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A B S T R A C T

Although total hip arthroplasty (THA) is considered to be the most successful orthopedic operation in restoring
mobility and relieving pain, common Metal-on-Metal (MoM) implants developed in the past decade suffer from
severe inflammatory reactions of the surrounding tissue caused by the premature corrosion and degradation of the
implant. A substantial amount of research has been dedicated to the investigation of mechanically driven fretting
and crevice corrosion as the primary mechanism of implant failure. However, the exact mechanism by which hip
implant breakdown occurs remains unknown, as current in vitro fretting and crevice corrosion studies have failed
to completely replicate the corrosion characteristics of recovered implants. Here, we show that minor electric
potential oscillations on a model hip implant replicate the corrosion of failed implants without the introduction of
mechanical wear. We found in a controlled lab setting that small electrical oscillations, of similar frequency and
magnitude as those resulting from ambient electromagnetic waves interacting with the metal of the implant, can
force electrochemical reactions within a simulated synovial fluid environment that have not been previously
predicted. In lab testing we have shown the replication of titanium, phosphorous, and oxygen deposition onto the
surface of ASTM astm:F75 CoCrMo metal alloy test specimens, matching the chemical composition of previously
retrieved wear particles from failed patient prosthetics. Our results demonstrate that the electrical activity and
ensuing electrochemical activity excites two corrosion failure modes: direct dissolution of the medically
implantable alloy, leaching metal ions into the body, and surface deposition growth, forming the precursor of
secondary wear particles. We anticipate our findings to be the foundation for the future development and testing
of electrochemically resistant implantable material.
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1. Introduction

Total hip arthroplasty (THA) has been considered to be the most
successful operation to both relieve pain and restore mobility from
osteoarthritis; however, implant corrosion and wear-related complica-
tions remain a daily concern for implant longevity and patient health [1].
In the United States alone, there are over 370,000 THA's performed
annually and the number continues to grow each year. It is predicted that
over 3 million individuals are currently living with a hip implant [1, 2].

The new generation of Metal-on-Metal (MoM) implants, commonly
Cobalt–Chromium–Molybdenum (CoCrMo alloy ASTM astm:F75),
developed in the past decade were designed in order to prevent hip
dislocation and polyethylene wear complications [2, 3]. It is reported
that more than 1 million MoM hip implants have been made worldwide
[2]. This generation of hip implants, however, suffers from the
21
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occurrence of severe inflammatory reactions of the periprosthetic soft
tissues. Increased reaction can lead to increased risk of corrosion and
wear, resulting in extensive tissue necrosis, injury to abductor muscles
and tendons, aseptic loosening/osteolysis, increased revision complica-
tions, and significant patient morbidity [4, 5].

Decades of research have been dedicated to discovering the funda-
mental cause of implant corrosion. It has been found that as the implant
wears and corrodes, metal ions are able to leach into the bloodstream
resulting in heavy metal toxicity, cognitive dysfunction, mitochondrial
stress, organ damage, inflammation, cancer, etc. However, current
research does not adequately describe or predict the corrosive chemical
breakdown seen in replaced orthopedic implants [6, 7, 8, 9, 10, 11, 12].
Fretting and crevice corrosion are the most common current explanations
for implant failure, but these mechanisms focus on a mechanically driven
wear while minimizing the potential for a galvanic electrochemical re-
action [13, 14, 15, 16, 17, 18, 19, 20]. Additionally, when lab results
from simulated fretting corrosion are compared to a failed prosthetic
implant, it becomes clear that although fretting may be occurring, it is
not a complete explanation. An example of a corroded implant is shown
in Figure 1A [21] below. This image is then followed by the industry
standard result for fretting and crevice corrosion in Figure 1B [13] (see
Figure 2)

Images of Figure 1B clearly replicate the physical wear phenomena
seen in the recovered prosthetic in Figure 1A, but does not address the
corroded areas. However, if a small electrical oscillation, similar to those
experienced by the implant from common electromagnetic radiation
sources [22, 23, 24, 25], is applied to the Co and Cr alloy used in medical
implant devices, the corrosion begins to replicate that which is seen in
recovered prostheses.

2. Method

Samples were cut from medical grade ASTM F75 round stock to serve
as a simulated hip implant. The chemical composition of the alloy is
found below in Table 1.
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The 1” diameter round stock was cross cut, resulting in a 1/8” thick
disc. The disc was further sectioned into quadrants. Each quadrant
received a 3/32” hole for future wire attachment. The samples were
polished to remove any surface imperfections with a Buehler Metaserv
250 Grinder/Polisher and P400 grit silicon carbide wet polishing paper.
The curved face of the sample was further polished with P2500 grit sil-
icon carbide wet polishing paper to develop a high sheen, mimicking that
of the bearing surface of a hip prosthetic.

Each sample was then wired with a medical grade one titanium wire
lead, representative of titanium hardware used in the installation of
prosthetic hips. The chemical composition of the titanium wire used is
shown in Table 2 below.

Two of the prepared samples were placed into each Pyrex Petri dish,
and subsequently submerged in 100 mL of simulated synovial fluid. Each
wire lead exited the side of the Petri dish under the lid. The simulated
synovial fluid was created following the industry standard of a 1:1 (by
volume) mixture of fetal bovine serum (FBS), purchased from Millipore
Sigma, and de-ionized (DI) water [13, 14, 15, 16, 17, 18, 19, 20]. The
exact chemical composition of the FBS is unknown, but it is known to
contain a complex mixture of salts, proteins, and lipids. Any element
identified during testing not reported in the metal samples or in the
preparation of samples, is assumed to be a result of the FBS.

The samples subjected to electrical activity were connected to a fre-
quency generator for simulated electrical oscillation. A bacteria culture
was taken of the simulated synovial fluid and placed within the incu-
bation oven alongside the test specimens in order to identify any
contamination within the test fluid. The test specimens were then placed
into a faraday cage within an incubation oven at 37 �C for 10 days. For
each test, two samples were subjected to electrical oscillations and one
baseline sample was shielded from electrical oscillation. Each test run
was repeated, resulting in four samples for each test condition to ensure
repeatability, as well as two baseline samples. During the duration of the
lab testing, the samples subjected to true AC oscillations were connected
to an electrochemical impedance spectroscopy (EIS) machine. An EIS
response frequency sweep was performed on each specimen daily from
Figure 1. A: Surface damage to the CoCrMo
neck, mainly in the distal medial area and scan-
ning electron microscope (SEM) image with a
higher magnification showing both mechanical
fretting wear and corrosion damage on removed
implant. Reprinted from Materials Science and
Engineering: C, 79, Oskouei, et al, A new finding
on the in-vivo crevice corrosion damage in a
CoCrMo hip implant, 390–398, Copyright (2017),
with permission from Elsevier [21]. B: Back-
scatter and secondary electron mode SEM mi-
crographs of pin and disk surfaces of CoCrMo
obtained at the end of fretting corrosion in lab
testing. Reprinted from Biomaterials, 33, Swa-
minathan, et al, Fretting corrosion of CoCrMo and
Ti6Al4V interfaces, 5487–5503, Copyright
(2012), with permission from Elsevier [13].



Figure 2. Optical microscopy micrographs
of 5 samples under varying electrical test
signals. Sample A: Baseline ASTM F75
CoCrMo alloy. Sample B: ASTM F75 CoCrMo
alloy placed in simulated synovial fluid (50/
50 DI water/FBS) with no electrical signal.
Sample C: ASTM F75 CoCrMo alloy in
simulated synovial fluid with Vrms ¼ 0.67 V
pulsed DC electrical signal. Sample D: ASTM
F75 CoCrMo alloy in simulated synovial fluid
with 100 MHz Sine wave at 250 mV peak-to-
peak amplitude AC electrical signal. Sample
E: ASTM F75 CoCrMo alloy in simulated sy-
novial fluid with 250 mV peak-to-peak
amplitude random noise AC electrical signal.
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1.5 � 106 Hz to 5.0 � 10�2 Hz, in order to characterize the electro-
chemical properties of each specimen. At the conclusion of each test, the
samples were removed from the testing solution and rinsed with DI
water. The samples were then gently wiped clean with Kimwipes™ to
remove any loose material. Following this, the samples were rinsed again
with DI water, dried, and bagged for analysis.

Five test conditions were studied to represent a viability study for the
first attempt to utilize an oscillatory electrochemical reaction phenom-
enon to replicate the chemical corrosion of implanted ASTM F75. Sam-
ples from test condition A serve as the metal baseline. These samples
were not subjected to any testing after sample preparation. Therefore,
Sample A represents the clean ASTM F75 sample. Samples from test
condition B were placed into simulated synovial fluid with no electrical
activity. Samples from test condition C were subjected to a pulsed direct
current (DC) signal, consisting of a pulse width modulated signal at a 5 %
duty cycle (900 μs pulse on a 20,000 μs period), resulting in a root mean
square voltage of 0.67 V. This test condition is meant to investigate an
electrophoretic deposition type corrosion mechanism. Skin electrode
testing, as well as previously reported literature, has indicated a potential
DC offset of skin electrical activity in the range of 500–800 mV [26, 27,
28, 29, 30, 31, 32, 33]. Samples from test condition D were subject to a
clean sine wave oscillation at 100 MHz and a peak to peak voltage
3

magnitude of 250mV. The voltagemagnitude was selected in accordance
to previously published literature for recorded interference in nerve
conduction studies, skin electrode data, and experimental work on bio-
logical effects of external electric fields [28, 29, 30, 31, 32, 33, 34, 35, 36,
37, 38]. The corrosion mechanism was additionally assumed to be a high
frequency phenomenon, and as such, the frequency of oscillation was set
to the generator's upper resolution limit. Samples from test condition E
were subjected to a random noise oscillation at a peak to peak amplitude
of 250 mV with embedded frequencies up to 100 MHz and no DC offset.
This is meant to investigate the effect of noise in comparison to the
Sample D test condition.

Samples from test conditions A, B, C, D, and E will be referred to
simply as Sample A, etc. and all results shown will be indicative of all
samples from that test condition.

3. Results

When electrical activity was placed on the samples within the simu-
lated synovial fluid, samples C-E in Figure 2 began clear corrosion ac-
tivity. No sample tested here underwent mechanical wear, yet contrary to
many theories, corrosion began. The type of surface reaction appears to
have a dependency on the frequency of electrical oscillation, indicated by



Table 1. Elemental analysis of CoCrMo metal alloy used in testing provided by
United Performance Metals. Testing completed by Carpenter Technology
Corporation.

ASTM F75 CoCrMo Alloy Chemical Composition by Weight Percent

Elements Weight %

Cobalt 65.05

Chromium 27.76

Molybdenum 5.54

Trace Elements

Carbon 0.05

Manganese 0.79

Silicon 0.59

Phosphorous 0.003

Sulfur 0.005

Nickel 0.04

Copper 0.01

Aluminum 0.04

Nitrogen 0.175

Titanium 0.004

Tungsten 0.02

Boron 0.001

Iron 0.12

Table 2. Elemental analysis of Titanium Grade 1 wire used in testing provided by
TEMCo Industrial.

ASTM F76 Ti Grade 1 Chemical Composition by Weight Percent

Elements Weight %

Titanium �99.6

Trace Elements Maximum Weight %

Nitrogen 0.03

Carbon 0.08

Hydrogen 0.01

Iron 0.20

Oxygen 0.18

Maximum Total Residuals 0.40
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the difference in the appearance of the surface after testing between
samples C, D, and E. The combination of samples C-E appear to recreate
the corroded areas highlighted by Oskouei et al. in Figure 1A [13]. An
application of oscillatory electrical activity, in a magnitude similar to that
experienced in daily life, begins to replicate the tribocorrosive behavior
seen in failed orthopedic implants.

The surface composition of each sample was then analyzed by energy
dispersive X-ray spectroscopy (EDS) Figure 4, the results of which were
subsequently compared to published data on the analysis of wear parti-
cles retrieved from patient tissue Figure 3.

The samples with electrical activity (Rows C-E) show significant
surface modification when compared to the samples without electrical
activity (Row B) Figure 4. The surface modification consist primarily of
Titanium, Iron, Phosphorous, and Oxygen.

However, the elemental composition differed for each type of elec-
trical oscillation. Sample C was subjected to a pulsed DC signal to identify
any effects of DC offset as well as the potential of electrophoretic depo-
sition (EPD). The surface analysis shows removal of Mo and addition of
Ti, Fe, and O. The Mo is assumed to have entered solution or is masked by
surface deposition. Fe and O are assumed to have deposited from the FBS,
whereas the Ti is assumed to have migrated from the wire lead. This
surface change is not directly attributed to the potential of EPD because
all samples under this test condition showed similar chemical changes.
Typically, in EPD, it is expected that charged particles held in colloidal
suspension move toward and deposit on the working electrode and move
away from the counter electrode. However, in this instance, both
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electrodes are composed of identical materials and display similar
chemical change. It is possible that EPD contributed to the transfer of Ti
from the wire lead to the sample surface, yet Sample E also illustrates
migration of Ti without the potential for EPD. Therefore, further testing is
required to investigate the potential for EPD.

Sample D, under the influence of a clean sine wave oscillation, shows
oxygenation of the surface from the FBS, and similar to Sample C, shows
loss of Mo.

Sample E, subjected to random noise, shows significant phosphorus
presence, unlike any other sample. The phosphorous is assumed to be
precipitating onto the surface from the FBS. Although, the ASTM F75
stock used is reported to have 0.003 percent by weight, as shown in
Table 1, concentration of phosphorous, all samples were cut from the
same stock and no other sample shows significant phosphorous concen-
tration under EDS analysis. Moreover, all samples tested under condition
E showed significant presence of phosphorous, whereas all other test
condition samples did not show the presence of phosphorous. Sample E,
additionally, showed oxygenation of the surface, Ti transfer from the
wire lead, and decreased Mo at the surface.

The combination of chemical compositions from the above test con-
ditions begin to replicate that of wear particles reported previously in
literature [13, 21, 39]. It is therefore imperative to systematically
compare these novel results with previous studies on failed hip implants.

Figure 3 below is taken for comparison from a previous study in
which the surrounding tissue of a failed hip implant was sampled to
identify wear particles that had released from the surface of the implant.
The retrieved particles were analyzed for elemental composition.

As illustrated in Figure 3 [39], the recovered wear particles consisted
primarily of Titanium, Iron, Phosphorous, and Oxygen. An inflammatory
particle was identified to potentially be Cr2O3 [21, 39]. This indicates
that the generation of wear particles result from a fundamental chemical
change of implanted metal. Current studies of crevice and fretting
corrosion do not adequately replicate the significant chemical change
seen in implanted devices [13, 21]. The elemental mapping of retrieved
wear particles closely matches the results generated by electrical oscil-
lation in Figure 4, above. The experimental work done here was able to
demonstrate a precipitation of Titanium, Iron, Phosphorous, and Oxygen
as seen in the retrieved particles. The experimental work, however, did
not replicate the precipitation of Vanadium. The chemical composition of
the patient's synovial fluid is not known, so there is no comparison of
Vanadium concentration between the patient and the FBS used in lab
testing.

In order to elicit information pertaining to any crystallographic
structure change, each sample was further analyzed via X-ray diffraction
(XRD). Figure 5, below, illustrates the XRD pattern of each corrosion
sample.

Sample A, representing the untested CoCrMo alloy, displays a
diffraction pattern with peaks at 2θ equal to 41.3�, 44.1�, 47.1�, 51.0�,
and 75.1�. The diffraction pattern is consistent with prior published work
[40, 41], identifying the majority of the material as a face centered cubic
(FCC) γ-(Co, Cr, Mo) crystallographic structure indicated by peaks at 2θ
equal to 44.1�, 51.0�, and 75.1�, as labeled in Figure 5. Lesser peaks at
41.3� and 47.1� indicate a small amount of hexagonal close pack (HCP),
ε-(Co, Cr, Mo), as labeled in Figure 5 [41, 42, 43].

The XRD diffraction pattern for Sample B, shielded from electrical
activity within simulated synovial fluid, shows no change when
compared to Sample A. Therefore, it is concluded that no crystallographic
structure change occurred to the metal alloy within the simulated sy-
novial fluid over the test duration.

Sample C, subjected to pulsed DC electrical signal shows significant
variation in XRD diffraction pattern when compared to all other samples.
Sample C maintains the major FCC) γ-(Co, Cr, Mo) peak at 44.1� from the
original alloy, but all other peaks from the original alloy are not present.
Sample C shows an additional minor peak at 79.3�, labeled with inter-
plane spacing d ¼ 1.206 Å, and a broad peak between 2θ ~65� and 2θ
~75�, labeled as *, in Figure 5. The lack of the original pattern and



Figure 3. Micrographs of TEM EDS element mapping of three samples of each class of hip arthroplasty. Column A1-I1, TEM micrographs of 9 samples selected for
element mapping. All samples contain variable amounts of Cr particles (A2-I2), P (A8-I8) and O (A9-I9). A small number of high electron density particles in the MoM
hip resurfacing arthroplasty (HRA) (A3-C3) and the MoM large head total hip arthroplasty (LHTHA) (D3-F3) groups, and the particles in the Non-MoM dual modular
neck total hip arthroplasty (DMNTHA) group (G3-I3) contain Co. High concentration of Mo is present in the Non-MoM DMNTHA group (G4-I4) and barely detectable
in MoM HRA and MoM LHTHA groups. Ti and Vco-exist in the MoM LHTHA (D5-F5, D6-F6) and the Non-MoM DMNTHA (G5-I5, G6-I6) groups but are not detectable
in the MoM HRA group (A5-C5, A6-C6). Fe is detected in some samples (C7, H7 and I7) and does not co-localize with other metal particles. P co-exists with O but its
concentration is lower than O.B–Cr, blood Cr ion concentration; B–Co, blood Co ion concentration; Head, femoral head size; IT, implant time; SD, symptom duration.
Scale bars: B1, D1, E1, G1 ¼ 200 nm; A1 ¼ 400 nm; C1, I1 ¼ 700 nm; F1 ¼ 1000 nm. Reprinted from Nanomedicine: Nanotechnology, Biology and Medicine, 13, Xia et
al, Nano-analysis of wear particles from metal-on-metal and non-metal-on-metal dual modular neck hip arthroplasty, 1205–1217, Copyright (2017), with permission
from Elsevier [39].
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creation of a broad, non-descript, peak, labeled as * in Figure 5, is
believed to be the addition of amorphous material onto the surface of the
sample, likely, through EPD and does not indicate structural change
within the sample. Previous literature on the analysis of in-vivo corrosion
products has shown that the original diffraction pattern persists with the
potential for additional new peaks [21, 39]. Therefore, on Sample C, EPD
is believed to have generated an amorphous deposition masking the
original diffraction pattern. The inconstancies between the diffraction
pattern of Sample C and previous analysis of corrosion products indicates
that EPD is most likely not the cause of corrosion on implanted CoCrMo.

However, if a pure oscillatory electric field is established on samples
within simulated synovial fluid, such as with Samples D and E, a clear
modification of the original crystallographic structure without the
addition of amorphous surfacematerial is evident. Sample D, subjected to
a 100 MHz sine wave, and Sample E, subjected to random AC noise, both
show the original diffraction pattern of Sample A, peaks at 2θ equal to
5

41.3�, 44.1�, 47.1�, 51.0�, and 75.1�, with the addition of a substantial
peak at 79.3�, with inter-plane spacing d ¼ 1.206Å. Therefore, the ma-
jority of the sample is maintained as FCC γ-(Co, Cr, Mo) with a small
amount of HCP ε-(Co, Cr, Mo), as labeled in Figure 5. The additional peak
at 2θ ¼ 79.3� with inter-plane spacing d ¼ 1.206Å, in conjunction with
EDS data given in Figure 4, is believed to be a crystalline product con-
taining Cr, O, and/or P.

This is the first documented tribocorrosive experimental study that
has been able to begin to replicate the elemental precipitants on the
implant surface without subjecting the metal to mechanical wear. It is
hypothesized that the chemical composition of the deposited particulate
for the in vitro testing may be tuned in future work via manipulation of
the frequency andmagnitude of the electrical oscillation to exactly match
that of the recovered particles. Therefore, this newly identified electro-
chemical corrosion mechanism is expected to initiate what has been
considered the tribocorrosive decay seen in implanted devices.



Figure 4. Micrographs of SEM EDS element mapping of 5 samples under varying electrical test signals. Column A1-E1 SEM micrographs of 5 samples selected for
elemental mapping after 10 days. Columns 2–8 show detected elements on the sample surface (Chromium-Cr, Cobalt-Co, Molybdenum-Mo, Titanium-Ti, Iron-Fe,
Phosphorous-P, and Oxygen-O). Rows A-E identify the sample tested. Sample A: Baseline ASTM F75 CoCrMo alloy. Sample B: ASTM F75 CoCrMo alloy placed in
simulated synovial fluid (50/50 DI water/FBS) with no electrical signal. Sample C: ASTM F75 CoCrMo alloy in simulated synovial fluid with Vrms ¼ 0.67 V pulsed DC
electrical signal. Sample D: ASTM F75 CoCrMo Alloy in simulated synovial fluid with 100 MHz Sine wave at 250 mV peak-to-peak amplitude AC electrical signal.
Sample E: ASTM F75 CoCrMo alloy in simulated synovial fluid with 250 mV peak-to-peak amplitude random noise AC electrical signal. Note: Colors are randomly
assigned by the Jeol SEM, color intensity signifies abundance, and black indicates absence
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In order to identify, understand, and potentially predict this electro-
chemical corrosion mechanism more holistically, the electrochemical
behavior change over time is investigated.

The electrochemical behavior of specimens B, D, and E is character-
ized by the EIS frequency sweep test shown above in Figure 6. Sample C
was not characterized by EIS analysis due to machine limitations in
conjunction with the pulsed DC signal. The curve labeled ‘Baseline Test
Start’ indicates the electrochemical behavior of all samples prior to
testing when first placed into the simulated synovial fluid. The curve
labeled as ‘Sample B’ is the same as in previous figures and is present to
act as a control for the experiment. Sample B is allowed to sit within the
test fluid, but is not subjected to any forced electrical oscillations,
therefore, any changes seen in Sample B may be thought of as baseline
changes. As the Sample B concludes testing, there is a clear increase in
the imaginary impedance, or reactance of specimen, Figure 6.1, with a
minor increase in overall impedance magnitude, Figure 6.2, and phase
shift at low frequency (<100 Hz), Figure 6.3. This minor shift is not to be
unexpected as the simulated synovial fluid ages, and galvanic interaction
occurs between the metal and the fluid. However, above 100 Hz there is
no significant deviation from the baseline data collected at the start of the
test. Reviewing the electrochemical behavior of Samples D and E against
Sample B and the test initiation data indicates significant deviation from
the control and baseline above ~10 Hz. Samples D and E showed
significantly lower magnitude of total impedance at high frequency,
Figure 6.2. Total impedance magnitude of Sample D was nearly ½ of an
order of magnitude smaller than the control sample, indicating signifi-
cant potential for high frequency electrochemical reactions. Although
Sample E closely followed the changes seen in Sample D, but to a lesser
extent at high frequencies, the low frequency behavior of Sample E was
markedly different from any other trend. Sample E showed the greatest
amount of reactance, Figure 6.1, at low frequency, potentially indicating
the possibility of increased capacitance like behavior. Each signal
therefore elicits a separate, complex electrochemical behavior. This is the
first documentation of this phenomenon within a simulated hip envi-
ronment to the knowledge of the author, and requires significant study to
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develop a complete description and predication of the electrochemical
response resulting from varying electrical signals on an implanted metal.

4. Discussion and interpretation

The electrical oscillation induced at the implant's surface, as repre-
sented by Sample D and E, incites active electrochemical reactions within
the surrounding synovial fluid, generating surface modification through
ion exchange and deposition growth. The type of surface modification is
classified as direct corrosive/dissolution of the base material and as
deposition growth, resulting in the development of wear particles. The
distinction is pictorially described in the high magnification SEM images
of Sample E given in Figure 7 below.

The direct corrosion/dissolution shown on the left of Figure 7 is
categorized by the formation of pits on the metal's surface. This in-
dicates that the metal has begun to directly dissolve into the synovial
solution, causing direct degradation to the implant. This is in contrast to
the deposition growth surface modification, shown on the right of
Figure 7, in which solids precipitate out of solution and bond to the
surface of the metal. The crystalline structure of the surface growth are
then scraped from the implant's surface when subjected to mechanical
wear during natural patient movement. The free crystalline structure
then becomes imbedded within the surrounding tissue causing inflam-
mation, pain, and leading to potential tissue necrosis. The corrosion
then proceeds in a cyclic pattern until the implant must be revised or
removed and replaced.

Additionally, the EIS characterization indicates the potential for
increased electrochemical activity as the metal ages within the implanted
environment. The decrease in the total magnitude of impedance at high
frequency indicates the potential for a self-accelerating corrosivemode. It
is therefore expected that this phenomenon may cause the unexpected
rapid corrosion of hip implants after years of seemingly stable operation
within the patient [18, 19, 20, 21].

This discovery rejects the traditional approach to metal corrosion
within human subjects. Electrochemical surface reactions are active prior



Figure 5. XRD patterns of base alloy and corrosion
samples. Sample A: Baseline ASTM F75 CoCrMo alloy.
Sample B: ASTM F75 CoCrMo alloy placed in simu-
lated synovial fluid (50/50 DI water/FBS) with no
electrical signal. Sample C: ASTM F75 CoCrMo alloy in
simulated synovial fluid with Vrms ¼ 0.67 V pulsed DC
electrical signal. Sample D: ASTM F75 CoCrMo Alloy
in simulated synovial fluid with 100 MHz Sine wave at
250 mV peak-to-peak amplitude AC electrical signal.
Sample E: ASTM F75 CoCrMo alloy in simulated sy-
novial fluid with 250 mV peak-to-peak amplitude
random noise AC electrical signal.
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to mechanical wear mechanisms, indicating that the electrochemical
activity on the implant is a primary cause of breakdown and not a sec-
ondary or tertiary result of prior wear. Therefore, this electrochemical
corrosion works in cooperation with fretting/crevice type corrosion for
the complete breakdown of the implanted hip.

The exact electrical signal capable of replicating the complete
chemical corrosion of implanted CoCrMo hip prosthetics must continue
to be actively investigated. The work described here is the first viability
study into the potential for natural electrical oscillations, developing on
the prosthetic, to act as an incipient mechanism of corrosion. Signifi-
cant further study is required to fully understand this phenomenon and
its interdependencies on previously investigated fretting/crevice
corrosion.

5. Broader relevance

Although CoCrMo ASTM F75 corrosion has been the focus of
corrosion within the orthopedic industry, this phenomenon is expected
to potentially be present in any implant containing metal. This partic-
ular corrosion was identified through hip replacement implants because
of the immense number of hip replacement surgeries per year
(~300,000/yr), and the reported patient pain in the surrounding tissue
as the hip degrades [1, 2]. However, the increasing commonality of
joint replacement surgeries, medical implants, and implantable
7

biosensors combined with an increase in ambient electromagnetic ac-
tivity of a technologically advanced society could result in significant
unknown, adverse human health effects as metals corrode unexpectedly
in the body [44].

Modern developments in biosensing have allowed for increased
implementation of precision medicine practices [45, 46]. Precision
medicine uses precise, directed action to treat and prevent patient
morbidities with minimal medication and invasion beyond the target
area, and is the underlying goal of many modern and future treatment
methods. However, such targeted action requires significant knowledge
and data for the particular morbidity and effected tissue. One of the
most notable and common implementations of precision medicine,
currently, is in the treatment of diabetes [47, 48, 49, 50]. Continuously
monitoring glucose systems provide real time data of blood glucose
levels for actionable response of insulin injection. Predictive algorithms
can anticipate glucose level peaks and troughs for the individual user,
decreasing the required amount of total medication used. These systems
rely on an implanted biosensor that can simultaneously sense glucose
level and transmit the data to a handheld receiver [49]. The transmitter
is typically a metal based electrode manufactured from similar
biocompatible alloys, as those within joint replacements mentioned
previously [3, 46]. These sensors are typically changed every 30–90
days because of a thickened cell encapsulation layer of fibroblasts,
fibrocytes, and collagen cells formed by the body's immunologic



Figure 6. Micrographs of EIS analysis after
10 days of testing within the simulated sy-
novial fluid test bed compared to the base-
line scan on the first day of testing. Sample B:
ASTM F75 CoCrMo alloy placed in simulated
synovial fluid (50/50 DI water/FBS) with no
electrical signal. Sample D: ASTM F75
CoCrMo Alloy in simulated synovial fluid
with 100 MHz Sine wave at 250 mV peak-to-
peak amplitude AC electrical signal. Sample
E: ASTM F75 CoCrMo alloy in simulated sy-
novial fluid with 250 mV peak-to-peak
amplitude random noise AC electrical signal.

Figure 7. Comparison of surface modification types on Sample E under high magnification SEM imaging. Left: Direct corrosion/dissolution. Right: Deposition growth.

T.S. Welles, J. Ahn Heliyon 7 (2021) e07023
responses around the sensing probe that hinders accuracy [48]. The
potential corrosion of these electrodes is not discussed because of the
short implanted life and lack of mechanical wear on the sensor. How-
ever, this work indicates that the presence of electrical activity gener-
ated by the sensor itself could result in significant electrode corrosion
and dissolution of metal into the body during the implanted life.
Continual replacement and increased use of biosensors could lead to
increased concern of metal toxicity within patients. The active electro-
chemical corrosion presented here could be considered in the future
design of implanted devices and sensors.
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