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A Low-Cost Bioimpedance Phase Angle
Monitor for Portable Electrical Surface
Stimulation Burn Prevention

Ryan P. Burns, Jeremy Dunning, Member, IEEE, and Michael J. Fu, Member, IEEE

Abstract— Electrical skin-surface stimulation has wide clinical
adoption and home use, but skin burns are a risk and existing
devices do not monitor the electrode sites for skin damage or
improperly connected electrodes. When a burn occurs, the low
frequency phase of the skin surface impedance changes. This
paper describes a novel analog processing technique that is
suitable for detecting skin surface phase changes during the use of
portable electrical stimulation devices. The output is a 1-bit signal
indicating if the phase has changed by more than a predetermined
amount, allowing the system to be incorporated into low-cost
devices with limited processing capability. Computational
simulations were performed using a current-sourced bipolar
square-wave stimulation signal. An approximation is presented
which converts a phase change in the skin-surface impedance to a
voltage, which was found to have an average error of 14.1%. Due
to the analog techniques used, there is a propagation delay of
232.48 ms between the phase exceeding the allowable threshold
and the output being set to HIGH. These initial simulation results
provide evidence for the feasibility of developing safer portable
skin surface electrical stimulators that can monitor and prevent
skin injury during clinical or home use.

Index Terms—analog signal processing, bioimpedance,
biomedical monitoring, burn, phase, skin surface stimulation.

[. INTRODUCTION

E LECTRICAL surface stimulation (ESS) is a stimulation
technique used in a wide variety of clinical applications,
including but not limited to: diagnosis of medical conditions,
muscle strengthening, injury recovery [1], and pain reduction
[2]. To apply this stimulation, the majority of techniques use
surface electrodes, but burns and rashes at the electrode sites
are possible risks [2]. Multiple mechanisms have been proposed
to explain the source of these burns such as high current density
and high pH changes [2]-[3]. Stecker et al. focuses on joule
heating, in which burns are the result of an increase in the
temperature of the skin due to electrical current [4]. According
to Stecker et al., burns due to constant-current, bipolar
stimulation are dependent on electrode-skin contact area, tissue
conductivity, magnitude of the current, and time exposed
(typically occurring over the course of multiple seconds under
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Fig. 1. The Phase-Voltage Converter schematic, in which Rg, Rp, and Cp are
used to model the skin surface impedance, and V, is the output.

burn-inducing conditions [4]).

The skin-surface impedance (SSI) model proposed in the
literature (Fig. 1), is an RC circuit comprised of Rg, Cp, and Rp,
though if modeling the more complex properties of the SSI, R,
would be time-varying and non-linear [5]. Patriciu et al. found
that when skin was burned by electrical surface stimulation, the
low frequency spectrum of the SSI changed drastically due to
the breakdown of C,, showing that a change in the phase of the
SSI may indicate the onset of a burn [3].

Yu et al. proposed a bioimpedance measuring system that
uses digital signal processing to determine both the magnitude
and phase of the impedance at the stimulation frequency [6].
The phase shift of a single frequency, sinusoidal voltage across
a complex impedance is linearly proportional to the phase of the
impedance, and as such the phase of the bioimpedance can be
determined by monitoring the time shift of the voltage. Figure
1 shows a modified version of the analog front end of the system
proposed by Yu et al. [6], which is used in the current system.
Yu et al.’s system requires data acquisition and computational
hardware that can increase the size and cost of an otherwise
portable stimulation device. Moreover, it cannot continuously
monitor the phase of the impedance during stimulation that
involves square-wave stimulation due to the infinite odd
harmonics introducing a non-linear and non-trivial time shift.

Portable, low-cost methods for preventing skin injury during
clinical ESS do not exist and are needed. Clinical devices have
power, space, and processing constraints that preclude the
feasibility of algorithms that require extensive error correction
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Fig. 2. A block diagram for the proposed Bioimpedance Phase Angle Monitor.
The dashed box contains the system proposed by this paper.
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or signal processing, which are needed for bipolar, square-wave
constant-current stimulation [7].

The current paper describes the design and simulation of a
novel system that detects changes in the SSI in order to prevent
burns during ESS when administered by devices using current-
controlled, bipolar, square-wave stimulation. This system
improves upon prior voltage-based impedance detection
techniques [6] by eliminating the need for data acquisition and
reducing processing burden to only 1 bit of data. Further, the
current paper proposes a novel approximation of the time shift
as a function of phase when a square-wave voltage (induced by
a current source) is applied to a complex impedance.

II. SYSTEM DESIGN

The system (Fig. 2) initially behaves as a standard surface
stimulator. The system has two analog inputs, a 1-bit digital
input (SET), and a 1-bit digital output (B,). When stimulation
is applied at its desired frequency and phase, SET provides a
logical HIGH pulse, which assigns the current phase of the SSI
to the reference phase of the system. If, after SET has been
triggered, the phase of the SSI changes by more than a
predetermined amount, then the digital output of the system will
be set to HIGH, indicating to the user that the electrodes may
need to be reapplied or removed to inspect for skin irritation.

A. Phase-Voltage Converter

The Phase-Voltage Converter (Fig. 1) is based on the phase
detection system described by Yu et al. [6]. The stimulation
source is connected directly to the cathodic electrode, and
connected to the anodic electrode through R, The cathodic
and anodic electrodes are the analog inputs to the system, and
their respective voltages are measured by the comparators
formed by Ul and U2. All op-amps in Fig. 1, and the entire
system, are powered by single supply, resulting in an output of
Vaq when the input to the comparators are positive, and zero
volts when the inputs are negative. The XOR logic gate Al
gives an output, Vyor, that is HIGH when either Vi pode OF
Vanode 18 positive, but not both (Fig. 3).

Figure 3 shows that the width of Vxggr’s pulse is equal to tg,
the time delay between the zero-crossing points of Veypode and
Vanode- Vxor 1S then passed as an input to a 2™ order low pass
Bessel filter. The filter is designed with a passband defined by
the -3 dB point of 2 Hz in order to remove the higher frequency
components from Vyog. This results in Vj,;, equaling the DC
average of Vxgr, which can be calculated as

o

VXOR VCathode VAnode IV
[¢)]
L)
I

o

T
1
L 1

|

0td T/2

Time (s)
Fig. 3. A plot showing the stimulation current source (i(t), Isriv), the voltage
across C, in Fig. 1 (Vc(t)), the voltage measured by Ul and U2 (Vcamode and
V anodes T€Spectively), and the output of Al in Fig. 1 (Vxor)-

ph — T '’

in which 7'is the period of the square wave.

Assuming steady state, Fig. 3 shows the expected voltage
across C, in Fig. 1, V.(t), when a square wave current with no
DC offset is applied to the SSI model. V.(t) oscillates between
—V;, and V,, while the stimulation source, i(t), switches between
—I, and [, as shown in Fig. 3.

The time delay, t4, can be determined by focusing on the first
half period of i(t) in Fig. 3. At time t = 0, i(t) goes from
—Iyto Iy, and at time t = T /2, i(t) goes from I, to —1,. V.(t)
can be described by the first-order, linear differential equation,
1
R_ch = Io. ()

Solving (2) for t > 0, and V,(0) = —V;, the voltage across
the capacitor can be analytically described by

t
V() = (IR, + V) (1 - e‘?) -V, 3)
then be

€y

GV +

in  whicht = R,C,. ], can solved for by

setting V. G) equal to V,, resulting in

T
IhR, (1 — e_ﬁ>
h=—""7 )
l1+e 2t
The voltage across R, Ry, and C, represents the potential

across the skin surface, which can be found using (3) and (4) as

Vssi(t) = V.(t) + IoR, %)
_t
2e T
=I||1-——"—|R, +R,
l1+e 2t

Since the current source has a zero-crossing point att =
0,the time delay in the zero-crossing point is simply the
time t4 such that Vg (t4) = 0. Solving (5) for t4 results in

R, _T
(1+ ) (1+e)

ty = —tl
d Tin 2

(6)
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Ry, Ry, and €, can be modeled as a single complex
impedance, Zsg;. Assuming for a moment that i(t) is a sinusoid
with period T and frequency w = 27n, the reactance of C,, can be

. 1 . L .
written as Tl The series combination of R, with the parallel
p

combination of R, and C, results in Zgg = Rs + ,Rp
1+jwCpRp
Therefore, the phase of Zgg is
wC,R?
@ =tan™!| - b p ) (7
Ry + R, + w?CER3R

Although equation (6) gives the delay, it cannot be solved
when line monitoring the phase of the SSI without digital
processing because the distinction between R, R, and C,, will
be unknown. References [5] and [8] experimentally found that
R, = 3500, C, ~ 0.02 yF, and R, ~ 10 — 24 k(). Therefore,

(6) and (7) can be approximated by assuming that R, > R,.
T

l+e 2t
tg= —tln| ——— (8)
2

¢ ~ tan"(—wC,R,) = tan™*(—w1) 9

Solving (9) for T and plugging into (8) gives

T

T 1 + etan(o)

ty = —tan(p) In| —— (10)

2n 2

Combining (10) with (1), an approximation of V,;, as a function
of SSI phase can be determined as

_m
1 + etan(e)

|4
2

 Vud 1 11
oh & 7tan(¢) n 1n
With this approximation, changes in the phase of the SSI should

be reflected by changes in V;,, which is easily monitored.

B. Reference Phase Selector

In order to set a reference voltage to compare V,,;, against, a
sample and hold (S&H) circuit is used, as shown in Fig. 4. U4
and U5 are used as high impedance buffers to reduce the
discharging of the capacitor, Cs4. The digital signal SET is used
to control the S&H, with HIGH, or Vyq, setting Vi to Vpy, and

LOW, or 0 V, maintaining the current V.

C. Phase Differentiator

The Phase Differentiator, shown in Fig. 4, monitors the
changes in the phase of the SSI. This circuit has two inputs: V,;,
(the current phase of the SSI) and V. (the reference phase of
the SSI). U6 and U7 are set up as complimentary difference
circuits, using standard op-amp topologies. The output of U6 is
S(Vph — Vref) when Von > Vier, and 0 otherwise. Conversely, the
output of U7 is S(Vref - Vph) when V), < Vi, and 0 otherwise.

The output of the Phase Differentiator, Vg, is the average of
the outputs of U6 and U7. Thus, for all V;, and Vi, Ve can be
described by

3
Vair = 5 [Vioh = Vet (12)

As shown by (11), V,, and V¢ can be approximated as a
function of the phase of the surface impedance. Subsequently,

Fig. 4. The schematic for the Reference Phase Selector (inputs V;, and SET,
output V), the phase differentiator (inputs Vi and Vy,p,, output V), and the 1-
Bit ADC (input Vg, output By).

V4ir can be approximated in terms of the reference phase and the
instantaneous phase.

Vaie =

_m
3Vaa 1+ ewnt) 13
> tan(¢) In > (13)

T

1 + etan(@rep)

—tan(pe) In | 2T

D. 1-Bit ADC

The differential voltage generated by the Phase

Differentiator, Vy;, is then passed into the final stage of the
system, the 1-Bit ADC. The ADC output, B,, is HIGH when
the differential voltage Vy;; exceeds a predetermined voltage,
Vinres- The proposed system uses a standard op-amp based
comparator topology for the ADC, as shown in Fig. 4.

As is clear from (13), Vg is not symmetric around @,;
hence, the selection of Vs sets a maximum phase increase
that is not equal to the maximum phase decrease. Therefore,
Vinres cannot be set to an exact phase change. In addition, Vg is
dependent on ¢, the exact value of which will be unknown
during the proposed implementation. As such, Vij,..s is chosen
to correspond to an approximate maximum phase change.

III. EXPERIMENT

Simulations were run in LTSpice XVII and used Analog
Devices’ and Nexperia’s spice models for the AD824 op-amp
and the BSP89 transistor, respectively. The LT Spice behavioral
XOR model, adjusted to the 74HC86 (Vhigh = 5 V; Trise =
Tfall = 7 ns) [9], was used to model Al in Fig. 1.

The simulations were performed assuming that in the SSI RC
model used (Fig. 1), Rs is orders of magnitude lower than Rp.
Further, it was assumed that Rp behaves as a linear, non-current
dependent resistor, unlike the more advanced model presented
by Dorgan and Reilly [5]. These assumptions were made in
order to simplify the approximation of Vg, as given by (13).

As shown by (13), V¢ is independent of the magnitude of the
SSI and the frequency of the stimulation signal. To verify this
independence, testing was performed at SSI magnitudes, when
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Fig. 5. Vg versus the phase of the impedance over the range of anticipated conditions. Unless otherwise stated, tests were performed with SSI magnitude of 2
kQ, reference phase of —m/4 rad, stimulation square wave frequency of 100 Hz and amplitude 100 mA. (a) Testing was performed over the range of anticipated
SSI magnitudes (500, 2 k, and 10 kQ). (b) Testing was performed over the range of anticipated frequencies (20, 60, and 100 Hz). (¢) Testing was performed over

a range of reference phases (-n/3, -n/4, and -n/6 rad).
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Fig. 6. (a) Vy¢ versus the phase of the SSI model over a range of stimulation SNR. These simulations used SSI magnitude of 2 kQ and reference phase —n/4 rad,
when evaluated at the stimulation frequency of 100 Hz. The stimulation signal had an amplitude of 100 mA. (b) Simulations were run with a reference phase of -
0.5 rad, Viy,es set to 0.388 V (which is a maximum phase increase from -0.5 rad of 0.2 rad), a stimulation frequency of 60 Hz, and SSI magnitude of 2 kQ.

evaluated at the fundamental frequency of the stimulation
signal, of 500, 2 k, and 10 kQ, as per the standard set by the
FDA for muscle stimulators in [10]. Further, the system was
tested over the range of anticipated stimulation frequencies, 20
to 100 Hz, as per the Agency for Clinical Innovation [1].

The system was further tested by including Additive White
Gaussian Noise (AWGN) in the stimulation signal. The AWGN
was added by including a behavioral current source in parallel
with the stimulation current source in the simulation. The
behavioral current source was governed by the equation [ =
white(1e5 * time)/{Noise}, in which {Noise} is a variable

used to vary the power of the noise. The SNR of the stimulation
Istim,RMS

signal was calculated using SNRg;,, = 201log,, ; .
AWGN,RMS

IV. RESULTS

Figure 5 summarizes the simulations performed over the
anticipated range of stimulation conditions. The magnitudes
and phases of the SSI are as calculated at the fundamental
frequency of the stimulation signal for the particular simulation.
The average percent error between the simulated Vy;; and the
expected Vg, as calculated by (13), for all simulations in Fig. 5
is 14.1%, with one outlier excluded. The outlier had ¢ = @,
(Vdif, expected = 0.195 mV) with an absolute error of 33.99 mV,
which corresponds to a percent error of 17,435%. 50.3% of
values had an error of less than 7.82%. The simulations
incorporating AWGN are summarized in Fig. 6a. The average
error for tested stimulation SNRs between 2 and 26.5 dB were
found to be between 30.7 and 72.7 mV. The average error was
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found to be as high as 165 mV for a stimulation SNR of 0.75
dB. The delay between the change in phase and the rising edge
of B, is shown in Fig. 6b, in which the reference phase is -0.5
rad, with Vi, s set to 0.388 V, which equates to a maximum
phase increase of 0.2 rad. The plot shows the settling of V¢ in
response to an instantaneous phase change from -0.5 to -0.3 rad,
and the delay in By, which is 232.48 ms. The delay was also
found for a gradual increase from -0.5 to -0.3 rad (184 ms), and
a gradual decrease from -0.5 to -0.7 rad (74 ms).

V. DISCUSSION

The simulated system was found to indicate changes in the
phase of an RC circuit, which models the SSI, within 14.1% of
the expected value. This indicates that the system could be used
to monitor phase changes in the SSI during ESS, without
requiring data acquisition and computational hardware;
however, the system has relatively large error when measuring
an exact phase change due to the approximations made. Since
variations in the phase of the SSI can indicate the onset of a
burn or burn inducing conditions [3]-[4], the system could help
decrease the likelihood of burns during ESS.

The delay of the system, at 232.48 ms, is dominated by the
settling time of the Bessel filter, and as a result could be
significantly reduced using digital processing and bypassing the
filter entirely. The tradeoff of decreasing the delay by
increasing processing is likely unnecessary as burns due to joule
heating during ESS typically occur over the course of multiple
seconds [4], which is longer than the simulated delay. In
addition, the tradeoff would eliminate the primary advantage of
the proposed system: the negligible required processing.

The simulated system improves upon the design by Yu et al.
[6] by approximating the phase based off of constant-current,
bipolar, square-wave stimulation, as opposed to a sinusoidal
voltage signal, and can do so without data acquisition nor a
microcontroller unit [6]. This allows the phase to be monitored
during stimulation without modifying the delivered stimulation.

The error in V¢ is in part due to the discharging of C4 in the
S&H circuit. This decreases the reference voltage and can lead
to an inaccurately high Vg;r. As such, the proposed system could
likely be improved by a more robust reference phase selector.

Many of the system’s limitations are due to the analog
techniques presented. By digitizing the signal immediately after
the XOR gate, the delay due to the filter and the error due to the
discharge of the S&H could be eliminated. The disadvantages
of digitization is that it requires significantly more processing
and digital I/Os than the analog technique presented, which may
not be available in pre-existing, portable stimulators.

VI. CONCLUSION

A novel circuit was developed to detect changes in the low
frequency phase of the skin surface impedance during portable
electrical skin-surface stimulation, specifically for constant-
current, bipolar square-wave stimulation with no DC-offset.
The system, as proposed, requires few components, few inputs,
and negligible digital processing to interpret the output. The
system can effectively indicate when a maximum allowable

phase change is exceeded. If incorporated into surface
stimulators, the proposed circuit could help indicate the onset
of a burn or even prevent burns altogether without delivering
additional signals to the surface electrodes nor pausing the
stimulation to measure the impedance. Although our system has
higher phase estimation error and propagation delay relative to
digital systems, its performance was found to be suitable for
skin injury prevention during ESS and its design was consistent
with our prioritization of low-cost clinical viability. Further
work is warranted, and includes the physical implementation of
the proposed circuit, human trials of the detector, and digitizing
the signal instead of the proposed analog processing.
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