependence of distance between the
magnets and the robot. This could be significantly
different between patients, due to abdominal thick-
ness or obesity. [6] An alternative solution to make
these UDs move, is to have a power supply present
on board the UD. A solution for this is a Proton

Figure 1: Schematic of an Unthetered Device
as used in the paper of Van Renselaar et al.
B is the applied static magnetic field, ry, is the
radius of the UD, w is the angular velocity of
the UD, v is the translational velocity of the
UD. [5]

Exchange Membrane (PEM) fuel cell. A schematic
overview of a PEM fuel cell, can be seen in Figure 2.
However, these are mostly applied on large scales and
have yet to be used in sizes small enough to fit into the
human body. To apply these PEM fuel cells into the
UDs, they need to be sized down. Van Renselaar et
al. [5] found that the efficiency increases when scaling
down the UD and thus the fuel cells. To partly vali-
date this model, a characterization of fuel cells upon
scaling down will be done in this paper. Another im-
portant aspect that will be covered, is improving the
output of the fuel cells, by finetuning certain param-
eters. The output needs to be optimized so that the
fuel cell will eventually provide enough power for the
operation of the robot. This optimization will also be
tested upon scaling down.

As mentioned above, certain parameters can be
finetuned to optimize the output of a PEM fuel
cell. These parameters include gas pressure, operat-
ing temperature, flow plate geometry, hydrogen pu-
rity, gas humidification, and entrance geometry. [7,
8, 9, 10] Optimizing the output is defined as increas-
ing the maximum amount of power derived from the
fuel cell, as well as increasing the voltage output for
a given current. According to Taccani and Zuliani
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Figure 2: Assembly of a PEM fuel cell with
bipolar flow plates, a gasket, a gas diffusion
layer, a catalyst, and a PEM.




(¢) Flow plate geometry of
the biomimetic design

(b) Flow plate geometry of
the 5-step serpentine

(a) Flow plate geometry of
the single serpentine

Figure 3: The three different flow plate geometries designed for the fuel cells. These are the designs for
the medium size. Figure 3a shows the design of the flow plate with the single serpentine. Figure 3b shows
the design for the 5-step serpentine. Figure 3c shows the design of the leaf-based flow plate.

[11] increasing the anode side pressure will result in a
significant performance increase. However, increasing
the cell temperature will result in a performance de-
crease. Moreover, flow plate geometry will influence
pressure drop, water management, temperature dis-
tribution, and distribution of gases, all these factors
influence the output and durability of the fuel cell.
[12, 13, 14] Furthermore, contaminated hydrogen will
negatively affect the MEA (Membrane Electrode As-
sembly) in three different ways: the kinetic effect, the
conductivity effect, and the mass transfer effect. All
three of these phenomena will result in lower output
from the fuel cell. [10] In addition, If the hydrogen gas
is not humidified, the proton conduction will decrease,
resulting in a lower output. [15] Finally, the entrance
geometry will influence the gas distribution in the flow
plate, thus affecting performance and durability. [9]

In this paper, several simulations will be done to
test the effect of the abovementioned variables on a
PEM fuel cell, within a range that can safely be used
inside the human body. The model as proposed by
Van Renselaar et al. [5] will be used and extended
for this purpose. Extending it will be done by includ-
ing various pressures and temperatures. In addition,
three different flow plates will be designed and un-
dergo a flow simulation, to test the effect of different
inlet pressures. All these simulations will be done
for three differently sized fuel cells to analyze the ef-
fects upon scaling down. The purpose of this is to be
able to optimize the output of the PEM fuel cell more
easily upon scaling down, so that eventually enough
output can be generated to power the UD.

2 Methods

2.1 Model

In this paper, a UD with a PEM fuel cell is considered.
Calcium hydride (CaHs) is used to provide hydrogen
to the fuel cell. The hydrogen flow produced by the

calcium hydride is considered to be continuous at the
anode side. The reactions that occur within the fuel
cell at the anode and cathode side respectively, are as
follows:

Hy —  2HT 42~ (1)

Oy +4e” +4HT  —  2H,0 (2)

The calcium hydride provides the hydrogen at the an-
ode side, which will be converted into protons and
electrons, as shown in Equation 1. The protons
will pass through the membrane, and the electrons
through an external circuit, they will converge at the
cathode side. At the cathode side Equation 2 will
take place. Oxygen is taken from the air and com-
bined with the protons and electrons to form water.

To calculate the potential of the fuel cell, the stan-
dard cell potential (E?) has to be known. This can
be calculated by EY = E2 — EY, where EQ is the
cathode potential and EY is the anode potential. Us-
ing the data from Van Renselaar et al. [5] this gives
a standard cell potential of 1.23V. Using this value
the Nernst potential (Ex) can be calculated, using
Equation 3.

RT ((PH2)2P02) . ()

0
EN—Ee+ F In (PH20)2
In this equation, R is the gas constant, 7" is the tem-
perature in Kelvin, n is the number of electrons trans-
ferred in one complete reaction (n = 4), F is Fara-
day’s constant and P, are the partial pressures of the
gases.

However, in the fuel cell, certain voltage losses oc-
cur due to imperfections, an activation barrier and
Ohmic resistance. This results in the following equa-
tion:

2RT . 1
EMFC = EN — Ec - nA—FG/I’S’th (E) - ReI
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In this equation, F. is the crossover polarization, n 4
is the number of electrons transferred at the anode
side, I is the generated current, Iy is the exchange
current, R, is the internal resistance of the fuel cell,
and Iy, is the limiting current. The parameter ¢ can
be empirically estimated. The values for these vari-
ables have all been determined experimentally, giv-
ing: E. = 096V,na = 2,1y = 3.19e %A, R, =
0.33Q, I, = 0.97A,c = 1,88¢~.[5]

Using Equation 4 the electrical power Pg can be
calculated using Equation 5

Pg = Eynrpcl. (5)

Then Equations 4 and 5 can be used to make an I-V
curve and a Power density plot.

The next step is to calculate the consumptionrates
(Cy) of the three different substances: CaHs, HyO,
and Og. This can be done using Equation 6

C_Imw

= (6)

where m, is the molar mass of substance x and p, is
the density of substance x. Then Equations 5 and 6
can be used to derive a relation between power and
consumption rate of CaHs.

To incorporate the scaling rules into this model
the size of the fuel cell as well as the size of the UD
must be taken into account. Because when the UD be-
comes smaller, so does the fuel cell, as well as the drag
and thus the required power. The electrical power
will need to be converted to motion, this is done us-
ing tri-axial coils that create a dipole moment. When
put into a static magnetic field the UD will rotate,
and the geometry of the UD will ensure a motion in
the desired direction. First, impedance-matching will
need to occur to achieve maximum efficiency. This
can be calculated using Equation 7.

Eyvre L
WJTE p T, (7)

where J is the current density at maximum power,
P 18 the resistivity of the wire material in the coils,
lw is the length of the wire, and R,, is the resistance
of the tri-axial coil.

When the magnetic field is applied, a magnetic
torque is generated, causing the UD to rotate. The
flux changes in the coils will cause a back-EMF, and
thus eventually a decrease in current. As a result, the
effective current will be given by Equation 8.

]eff’i:mag{]_w’ (8)
Ry,

for i = 1,2,3,.... Where N; is the number of turns of
the ith coil, S; is the surface area of the ith coil, ¢;is
the angle of the ith electromagnetic coil with respect
to a frame of reference, w; is the angular velocity of
the UD around the axis of the ith coil, and B is the
external magnetic field. This effective current is used

in Equation 5.
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Figure 4: Indication of the different character-
istic regions within an I-V curve of a fuel cell.
Region A indicates the activation region, Re-
gion B indicates the Ohmic region, and Region
C indicates the Mass transport region. [17]

To complete the rotational dynamics of the UD,
the torque balance has to be computed. This should
be done for low-Reynolds number where, Re =
%HVH for a fluid with density p and viscosity 7. This
results in Equation 9.

NSL;; x B=8mriw. (9)

Now by using Equation 5 and 8 the power can be
related to the size. By including Equation 6 the con-
sumption rates can also be related to size.

This model is used to simulate the response of the
fuel cells to changing variables. The model has been
used to test different pressures, of 1.0 bar, 1.5 bar,
2.0 bar, 2.5 bar, and 3.0 bar. This is based on the
research done by Wang et al. [7] and Zeng et al.[16].
The response has been modelled and the three sizes
of fuel cells are indicated in the figures. The response
is characterized by the consumption rates, the I-V
curve, the power density plot, and the power against
the size. The power density is derived from the I-V
curve using Equation 10.

Pp=— (10)

where V' is the voltage measured by the potentiostat,
I is the current given by the potentiostat, and A is
the active area of the fuel cell. A is related to r, by
A =22

2.1.1 I-V Curve

Figure 4 shows the different characteristic regions of
an I-V curve of a fuel cell. The first region, Region
A, is called the activation region. The steep down-
ward curve in this region is due to the activation en-
ergy needed for the electrochemical reactions on the
catalytic surface. These reactions are shown in Equa-
tions 11 and 12 for the anode side.

Hy+2Pt —  2PtH (11)

2PtH  —  2Pt+2HT +2e” (12)



Figure 5: Definitions of channel depth (rq), rib
width (r.), and channel width (r.).

And Equations 13 and 14 show the reactions for the
cathode side.

Oy +2Pt  —»  2PtO (13)

2PtO +4H' +4e~  —  2Pt+2H,0 (14)

The second region is the Ohmic region (Region B),
here the current is limited by internal resistance (R,
in Equation 4) of the fuel cell. In this model this
includes the resistance of the negative charge as well
the resistance the H™ cations encounter. This results
in linear behaviour. The final region, is Region C
and is called the Mass transport region. Here the
voltage is limited by the mass transport limitations
of the gases near the membrane, causing a pressure
gradient. [17]

2.2 Simulation

First, the I-V curve and power density had to be de-
rived to simulate the fuel cells for different pressures.
These show how the fuel cell responds to different
pressures. From these, the maximum power with cor-
responding current and voltage for each pressure was
derived. Then these values were used in Equation 6
to calculate the consumption rates for each size, for
varying pressures. This was then used to calculate
the power against size for each pressure. Then a poly-
fit was applied to derive a relation between size and
power. The same method has been used for various
cell temperatures. The pressures have been adjusted
in a range of 1.0 bar to 3.0 bar with steps of 0.5 bar.
The cell temperatures that have been tested were:
273K, 283K, 293K, 300K, 310K.

2.3 Flow Plates

According to Taccani and Zuliani [11], Ruan et al.
[12], and Manso et al. [13] the design of the flowplates
also greatly influences the output of the fuel cells.
Thus different flow plates have also been designed and
tested for different pressures.

2.3.1 Designs

The different flow plate designs were chosen, based
on the literature. The channel depth (r4) for all flow

plates is Imm. The first flow plate is shown in Figure
3a. Both the channel width (r.) and rib width (r;.)
are 1 mm and 0.8mm respectively, this is based on
Manso et al. [13]. The second flow plate geometry is
shown in 3b and is based on Taccani and Zuliani [11]
and Manso et al. [13]. The channel and rib width are
0.55mm. The last flow plate geometry is a biomimetic
design and is based on Ruan et al. [12], the design is
shown in Figure 3c. The channel width ranges from
3mm to 0.35mm and is based on Murray’s Law, which
can be seen in Equation 15.

=1 4 (15)

where r is the radius of the main channel, and r; and
ro are the radii of the branched channels. This equa-
tion can be expanded to include any desired amount
of branched channels. The relevant dimensions are
shown in Figure 5

All medium-sized flow plates have a dimension of
47 x 47mm with a flow field of 27 x 27mm, based on
the medium-sized fuel cell. The dimensions for flow
plates for the other fuel cells are scaled versions of
these three designs. The dimensions are 36 x 36mm
with 16 x 16mm for the smallest size and 55 x 55mm
with 35 x 35mm for the largest. Table 1 summarises
the most important dimensions of the flow plates.

2.3.2 Flow Simulations

To characterize the flow trajectories in the different
flow plates, for different sizes, a flow simulation has
been done, using Solidworks 2019. As preparation,
a model 1/8-inch tube was also made. The tubes
and plates were put into an assembly and all neces-
sary preparations were done to perform the simula-
tion. The inlet temperature varied from 1.5 bar to
3.0 bar with steps of 0.5 bar. The outlet pressure was
set to 1.0 bar. The temperature was set to 293.2K,
which is standard room temperature. This was done
for all three flow plate designs and for all sizes. The
flow trajectories are shown using arrows with a colour
scale to indicate pressure differences. The surface pa-
rameters of the flow plates were also measured and
used to calculate a pressure drop and a relative pres-
sure drop. The pressure drop is defined as the differ-
ence between inlet pressure 1 and the outlet pressure,

SP-150 Potentiostat

He

14 Pressure
3-way valve/o\<:].!.|: Sensor
Pressure
Control
Valve

| | Humidifier
H2

Outlet Water
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Figure 6: Schematic overview of the setup for
the experiments.



Table 1: Relevant dimensions of the nine different flow plates

Single Serpentine | 5-Step Leaf
Size Dimensions Active field r c r r r c r r r c r r
Small 36mm x 36mm | 16mm x 16mm | 0.59mm | 0.47mm | 0.33mm | 0.33mm | 0.21mm-2.15mm | 0.61lmm
Medium | 47mm x 47mm | 27mm x 27mm | lmm 0.8mm 0.55mm | 0.55mm | 0.35mm-3mm 1mm
Large 5Hmm x 55mm | 35mm x 35mm | 1.3mm 1.04dmm | 0.7lmm | 0.7lmm | 0.46mm-4.11lmm | 1.3mm
3 Results

Inlet Pressure 1

|
0

Y

L.

Figure 7: Definitions of inlet pressure 1, inlet
pressure 2, and the outlet pressure.

measured at the ports of the flow fields. The rela-
tive pressure drop is the pressure drop as a ratio of
inlet pressure 1. All these results were plotted for all
three designs and sizes and the surface parameters are
clarified in Figure 7.

Fluid Dynamics Theory Due to friction in the
channels a pressure drop will occur across the flow-
plates, this can be calculated using the Darcy-
Weisbach equation. [18] The Darcy-Weisbach equa-
tion is as follows

2
AP P07
L 2

ot (16)

where AP is the pressure drop, L is the length of the
pipe in meters, Dy is the hydraulic diameter of the
pipe in meters, p density of the gas in kg/m?, v the
average velocity of the gas in the pipe in m/s. f is
the Darcy-Weisbach friction factor, which depends on
the Reynolds number and the pipe roughness.

In the case of the flow plates, the length of the
pipe, is the path length of the gas. This means that
in the case of the 5-step serpentine, the length equals
the length of one parallel channel, and not all channels
put together. This also means that the pressure drop
is calculated separately for each channel. In the case
of the leaf geometry, the paths are not as straight-
forward, but the pressure drop will still be calculated
separately for each path.

The hydraulic diameter can be calculated using:
Dy = %, where P is the wetted perimeter. The
wetted perimeter is the length of the wet part of the
perimeter. In the case of the fuel cells, this is the
entire circumference of the channel.

The most important results of the experiments are
shown in Figures 8 to 15. A complete overview of the
results can be found in Appendix A.

3.1 Pressure variations

Figures 8 and 9 show the most important results of
the pressure simulations.

Figure 8 shows the consumption rate of CaHsy for
different UD sizes, indicated by the vertical lines.
This graph shows that there is a non-linear relation
between the size of the UD and the consumption rate.

In Figure 9a the increase in consumption rate for
the different pressures, across the different sizes is de-
picted more clearly. Here it can be seen that the per-
centage increase in consumption rate is very similar
for all three UD sizes and within a range of 100% to
102%. In Figure 9b the increase in maximum output
power is depicted for all three sizes. This also shows
a similar percentage increase for all three sizes and
within a range of 100% to 104%.

Subsequently, Figure 9c shows the power density
plot for the different pressures. From this it becomes
clear that the maximum output power increases the
most, and for other current densities the increase is
mostly insignificant.

In addition, Figure 9d shows the I-V curve for
the different pressures. From this it can be seen that
the most significant change takes place in the Ohmic
region. The Activation and Mass Transport region
remain almost unchanged.

Finally in Figure 9e shows the relation between
the UD size, and thus the fuel cell size, and the max-
imum output power. The sizes of the fuel cells have
been indicated with markers. From this graph, it be-
comes clear that this is a non-linear relation.

3.2 Temperature variations

Figures 10 and 11 show the most significant results of
the temperature simulations.

Figure 10 shows the relation between the con-
sumption rate of CaHy and UD size for different tem-
peratures. The UD sizes corresponding to the three
different fuel cell sizes are indicated with vertical lines.
From this graph, it becomes clear that there is a non-
linear relation.

In addition, Figure 11a highlights the differences
in consumption rate for the different temperatures.
From this, it can be seen that there is a decrease in
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Figure 8: Different consumption rates of CaHs for different pressures. Sizes for the fuel cells are indicated

by the vertical lines.

consumption rate for increasing temperature. This
percentage decrease is very similar for all three sizes
and within a range of 100% to 95%.

Furthermore, Figure 11b shows the decrease in
maximum output power for the different tempera-
tures, across all three sizes. It can be seen that the
percentage difference for the maximum output power
is also very similar across the different sizes, this is in
a range of 100% to 90%.

Subsequently, Figure 11c shows the decrease in
output power, and it can be seen that the decrease is
most significant for the maximum output power.

Figure 11d shows the I-V curve for the different
temperatures. Here it can be seen that the decrease
is most significant in the Ohmic region and that the
other two regions remain almost unchanged.

Lastly, Figure 11e shows the relation between UD
size, and also the corresponding fuel cell sizes, and
the maximum output power. Similar as for pressure
it can be seen that this does not result in a linear
relation.

3.3 Flow simluations

Figure 12 shows the flow trajectories of the single ser-
pentine flow plate for inlet pressures ranging from 1.5
bar to 3.0 bar. All inlet pressures give a pressure drop
that results in an outlet pressure of roughly 90000.00
Pa. The highest inlet pressure gives the largest pres-
sure drop.

In Figure 13 the flow trajectories of the 5-step
flow plate are shown. When comparing these to the
single serpentine it can be seen that there are still
pressure drops, however they are significantly smaller
than those in the single serpentine.

In addition, Figure 14 shows the flow trajectories
of the leaf geometry flow plate. It can be seen that
these have relatively low pressure in the entire plate,
on the other hand, they have a low pressure drop in

comparison to the other plates.

Finally, Figure 15 shows the percentage pressure
drop between inlet pressure 1 and the outlet pressure,
for the three different sizes. It can be seen that for
the small size, the leaf has the smallest pressure drop
in a range of 25% to 55%, and increases for increas-
ing pressure. The single serpentine has the largest
pressure drop in the range of 30% to 68%. For the
medium size, the leaf is still the smallest with a range
of 18% to 40%, and the single serpentine the largest
with 30% to 68%. Lastly, for the largest size, the
leaf remains the smallest with a range of 18% to 40%
and the single serpentine the largest with 34% to 68%
From this, it can be seen that the leaf geometry has
the smallest pressure drop and the single serpentine
the largest. This remains the same for all three sizes,
however the differences between the geometries do be-
come smaller, when the size is decreased. This is be-
cause of the fact that the leaf geometry increases in
pressure drop as the size decreases.

4 Discussion

4.1 Pressure variations

Figure 8 shows a non-linear relation between UD size
and consumption rate of CaHy. It can be seen that as
the UD size becomes smaller, the consumption rate of
CaH; to reach maximum power decreases. Further-
more, the relation is quadratic. This means that as
the UD size increases, the consumption rate increases
at an accelerating rate. However, when the UD size
decreases, the consumption rate decreases at a decel-
erating rate. This means that upon scaling down of
the UD, the consumption rate of CaHy will decrease
however, at some point the difference in consumption
rate of CaHs could become insignificant. Yet, the fact
that the consumption rate decreases with UD size is
still a good prospect for the creation of microrobots.
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Figure 9: Results of the pressure variation experiments. Based on the model proposed by Van Renselaar

et al. [5]
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Because, as the UD decreases, the amount of fuel that
can be onboard will also decrease. However it would
have been more favourable if the consumption rate of
CaHy would decrease at an accelerating rate.

Figure 9a shows the percentage increase of con-
sumption rate of CaHy for increasing pressures. For
the pressure range of 1.0 bar to 2.5 bar, it appears
that when the pressure increases, the step size for the
percentage increase becomes smaller. However, be-
tween 2.5 bar and 3.0 bar the step size is suddenly
larger than expected. The former would mean that
increasing pressure could have a square root relation
and would result in a limited increase of the consump-
tion rate of CaH,. While the latter would mean that
there could be a positive linear relation between pres-
sure and consumption rate of CaHy and thus seem-
ingly unlimited.

When looking at Figure 9b it can be seen that as
the pressure increases, the maximum output power
increases as well. There also appears to be a square
root relation between the increasing pressure and the
maximum output power. This means that as the pres-
sure increases, the step size of the percentage output
power becomes smaller and eventually reaches a limit.
For the UD this means that increasing the pressure
will have limited benefits for the maximum power out-
put.

When the results of Figures 9a and 9b are com-
bined it becomes clear that the percentage power in-
crease is larger than the increase in consumption rate
of CaH, and could thus be beneficial for the eventual
microrobot. In addition, if the relation between con-
sumption rate and pressure, is square root, then the
relation between consumption rate and power will be
linear. However, if the relation between pressure and
consumption rate of CaHs is linear, then consump-
tion rate will increase at a constant rate, while the
power will increase at a decelerating rate. Thus the
latter will be less favourable for the microrobot than

the former. When plotting the consumption rate of
CaH; against the maximum output power, it can be
seen that this results in a linear relation and thus the
more favourable scenario.

In addition Figures 9a and 9b show that the re-
lations for pressure and consumption rate, and pres-
sure and maximum output power, are the same for
all three sizes. For the scaling rules, this means that
upon scaling down, the same percentage increase of
consumption rate and ouput power is expected.

Then, when analyzing Figure 9d, it shows that the
voltage output increases for a given current, when the
pressure is increased. More precisely, the Ohmic re-
gion and the Mass transport region of the I-V curve
show improvements. This means that due to the
higher pressure the internal resistances within the fuel
cell decrease, as well as the mass transport limita-
tions. In addition, this indicates that not just the per-
formance of the UD itself, but also the performance of
the fuel cell improves when the pressure is increased.
The same effect becomes clear in Figure 9c, as the
power increases with the pressure for a given current.
However, the maximum power increases the most. In
contrast, powers for other currents increase less, in-
dicating that the result is best when the fuel cell op-
erates at a current that corresponds to the maximum
power.

Furthermore, Figure 9e shows that as the UD size
decreases, the maximum ouput power decreases at a
decelerating rate. This means that as UD size be-
comes smaller the output power will near a limit. This
is a favourable result for the UD, as scaling down the
UD will result in an increasingly smaller power drop.
Thus, a very small UD could produce almost the same
amount of power as a slightly larger one, while it will
need less power to move as the negative forces acting
on it, such as drag, will become less.
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(a)
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Figure 12: Flow simulation results of the medium-sized single serpentine flow plate with varying pressures.
Temperature is set to 293.20K and static pressure to 101325.00 Pa. Colour scale bar is set to 310000.00
Pa (red) to 90000.00 Pa (blue). Figure 12e shows the colour scale bar corresponding to the simulations.

4.2 Temperature variations

When analysing the results for the temperature vari-
ations, it can be seen that the performance decreases
when the temperature increases. This corresponds to
the experiments done by Wang et al. [7], where they
tested cell temperature and humidification.

Figure 10 shows the same relation between con-
sumption rate of CaHs and UD size as Figure 8.

When analysing Figure 11a there appears to be
an inverse-square relation between consumption rate
and temperature. This means that as the tempera-
ture increases, the consumption rate will reach a lower
limit. For the microrobot, it is beneficial that the con-
sumption rate of CaHs is decreased by an increasing
temperature. Nevertheless, there is a lower limit to
the consumption rate, however for applications inside
the human body there are safety limits as to the max-
imum cell temperature, thus the lower limit cannot be
reached.

Figure 11b shows an inverse-square relation be-
tween the maximum output power and temperature.
This implies a decelerating negative effect on the max-
imum output with increasing temperatures. Thus,
this will also reach a lower limit.

When combining Figures 11a and 11b a linear re-
lation between the consumption rate of CaHs and
maximum output power becomes visible again. This

Flow in the

(a)
medium 5-step ser-
pentine plate with
1.5 bar pressure.

(b) Flow in the
medium 5-step ser-
pentine plate with
2.0 bar pressure.

is expected, as changing the cell temperature instead
of the inlet pressure should not have an effect on the
nature of this relation.

When looking at Figure 11c it can be seen that the
effect of cell temperature is most significant when op-
erating at maximum power. In addition, the decrease
in performance in the Ohmic region of the I-V curve
in Figure 11d, can be explained by the fact that the
membrane in the fuel cell acts as a conductor to the
protons. For conductors, it goes that as the tempera-
ture increases, so does the resistance. Thus, a higher
temperature increases the membrane’s resistance to
protons, thus increasing the internal resistance, thus
decreasing the voltage. For the Mass transport re-
gion, the decrease in voltage upon increasing pres-
sure can be explained by the fact that the diffusivity
of the membrane increases, thus cross-over of Os-gas
and Hs-gas can happen more easily, which results in
a decrease of performance.

Finally, looking at Figure 1le it can be seen that
similarly to Figure 9b the maximum output power
will eventually reach a lower limit. However, a clear
difference between the two graphs is the larger ef-
fect of temperature increase when compared to the
pressure increase. The different graphs divert signif-
icantly more for different temperatures than for dif-
ferent pressures.

1
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4
7
9
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5
7
0
(¢) Flow in the (d) Flow in the (e)
medium 5-step ser- medium 5-step ser- Bar
pentine plate with pentine plate with of
2.5 bar pressure. 3.0 bar pressure.
size.

Figure 13: Flow simulation results of the medium-sized 5-step serpentine flow plate with varying pressures.
Temperature is set to 293.20K and static pressure to 101325.00 Pa. Colour scale bar is set to 301020.51
Pa (red) to 98858.03 Pa (blue). Figure 13e shows the colour scale bar corresponding to the simulations.
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Figure 14: Flow simulation results of the medium-sized leaf flow plate with varying pressures. Temperature
is set to 293.20K and static pressure to 101325.00 Pa. Colour scale bar is set to 310000.00 Pa (red) to
96000.00 Pa (blue). Figure 14e shows the colour scale bar corresponding to the simulations.

4.3 Flow Simulations

Furthermore, the flow trajectories of the flow plates
have also been simulated. These results can be seen
in Figure 12 to Figure 14. When the different geome-
tries are compared, it becomes clear that the single
serpentine gives the largest pressure drop, then the
5-step, and finally the leaf gives the smallest pressure
drop. However, when Figure 23 is also included in
this analysis, it can be seen that the leaf does indeed
provide the lowest pressure drop, yet it also provides
the lowest pressure overall. This is most likely caused
by the large pressure drop that happens at the inlet
of the flow field. Therefore, the difference between
the inlet and outlet pressure is small, but there is a
large difference between the applied pressure of 3.0
bar at inlet 1 and the outlet pressures of the leaf ge-
ometry. And as discussed before, Figures 9¢ and 9d
show that a higher pressure results in a better perfor-
mance. Thus, even though the leaf geometry results
in the smallest pressure drop, it is most likely not the
best geometry to use for optimisation purposes. This
means that the 5-step serpentine, will most likely be
the best geometry to use. Considering that it pro-
vides a smaller pressure drop than the single serpen-
tine, but still has a relatively high overall pressure in
comparison to the leaf geometry.

Then when the different pressures for each geom-
etry are compared, it becomes clear that each inlet

Pressure Drop in Percentages

1.5bar

——55tep =——Leaf Serpentine

(a) Comparison of the relative
pressure drop of the three dif-
ferent flow plate geometries for
the smallest size.

Pressure Drop in Percentages

60
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40
® <
30 30

2.0bar

———55tep =——Leaf

(b) Comparison of the relative
pressure drop of the three dif-
ferent flow plate geometries for
the medium size.

pressure results in roughly the same outlet pressure,
and thus that a higher inlet pressure, results in a
larger pressure drop. This also means that a lower
inlet pressure results in a better pressure distribu-
tion, which could yield more favourable results where
durability is concerned. Because a more equal pres-
sure distribution, means that the membrane wears
out equally for the entire area, whereas an inconsis-
tent distribution, will lead to certain parts, in this
case, the top, will wear out faster than the bottom
and might lead to a shorter lifespan in general. How-
ever, a higher pressure might still be more favourable
for the performance, thus a trade-off will have to be
made, based on functional priority.

In addition when looking at Figure 15 it turns out
that the differences in pressure drop become smaller
when the fuel cell size decreases. This could indicate
that when the fuel cells are sized down even further,
the pressure drop might not significantly differ per
design. In that case, the design can be chosen, based
only on the pressure distribution.

As mentioned in Section 2.3.2 the pressure drop
depends on the density, flow velocity, the Darcy-
Weisbach friction coefficient, the length and the hy-
draulic diameter. In the conducted experiments the
density, flow velocity and friction were kept constant.
Thus the variations in pressure drop result from vari-
ations in the length and hydraulic diameter. As the
length of the channels increases, the pressure drop

Pressure Drop in Percentages

2.5bar 3.0bar 15 20 25

Serpentine ———55tep =mleaf Serpentine

(¢) Comparison of the relative
pressure drop of the three dif-
ferent flow plate geometries for
the largest size.

Figure 15: Results of surface parameter analysis of the flow simulations with varying pressures.
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also increases, and the single serpentine has a longer
length than the 5-step, which thus results in a larger
pressure drop. The leaf geometry has the shortest
pathlength, and thus the lowest pressure drop. In
addition, when the hydraulic diameter increases, the
pressure drop will decrease. And the hydraulic diam-
eter is increased, by decreasing the wetted perimeter,
but increasing the cross-sectional area. Because, the
depth/width-ratio is different for the different geome-
tries, this can explain additional differences in pres-
sure drop. To decrease the pressure drop, certain
changes in channel geometry can be made, for exam-
ple changing the depth/width-ratio, using a sloped
channel, using a trapezoid cross-section instead of
square and rectangle shapes.

For further research it is recommended that the
flow plates are produced and tested as a complete fuel
cell, to validate the outcomes of the simulations. In
addition, the geometry of the channels of the 5-step
serpentine can be changed and tested in simulations
to try to reduce the pressure loss, and create a better
distribution. The complete fuel cells will also need to
be tested with the simulated inlet pressures and cell
temperatures, to confirm the model and simulations.
This will need to be done for the three sizes of this
paper. Finally, even smaller sizes will need to be sim-
ulated and tested to reach the goal of a UD that can
be inserted into the human body.

5 Conclusion

In this paper, the scaling rules of an Unthetherd De-
vice (UD) have been modelled and tested for different
inlet pressures and cell temperatures. The model pro-
posed by Van Renselaar et al. [5] has been extended
to include these variables. These variables have been
modelled using three different sizes of UDs and PEM
fuel cells.

It has been found that increasing the pressure im-
proves the performance of the fuel cell. The maximum
output power will most likely reach a lower limit, for
smaller sizes, thus scaling down of the UD will be ben-
eficial, as drag will continue to decrease. In addition,
increasing the temperature decreases the performance
of the UD. However, this decrease will also reach a
lower limit, thus for very small sizes, this will most
likely not be a problem.

Where flow plate geometry is concerned, the 5-
step serpentine will most likely result in the best per-
formance of the fuel cell, as it provides the highest
pressure and the best pressure distribution.

For further research it is recommended that the
flow plates are produced and tested as a complete fuel
cell, to validate the outcomes of the simulations. In
addition, the geometry of the channels of the 5-step
serpentine can be changed and tested in simulations
to try to reduce the pressure loss, and create a better
distribution. The complete fuel cells will also need to
be tested with the simulated inlet pressures and cell
temperatures, to confirm the model and simulations.
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This will need to be done for the three sizes of this
paper. Finally, even smaller sizes will need to be sim-
ulated and tested to reach the goal of a UD that can
be inserted into the human body.
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A Complete Results

A.1 Pressure simulation results
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Figure 16: Consumptionrates for CaHgy for different pressures for all three sizes. Based on the model
proposed by Van Renselaar et al. [5]
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Figure 17: Power output for different pressures for all three sizes. Based on the model proposed by Van
Renselaar et al. [5]

A.2 Temperature simulation results
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Figure 18: Consumptionrates for CaHgy for different temperatures for all three sizes. Based on the model
proposed by Van Renselaar et al. [5]
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Figure 19: Power output for different cell temperatures for all three sizes. Based on the model proposed
by Van Renselaar et al. [5]

A.3 Flow trajectories
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Figure 20: Flow simulation results of single serpentine flow plate with varying pressures and sizes. Tem-
perature is set to 293.20K and static pressure to 101325.00 Pa. From left to right the pressure increases
from 1.5 bar to 3.0 bar with steps of 0.5 bar. From top to bottom, the flow field size increases from
16 x 16mm to 27 x 27mm to 35 x 35mm. Figures 20e, 205, and 200 show the colour scale bars for the
simulations for all three sizes.
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(a) Flow in the
small 5-step plate
with 1.5 bar pres-
sure.

(f) Flow in the
medium 5-step ser-
pentine plate with
1.5 bar pressure.

(k) Flow in the
large  5-step  ser-
pentine plate with
1.5 bar pressure.

(b) Flow in the
small 5-step ser-
pentine plate with
2.0 bar pressure.

(g) Flow in the
medium 5-step ser-
pentine plate with
2.0 bar pressure.

(1) Flow in the
large  5-step  ser-
pentine plate with
2.0 bar pressure.

(¢) Flow 1in the
small 5-step ser-
pentine plate with
2.5 bar pressure.

(h) Flow in the
medium 5-step ser-
pentine plate with
2.5 bar pressure.

(m) Flow in the
large 5-step  ser-
pentine plate with
2.5 bar pressure.

(d) Flow in the
small 5-step ser-
pentine plate with
3.0 bar pressure.
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(n) Flow in the
large 5-step ser-
pentine plate with
3.0 bar pressure.

Figure 21: Flow simulation results of the 5-step serpentine flow plate with varying pressures and sizes.

Temperature is set to 293.20K and static pressure to 101325.00 Pa.

From left to right the pressure

increases from 1.5 bar to 3.0 bar with steps of 0.5 bar. From top to bottom, the flow field size increases
from 16 x 16mm to 27 x 2Tmm to 35 X 3bmm. Figures 21e, 21j, and 210 show the colour scale bars of

the three sizes.
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Figure 22: Flow simulation results of leaf flow plate with varying pressures and sizes. Temperature is set
to 293.20K and static pressure to 101325.00 Pa. From left to right the pressure increases from 1.5 bar
to 3.0 bar with steps of 0.5 bar. From top to bottom, the flow field size increases from 16 x 16mm to
27 x 2Tmm to 35 X 3bmm. Figures 22e, 22j, and 220 show the colour scale bars of the three sizes.
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(c) Comparison of the relative pressure drop of
the three different flow plate geometries.

Figure 23: Results of surface parameter anal-
ysis of the flow simulations with varying pres-
sures for the medium-sized flow plates.
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(¢) Comparison of the relative pressure drop of
the three different flow plate geometries.

Figure 24: Results of surface parameter anal-
ysis of the flow simulations with varying pres-
sures for the small flow plates.
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Figure 25: Results of surface parameter anal-
ysis of the flow simulations with varying pres-
sures for the large flow plates.
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