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Synopsis

Electrical conductivity of human hair is a debatable issue among hair experts and scientists. There are unsub-
stantiated claims that hair conducts electricity. However, hair experts provided ample evidence that hair is an 
insulator. Although wet hair exhibited drastic reduction in resistivity; scientists regarded hair as a proton 
semiconductor at the best. Here, we demonstrate that hair fi laments generate electricity on absorbing water 
vapor between 50° and 80°C. This electricity can operate low power electronic systems. Essentially, we are 
exposing the hydrated hair polymer to a high temperature (50°–80°C). It has long been speculated that when 
certain biopolymers are simultaneously hydrated and exposed to high temperature, they exhibit signifi cant 
proton hopping at a specifi c temperature regime. This happens due to rapid movement of water molecules on 
the polymer surface. This lead us to speculate that the observed fl ow of current is partly ionic and partly due 
to “proton hopping” in the hydrated nano spaces of hair fi lament. Such proton hopping is exceptionally high 
when the hydrated hair polymer is exposed to a temperature between 50° and 80°C. Differential scanning 
calorimetry data further corroborated the results and indicated that indeed at this temperature range, there 
is an enormous movement of water molecules on the hair polymer surface. This enormously rapid movement 
of water molecules lead to the “making and breaking” of innumerable hydrogen bonds and thus resulting in 
hopping of the protons. What is challenging is “how to tap these hopping protons to obtain useful electric-
ity?” We achieved this by placing a bundle of hair between two different electrodes having different electro 
negativities, and exposing it to water vapor (water + heat). The two different electrodes offered directionality 
to the hopping protons and the existing ions and thus resulting in the generation of useful current. Further, 
by continuously hydrating the polymer with water vapor, we prolonged the process. If this interesting aspect 
of polymer is exploited further and fi ne tuned, then it will open new avenues for development of sophisticated 
polymer-based systems, which could be used to harvest electricity from waste heat.

INTRODUCTION

Human hair is a hot topic of debate on its electrical conductivity properties (1–5). To 
better understand the electrical properties of hair, the architecture of human hair is to 
be carefully examined (6–8). Human hair is a self-assembly of concentric, cylindrical, 
and structural composites; with each concentric cylinder having different compositions 
and associated functional properties. It resembles monofi laments under microscope, 
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with roof tiles like overlapping scales, till the tip of the fi ber. The outermost concentric 
cylinder called cuticle consists of plate-shaped cells, scales, which overlap both 
longitudinally and peripherally. Cuticle is mainly composed of structural and free lip-
ids surrounding the dead cells with inner volume of the cells fi lled with keratin pro-
tein. The middle layer is the bulk of the volume consisting of spindle-shaped dead cells 
fi lled with α-keratin and keratin-associated proteins. However, the innermost cylindri-
cal yet discontinuous layer consists of cells fi lled with melanin pigments, which is 
known for its semiconductor properties (9–12) and ultraviolet absorption capabilities 
(Figure 1 A, B).

The overall architecture of the hair resembles a GAU-8 Avenger gun barrel of late Nineteen 
seventies (1970s) in nanoscale, where the metallic barrel is replaced with “protein nano-
tubes”. Each spindle-shaped dead cell in cortex consists of fi ve to eight macrofi brils. 
Individual macrofi bril comprises of 500–800 microfi brils, where each microfi bril is made 
up of seven to eight protofi laments. Each protofi lament is a self-assembly of four chain 
structures called tetramer of α-keratin and keratin-associated proteins (Figure 1 C). 
α-Keratin protein is the major component of human hair (including wool), horns, nails, 
hooves, and claws of mammals (5,7,8).

Eminent hair experts have provided ample proof that α-keratin protein in hair is an 
insulator (4,5,13–15) It has been demonstrated that resistivity value of hair changes 
with water content. The wool–water system with 7% water content, exhibited a 
resistivity of 3 × 1012 ohm cm at room temperature; whereas, at 25% of water con-
tent, the resistivity decreased to 6 × 106 ohm cm at room temperature. It has 
been concluded that even at high moisture content, α-keratin is a poor conductor of 
electricity (4,5,13–20).

The scientists considered hair as a proton semiconductor to explain the limited electrical 
conductivity of a keratin–water system, which is the same as that of ice, nylon–water, and 
cellulose–water system (4,5,14,21–26). This conduction mechanism depends on a con-
tinuous hydrogen bond network that is formed between the water and keratin molecules. 
This network facilitates conduction by proton hopping, which explains why wet hair 
exhibited lower resistivity.

Figure 1. Anatomy of hair. (A) Longitudinal section of a single hair fi ber. (B) Longitudinal section of 
the hair showing the detailed cellular architecture. Transverse cross-section showing the large cortical region. 
(C) Arrangement of α-keratin protein inside the cortical cells.
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In this report, we studied the electrical conductivity of dry hair, wet hair, and hair ex-
posed to water vapor (water + heat) and performed a comparative study with two other 
natural fi brous proteins viz. mulberry (Bombyx mori) and non-mulberry Antheraea my-
litta) silk (Figure 2)(26). Further using human hair, we developed a simple bio-electric 
device, which on exposure to water vapor generates suffi cient electricity so as to operate 
low power electronic systems. We have further performed a comparative differential 
scanning calorimetric (DSC) study of hair and silk fi ber in dry and hydrated conditions 

Figure 2. World of silk. (A) Schematic diagram showing the overall molecular architecture of silk cocoon 
and unprocessed silk thread. The silk cocoon is made up of these individual silk fi bers. Individual silk fi bers 
consists of two proteins viz. an outer gummy protein called sericin and an inner core forming the actual silk 
thread called fi broin. The silk threads adhere to each other by sticky sericin protein thus forming the rigid 
architecture of the silk cocoon. (B) A. mylitta silk cocoon, a wild non-mulberry silk. (C) Processed non-
mulberry silk thread after degumming, which is used for textile. (D) Spider silk lacking gummy sericin 
protein and that is the reason why the individual threads could be observed.

Figure 3. Conductivity and total dissolved solute (TDS) of the pure deionized water, deionized water after fi rst 
hair wash and deionized water after second hair wash. The hair was used after second wash for the experiment. 
A bath ratio of 5:1 of human hair in mg and deionized water in ml was used in each soak. Cyberscan Con 11; 
Eutech instruments was used at room temperature 25 °C for measuring the conductivity and TDS.
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and showed that a rapid motion of water molecules takes place at temperature around 
80°C, which resulted in generation of large number of protons on the surface of these 
biopolymers. This partly explains the observed maximum conductivity is observed 
around 50°–80°C. This fi nding is important because if such devices could be developed 
using biopolymers, then these will be useful to harness electrical energy from waste 
heat contained in the exhaust steam of thermal and nuclear power plants, as well as 

Table I
Hair and Silk Cocoon Membrane

Confi guration I Confi guration II Confi guration III

Electrode 1 (E1) Copper Platinum Copper

Electrode 2 (E2) Copper Aluminum Aluminum

Figure 4. Standard device fabricated by connecting the two similar and dissimilar electrodes to study the 
electrical properties of human hair and silk cocoon membrane. This uniform device helps in comparing the 
data obtained from different sources. (A) Two copper electrodes attached with colloidal silver paste for mak-
ing proper connections. The fi rst device is prepared with human hair. Second and third devices were prepared 
with A. mylitta silk cocoon with average natural thickness 0.5 mm and B. mori silk cocoon membrane with 
an average thickness of 0.5 mm. (B) Simple device was made by connecting the two different electrodes on 
the surface composed of aluminum and platinum. (C) Device prepared with aluminum and copper electrodes.
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from the buildings in the winter, where a large amount of heat energy is needed to 
maintain the temperature.

MATERIALS AND METHODS

COLLECTION OF HAIR SAMPLES AND PROCESSING

Hairs from random individuals were collected, and washed with deionized water twice 
for an hour. This wet hair was then allowed to dry in a laminar fl ow hood at room tem-
perature. One of challenging problem is to wash the hair sample and to ensure the re-
moval of the ionic species (27). Thus we conducted a simple test to ensure that most of 
the loosely bound ionic species are removed during washing. We fi rst measured the 
conductivity of the deionized water to be used for washing the hair (Figure 3). Next, 
we kept the hair sample in this water and used a magnetic stirrer to swirl the water for 
30 min, thus ensuring that all the loosely bound ionic species present in water gets 
dissolved in water. After the fi rst wash, we measured the conductivity of the water. We 
observed a signifi cant increase in conductivity, thus indicating the presence of ionic 
species which has leached out from the hair surface. Again we repeated the process for 
30 min and measured the conductivity. We observed that the conductivity of water 
falls down to the baseline. This experiment ensured that the removal of the ionic spe-
cies and proper washing of the hair.

Figure 5. Hair bioelectric device. (A) All the components needed to fabricate a simple hair bioelectric de-
vice. (B). The overall test apparatus showing the source of water vapor. (C) The bioelectric device inside the 
plastic casing attached to the glass tube supplying water vapor.

Purchased for the exclusive use of nofirst nolast (unknown)
From: SCC Media Library & Resource Center (library.scconline.org)



JOURNAL OF COSMETIC SCIENCE26

COLLECTION OF MULBERRY (B. MORI) AND NON-MULBERRY (A. MYLITTA) SILK COCOONS

The mulberry and non-mulberry silk cocoons were collected from the silk farmers resid-
ing in the Indian states of Karnataka and Chattishgarh, respectively. These cocoons were 
cleaned with a dry blower and stored in a desiccator (26).

SCANNING ELECTRON MICROSCOPY

The morphology of the hair and silk cocoon membrane was studied using scanning elec-
tron microscopy (SEM; SUPRA 40VP fi eld emission SEM, Carl Zeiss NTS GmbH, 
Oberkochen, Germany). 

SELECTION OF ELECTRODE MATERIALS AND DEVELOPING THE MEASUREMENT SETUP

Aluminum, platinum, and copper were chosen as the electrode metals. A glass slide 
was used as the holding frame, on which electrode (E1) was fi xed. Then, 150 grams 
of dried human hair was spread evenly covering the electrode (E1). In case of silk, the 
silk cocoon membrane was fi xed on top of E1. The counter electrode (E2) wire was 
wounded over the whole setup covering the hair/silk cocoon membrane substantially, 
forming the measurement device; with hair/ silk sandwiched between the electrode 

Figure 6. Gross and scanning electron microscopic morphology of Human hair and Silk Cocoon. (A) Natu-
ral human hair with black texture. (B, C) A. mylitta silk cocoon has brownish coarse texture while B. mori 
cocoon has a soft texture. (D) Scanning Electron Microscopy image of the surface of a human hair showing 
cuticle (scales) on outside of our hair. (E, F) Rough outer surface of A. mylitta with some crystals of calcium 
oxalates and smooth outer surface of the B. mori cocoon.
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metals. All voltage and current measurements were made using this “hair/silk mea-
surement device”. Three different electrode confi gurations used in the study are 
shown in Table 1.

Three different electrode confi gurations (I–III) were used for recording the current and 
voltages across hair and silk cocoon membrane. In confi guration I, same electrodes were 
used across the membrane. In confi guration II and III, different electrodes were used. For 
confi guration I, high-purity copper wires of 32 AWG (1.2-m long) and 32-gauge copper 
sheets (1 × 2 cm2 area) were used. While for confi guration II, high-purity platinum wire 
of 49 AWG (3-m long) and 32 gauge aluminum sheets (1 × 2 cm2 area) were used and for 
confi guration III, high-purity copper wires of 32 AWG (1.2-m long) and 32-gauge alu-
minum sheets (1 × 2 cm2 area) were used as electrodes.

We either use same copper electrode as E1 and E2 (Figure 4A), or dissimilar electrodes 
(Figure 4B, C). The fi gure 4A –C is showing some simple devices fabricated by us, using 
human hair and silk. Three different electrode confi gurations (E1:E2) were used to per-
form the recordings.

ELECTRICAL MEASUREMENTS

 The current and voltage across the measurement device was recorded using an electrom-
eter Keithley’s 51⁄ 2-digit Model 6517B electrometer/high resistance meter (Keithley 

Figure 7. Electrical properties of human hair and silk cocoon sandwiched between same copper electrodes 
(Device 1). Representative traces of current and voltage obtained from bioelectric device described in Figure 4. 
(A) Average (n = 6) current profi les of human hair under the two different conditions (moist and exposed to 
water vapor), in moist state the average current value is around 9.57185E-09 while it increases drastically to 
8.65487E-06 when exposed to water vapor. (B, C) Trend is almost identical in the silk cocoon but the average 
current density is higher as compared to the human hair. When exposed to water vapor average current den-
sity in (B) A. mylitta is 7.98428E-05 which is higher than (C) B. mori 6.48795E-05, as it has more ion 
species inherently present in them. (D) Average voltage recording obtained from human hair shows that 
there is negligible voltage when moist, while when exposed to water vapor the voltage rises sharply. 
(E, F) Pattern of average voltage reading of silk cocoon membrane is similar to that observed in human hair. 
Voltage is low in moist conditions and increases sharply, when exposed to water vapor.
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Instruments, Inc., Cleveland, OH). Average trace of current and voltage obtained from 
10 such devices of each type of electrode confi guration is depicted in the results. The 
6517A/B Electrometer/high resistance meter basic application software written on 
LabVIEW 8.6 was used for the recording of devices which was interfaced with computer. 
To fi nd the basic average of six replicates, all we had to do is add all the recording and 
divide the resultant by six and plot the graph in Microsoft Excel 2014. The polarities of 
the various devices were as follows:

Device 1: copper winding as positive terminal and copper sheet as negative terminal. 
Device 2: platinum winding as positive terminal and aluminum sheet as negative terminal. 
Device 3: copper winding as positive terminal and aluminum sheet as negative terminal. 

HAIR BIOELECTRICAL DEVICE FOR ENERGY HARVESTING

Two different confi gurations of simple bioelectrical devices were assembled. Here, 
we are providing the graphics of one such confi guration, where a plastic casing covered 
the device to ensure uniform application of water vapor on human hair. Pure deionized 
water was boiled to generate water vapor, which was then directed to the plastic casing 
using bent glass tubes; subjecting the device assembly to external stimulus. When 
water vapor reached the bioelectric device, its temperature was around 80°–85°C 
(Figure 5). In the Results section, we have provided another confi guration of the same 
device as described below. It is just fabricated with copper and aluminum and mounted 
on a glass rod.

Figure 8. Electrical properties of human hair and silk cocoon sandwiched between aluminum and Copper. 
Three different conditions were kept dry, moist, and exposed to water vapor. (A) Average (n = 6) current 
reading for human hair which shows the trend is almost identical to that observed in Figure 7. Behaving 
as an insulator in dry state and when came in contact with moisture the current values shoot up sharply. 
(B, C) Average current reading obtained from silk cocoon showing similar pattern as observed in previously 
published work (26). (D) Average voltage reading obtained from human hair. Here we cannot observe the 
hump around 1600 s that we observed with aluminum and platinum (Figure 9). Instead the voltage is de-
creasing sharply once the water vapor was stopped. (E, F) Similar reading could be seen in silk cocoons.
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ELECTRICAL RECORDINGS FROM DRY, MOIST, AND WATER VAPOR-EXPOSED HAIR

The electrical recordings were performed in three conditions viz., dry, moist, and water 
vapor. The dry and water vapor recordings were straight forward. The moist hair is 
prepared by cooling the hair for 30 min in room temperature after it was exposed to 
water vapor.

RESULTS

ULTRASTRUCTURE OF HAIR AND SILK COCOON

The ultrastructural features of the human hair and silk cocoon membrane was studied 
using SEM. The results are shown in Figure 6.

ELECTRICAL CONDUCTIVITY MEASUREMENTS

Same electrode (E1:E2/Copper:Copper). The results are summarized in Figure 7.

Different electrode (E1:E2/Copper:Aluminum). The results are summarized in Figure 8. 

Different electrode (E1:E2): Platinum:Aluminum.: The results are summarized in Figure 9.

Figure 9. Electrical properties of human hair and silk cocoon sandwiched between two different electrodes 
namely aluminum and platinum. (A) Average (n = 6) current readings obtained using standard device for 
human hair under three different conditions (dry, moist, and exposed to water vapor). In dry state current is 
very small, as the hair is moistened current value increases then when exposed to water vapor there is further 
increase in the current values. (B, C) Average current recording obtained from A. mylitta and B. mori shows 
the same kind of pattern compared to hair. (D) Average voltage recording obtained from human hair under 
same conditions described earlier. The hump on the plot around 1600 s is the point where supply of water 
vapor was stopped. (E, F) Similar voltage readings could be seen in silk cocoon membranes. 
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DSC

The results are summarized in Figure 10. DSC data indicated that hydrated polymer ex-
hibit an endothermic reaction between 50° and 80°C, which signifi es rapid movement 
and elimination of water molecules on the polymer surface.

Figures 10. Shown are the DSC curves of hair and silk cocoon under two different conditions viz., 
without moisture and with moisture. These curves show an unique endothermic thermal event between 
50° and 80°C, which resulted in rapid movement of water molecules on the surface of these polymers, 
thus resulting in the hopping of protons. Similar results were observed in earlier studies with keratin 
fi bers (28–30).
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DEVELOPING AN ENERGY HARVESTING BIOELECTRICAL DEVICE USING HUMAN HAIR

In order to harvest suffi cient power to run a low power electronic device, we connected 
eight individual devices in a series circuit. Each device was prepared with aluminum and 
copper electrodes. The eight device series circuit assembly was mounted on a glass rod 
(Figure 11).

In Figure 12, we have shown the snapshots of the video showing the glowing of the video. 
The real-time video fi le is in the supplementary information.

Next, we calculated the power output of such crude devices. The power plot is shown in 
Figure 13.

DISCUSSION

In summary, here we showed that hair behaves like a thermo-sensitive solid polymer 
electrolyte. When it is exposed to “water + heat”, it results in the mobilization of the 
inherent ionic charge carriers present in the biopolymer matrix, as well as results in the 
generation of large number of protons (between 50° and 80°C). By placing the hair or silk 
polymer between two dissimilar electrodes (with different electronegativities), we offer 
directionality to the ionic and proton charge carriers, thus deriving useful electricity to 

Figure 11. Hair bio-electrical device: (A) Eight devices are connected in as series circuit and the output is 
connected to a light-emitting diode (LED). (B) The series circuit of eight devices. (C) Glowing LED on ex-
posure to water vapor. The LED has the following specifi cations. This is a very standard red LED. The lens is 
3 mm in diameter, and is diffused. The features include the following: a. 1.8–2.2 VDC forward drop. b. Max 
current: 20 mA. c. Suggested using current: 16–18 mA. d. Luminous Intensity: 150–200 mcd.
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Figure 12. The snapshots of the video fi le showing a functional low-power electronic system deriving en-
ergy from hair bioelectric device.

Figure 13. Power plot from “hair bioelectric device” described in Figure 9. The graph shows average (n = 6) 
power plot. When we exposed the hair to water vapor we get 0.01 milliwatt of power as long as the exposure to 
water vapor continues. As soon as the supply of water vapor was stopped the power decreased sharply. Basic electri-
cal power equation was used to obtain the plot: Power (P) = I  V = R × I2 = V2⁄R where power P is in watts, voltage 
V is in volts and current I is in amperes (DC), R is resistance in ohm. Power plot was developed using Device 2 
(copper/aluminum). Since the hair polymer is fairly stable so the device exhibit signifi cant period of longevity. 

run solid-state electronic devices. Thus, hair functions as a natural thermoelectric mate-
rial and could be used to derive electricity from waste, moist heat.

When similar electrodes were used (Figure 7), we did not observe signifi cant voltage or 
current. Further, we observed a wobbling in the voltage values. This is possibly due to the 
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Figure 14. Proton hopping along the α-keratin tubes of hair fi lament, when exposed to a continuous stream 
of water vapor.
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fact that, the similar electrodes could not offer suffi cient potential difference, which 
would result in giving directionality to the fl ow of ionic charge carriers.

The fundamental question which is needed to be discussed is the generation and mobility 
of large number of protons on the hydrated biopolymer surface between 50° and 80°C. It 
was Grotthuss’s study of “structural diffusion”, carried out nearly two centuries ago, 
which offered an explanation to such anomalous high mobility of protons, in “‘liquid 
water-polymer interface” (31–49). Subsequent refi nement of this concept leads to the idea 
of thermal hopping (32,33), solvation effects (34), and proton tunneling (35,36).

In the light of this, we have attempted to answer the key question of this study “what is 
the effect of water vapor on hair that resulted in the drastic increase in its conductivity?” 
We speculate that apart from the inherent ions which are present in the hair, at least three 
other events are occurring in tandem in the presence of water vapor (Figure 14).

First, the protein fi lament is continuously hydrated by water vapor and water molecules 
occupy the vacant nano spaces of keratin tubes. These water molecules form an extensive 
hydrogen-bonding network along the length and breadth of the protein nanotubes.

Second, this hydrogen-bonding network is perturbed by the thermal energy contained in 
water vapor; forcing continuous rearrangement of the hydrogen bond network. This rear-
rangement generates large number of hopping protons, which almost forms a continuous 
proton wire along the protein nanotubes (23–26).

Third, thermal studies of keratin–water system demonstrated the rapid movement of 
water molecules over the hair protein surface at temperatures between 50° and 155°C 
(28–30). This suggests that the proton formation and proton hopping rate is further en-
hanced by water vapor and the continuous proton wire ensures rapid transport of protons; 
ensuring the fl ow of current (31–49). Earlier we observed similar increase in electrical 
conductivity in the silk–water vapor and cellulose–water vapor systems (26).

Hence, from this study, a simple bioelectric device using human hair to harness measureable 
electricity was developed. Although we set out to revisit a long-debated controversial ques-
tion of cosmetic industry, we are penning the epilogue for a waste heat management system 
for thermal and nuclear power plants; where saturated water vapor is a waste byproduct. 
Thus, hair research, which remained confi ned to the cosmetics sciences, could make its way 
to the burgeoning arena of green and sustainable energy in future.
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