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Abstract

Dating back to ancient times, physicians have understood that body temperature
is a vital sign of a person’s health. From the first relatively primitive devices to the
invention of the now-standard thermometer, a rich history of innovation and scientific
breakthroughs have given physicians the means to monitor temperature in increasingly
effective ways. As sensor technology has advanced, our understanding of how the
body regulates temperature and responds to stresses that affect homeostasis
has become more sophisticated.
Similarly, we have learned that there are several key factors that can influence the
effectiveness of how we measure body temperature:
• Body temperature is not uniform, and there are differences depending on the
location of measurement.
• Direct and accurate core temperature measurement typically requires an
invasive placement of sensors close to vital organs, such as the heart or brain.
• The instrumentation commonly used today often measures skin surface
temperature and does not measure core temperature.
Rockley’s silicon-photonics-based sensing platform has the potential to enable the
next generation of core body temperature measurement. By employing advanced
spectrophotometry to monitor water absorption — a critical component for maintaining
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the body’s balance of heat generation and dissipation — Rockley’s sensor produces
temperature readings that correlate closely with actual core body temperature, while
overcoming many of the limitations of other temperature instruments.
A change in core temperature could indicate
any of several underlying health conditions.
Therefore, continuous temperature readings
could have meaningful implications for both
patients and healthcare providers.
Because of its compact size, the Rockley
sensor module will fit into a wearable device,
thereby enabling continuous, real-time, and non-invasive temperature monitoring.
In addition to core body temperature, Rockley’s sensing platform is capable of monitoring several other biomarkers, physiological conditions, and health and wellness parameters. The Rockley platform will aggregate the information gathered for each of these
biomarkers and use cloud-based analytics and AI to develop a deeper understanding
of the complex interplay between biomarker signals. This enhanced analysis of multiple
biomarkers has the potential to provide real-time insights about a variety of health
conditions, enable the early detection of disease states, and help manage treatment.
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Measuring Temperature
A Brief History of the Thermometer

Human body temperature has been an important vital sign since the earliest days of
medical care. As early as 400 B.C.E., Hippocrates insisted that physicians lay their
hands on a patient’s flesh to detect the presence of fever. Fortunately, we have more
accurate tools today. The clinical thermometer has become an essential tool used by
both clinicians and consumers. The ability to measure a person’s temperature quickly
and easily, from infancy through old age, is something that we now commonly take
for granted, along with the notion that a simple tool can provide many insights into
a person’s health.
Despite the collective knowledge that a person’s temperature is an important health
indicator, the transition from qualitative “guesstimating” to quantitative empirical
measurement using a metrological device was not realized until the sixteenth century.
In 1592, Galileo devised a crude temperaturemeasuring instrument called a thermoscope,
comprised of a sealed glass cylinder containing
several smaller glass vessels floating in a clear
liquid, with each vessel holding a liquid of
different density. (See Figure 1.) The Galilean
thermoscope is based on the principle that the
density of liquid changes as the temperature
changes, causing each individual vessel to rise
or fall in proportion to its density and the density
of the cylinder’s liquid.
It was not until the early 1600s that using
a thermometer with a graduated scale for
medical purposes was attempted on humans,
when Italian physiologist Santorio Sanctorius

Figure 1: Galilean Thermoscope

produced several instruments to measure
Photonics-Based Measurement of Core Body Temperature

4

temperature orally. The general design of
the Sanctorius thermometer is comprised
of a sealed tube containing a liquid with
graduations etched on the side. The patient
would breathe on a bulb on one end of the
tube, and the liquid’s level would rise or fall
as its temperature changes. Following this
breakthrough, many new variations were
developed based on this basic concept,
each using its own unique scale and
Figure 2: Sanctorius Thermometer

employing an array of liquids and
substances for calibration.

In 1724, German instrument-maker Daniel Gabriel Fahrenheit
created a high-quality glass thermometer filled with mercury,
a device that is now familiar around the globe. The first
Fahrenheit thermometers were calibrated with ice and sea
salt to set the scale at zero. Fahrenheit chose a freezing point
of 32° (now known at 32°F), representing the transition from
liquid water to solid, and established the boiling point of water
at 212°F. The temperature inside the human mouth was
measured at 96°F.1,2 Fahrenheit’s invention became the
standard for both the instrument and the scale for
measuring temperature.
Figure 3:
Fahrenheit Thermometer

1 J.M.S Pearce, “A brief history of the clinical thermometer.” QJM: An International Journal of Medicine.
Vol 95, Issue 4, April 2002.
2 Ewa Grodzinsky and Marta Sund Levander. History of the Thermometer. Understanding Fever and Body
Temperature, 2019 Aug 23:23-35.
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Evolving Toward a New Method

Whether Fahrenheit or Celsius, the establishment of standard tools and scales to
measure body temperature has triggered many new advances in sensing instrumentation. Since the introduction of the mercury thermometer, many new types of thermometers have been introduced, based on a range of different designs and technologies,
including digital, electronic direct, predictive infrared (IR), and phase-change.
Rockley’s photonics-based “thermometer” represents the latest step in the evolution
of temperature measurement. Using advanced spectrophotometry technology that can
be integrated into a wearable device, Rockley’s sensing platform can measure body
temperature — non-invasively and continuously — simply by “looking” through the skin.
Rockley’s sensing platform uses
photonic integrated circuit (PIC)
sensors to generate numerous
discrete, narrow-linewidth laser
wavelengths across a wide

Rockley’s sensing platform can
measure body temperature —
non-invasively and continuously —
simply by “looking” through the skin.

spectral range. These laser wavelengths can detect a level of detail far beyond
today’s LED-based sensors and are therefore able to discern varying signatures
of water absorption. The resulting data is then compared to known properties of the
water absorbance spectrum, which are temperature-dependent. Using this unique
combination of advanced sensors and algorithms, Rockley’s sensing platform can
overcome some of the problems associated with current thermometers and measure
core body temperature more accurately and more consistently.
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The Importance of Understanding Temperature
The Thermodynamics of the Human Body

A person’s core temperature (Tcore ) is a critical homeostatic parameter influencing

cellular function and organismal survival. While a healthy body functions best at an
internal temperature of about 37°C (98.6°F), all human beings have their own “normal”
body temperature, which typically falls in the range of 36.2°C to 37.7°C (96.2°F to
99.4°F). A person’s normal temperature can depend on a multitude of factors, and
the human body constantly adapts its temperature to environmental conditions:
it increases when we exercise and decreases at night. It also tends to be higher
in the afternoon than in the morning.
Our internal body temperature
is regulated by the thermoregulatory part of our brain, in a
region called the hypothalamus.
Thermoreceptors located in

A person’s normal temperature can
depend on a multitude of factors, and
the human body constantly adapts its
temperature to environmental conditions.

this region monitor our core temperature. The hypothalamus also receives signals from
other regions of the brain, spinal cord, and peripheral thermoreceptors located in the
skin. If the body sends or detects signals indicating that our temperature is too low,
mechanisms are engaged that instruct the body to decrease the loss of heat and begin
thermogenesis. On the other hand, if our current body temperature is too high, the
body dissipates heat as we begin to sweat, cooling the blood in our skin.

Temperature Measurement at Different Sites on the Body

For clinical purposes, “body temperature” refers to the temperature of a person’s vital
internal organs. Because we cannot readily measure the temperature inside these
organs, temperature is taken on parts of the body that are more easily accessible.
While these measurements may be more convenient, they may not always reflect the
true core temperature, not only because of systematic differences between instruments,
but also due to natural anatomical variations.
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Normal body temperature varies widely
depending on the site of measurement. Rectal
readings are on average 0.4°C to 0.6°C higher
than oral readings, which are 0.1°C to 0.2°C
higher than axillary readings (e.g., in the armpit). Temporal artery (forehead) measurements
typically fall between rectal and oral readings.

37°C
36°C
32°C
28°C

Tympanic readings are the most variable, with
some studies showing them to be systemati-

34°C

cally higher than rectal readings and other
studies showing them to be lower than oral

31°C

readings. To complicate the matter further,
there is inherent variability in individuals based
on age, sex, health status, and other factors.3

Figure 4: Temperature Zones
in the Human Body

Table 1: Temperature Differences at Various Locations on the Body
Location

Physiological Range

Central

36.2°C – 37.7°C

Rectal

34.4°C – 37.8°C

Tympanic

35.4°C – 37.8°C

Oral

33.2°C – 38.2°C

Axillary

35.5°C – 37.0° C

(96.2°F – 99.4°F)

(94°F – 100 °F)

(96°F – 100°F)

(92°F – 101°F)

(96°F – 99°F)

3 Steven McGee. Evidence-Based Physical Diagnosis: Chapter 18 Temperature. 4th Edition.
December 31, 2016.
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Photonics-Based Temperature Monitoring
Current Instruments and Their Limitations

Perhaps the simplest and least intrusive way to measure body temperature is via
skin surface, whether in direct contact with the epidermis or from a short distance
using infrared. Because of the high level of convenience that they afford, forehead
temperature measurements are frequently the most common methods used by
both clinicians and consumers. However, these methods are known to have accuracy
issues, often delivering highly variable results.

Forehead temperature measurements
are known to have accuracy issues,
often delivering highly variable results.
The table on the next page (Table 2) provides a summary of the different types of
instruments available in consumer and clinical markets, their associated operating
methods, and respective advantages and disadvantages.
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Table 2: Common Devices Used for Measuring Temperature

Disadvantges

Advantges

Operating
Method

Mercury
Thermometer

Electronic
Thermometer

Infrared
Thermometer

• Measures change
in liquid density as
temperature changes

• Measures change
in voltage using
passive thermal flux
based on thermistor
or thermocouple
technology

• Measures radiant heat

• Accurate reading
• Good conductor of heat
(reaches temperature
relatively quickly)
• Small form factor that’s
easy to use
• Durable design
• Well-established
presence and familiarity
in both consumer and
clinical markets

• Good laboratory
precision
• Easy-to-read display

• No-contact design
• Ability to measure
moving patients
• Ability to measure
temperature in various
anatomical locations
• Easy-to-use and
easy-to-read display

• Requires contact with
measurement site
• Can be difficult to read
• Contains mercury
(an environmental
contaminant and
hazardous material)

• Requires contact with
measurement site
• Yields non-linear
measurement (Changes
in voltage or resistance
are not necessarily
linear to changes in
temperature.)

• Requires an object
to emit a higher
temperature range
(is not able to measure
lower temperatures)
• Can be affected by
particulates in the air
(dust, smoke, etc.)
• Can be susceptible
to environmental
temperature artifacts
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Each of these commonly used instruments measures a body’s temperature at or near
the skin’s surface or in an orifice like the mouth that is influenced by liquids and air
temperature, but none of them directly measure core temperature. To obtain a true
measurement of core body temperature, ideally, the measurement should be taken
at a central temperature regulation site — for example, at the location where mixed
venous blood returns to the heart or at the anterior hypothalamus (in the brain). The
most precise way to do this, however, would be extremely invasive and involve a high
degree of risk, requiring the use of a pulmonary catheter positioned close to the heart.
Understandably, this procedure is rarely used.
If healthcare providers must obtain a true measurement of core body temperature, the
vast majority of clinically acceptable measurements are taken at other locations, such
as the bladder, rectum, nasopharynx, esophagus, or eardrum. Unfortunately, each of
these methods can also be invasive and cause discomfort or even complications for
patients.

Using Water to Measure Body Temperature

Representing 50-60% of the human body’s total mass,4 water is essential to the
normal cellular function of the body. As a major component of blood, it plays a key role
in thermoregulation. When thermoreceptors are exposed to heat, the hypothalamus
triggers a cascade of autonomic responses, which include changes in peripheral
microcirculation. Through dilation,
warm blood is pushed toward
the superficial vasculature near
the skin. This facilitates heat
transfer from blood plasma to

Rockley has developed an innovative
solution for measuring core body
temperature in a non-invasive and
continuous manner.

the external environment through perspiration (via evaporation). Heat may also be
dissipated through respiratory expiration or through radiation, convection, and
conduction, if the thermal gradient is favorable.

4 Kamel, K. S., & Halperin, M. L. (2017). Sodium and Water Physiology. In Fluid, electrolyte and acidbased physiology (5th ed., pp. 215–263). Elsevier.
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Leveraging the latest advances in silicon photonics technology and data analytics,
Rockley has developed an innovative solution for measuring core body temperature
in a non-invasive and continuous manner. Rockley’s spectroscopy-based temperature
sensor generates multiple laser wavelengths that penetrate the skin at varying depths
to target water spectral features. The sensor applies the principles of temperature
dependence on water absorption to estimate core body temperature. As temperature
decreases, the level of hydrogen-bound water molecules increases, causing the water
absorption peak to decrease in intensity and broaden in bandwidth. This change in
absorption is the key mechanism by which Rockley’s temperature sensor measures
core body temperature.

Figure 5: Skin-Probing Capabilities of Rockley’s Spectrophotometer

Rockley Spectrophotometer
Sensor Emitters
Light from numerous,
distinct laser lines
propagates through
tissue layers with
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back to detectors

Sensor Detectors

Epidermis

Shallow Scan
Dermis

Deep Scan

Photonics-Based Measurement of Core Body Temperature

Subcutaneous layer

12

Figure 6: Water Absorption as a Function of Temperature
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Measuring Under the Skin

Compared to known methods that employ thermistors to sample temperatures
on the skin’s surface, Rockley’s photonics-based temperature sensor is uniquely
positioned to measure temperature under the skin’s surface by monitoring
thermoregulatory processes in a way that is not affected by localized temperature
effects or environmental conditions. The Rockley sensor generates laser wavelengths
that can probe into the skin
dermis at varying depths to
detect and measure water
absorption signatures.

By probing under the skin non-invasively,
Rockley’s sensing solution can measure
water absorption signatures and thereby
determine body temperature.

While Rockley’s temperature sensing is not a direct measurement of core body
temperature, it is the only non-invasive method that can measure under the skin and
into the interstitial fluid within the dermis. Using this method, the sensor can detect an
extraordinary level of detail about the spectral resolution of the water spectra in different
layers of the dermis. (See Figure 7.) This spectral resolution is the basis for measuring
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body temperature. By producing highly sensitive measurements of water temperature
in human tissue, this method of sensing correlates very closely to core body
temperature. (See the section below, “Close Correlation with Core Body Temperature.”)

Figure 7: Human Wrist Spectral Data
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As seen in Table 3, temperatures measured on the stratum corneum (the most
superficial layer of the epidermis) are often lower than temperature readings taken
at deeper locations. They are also profoundly sensitive to the ambient environment.
Even in thermoneutral conditions, it is not unusual for distal parts of the limbs to be
3°C to 4°C lower than core measurements.
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Table 3: Temperature Differences between Core and Skin Surface
Location

Physiological Range

Method

Central

36.2°C – 37.7°C

• Pulmonary artery catheter
• Electronic: rectal,
bladder, esophageal,
nasopharyngeal
• Liquid-in-glass: rectal

Skin —
Surface

Varies by location of measurement

• Non-contact infrared
• Phase-change/dot matrix
(plastic strip)
• Contact thermistor
(clinical laboratory)
• Patch

(96.2°F – 99.4°F)

Forehead Mean:
35.4°C – 37.2°C
(95.7°F – 99.0°F)

≈ 0.3°C – 0.6°C lower than oral
≈ 0.6°C – 1.2°C lower than rectal
≈ 1.5°C lower than central
Skin —
Interstitial Fluid

To be confirmed
(studies in progress)

• Rockley photonics-based
infrared sensor

Furthermore, there are significant differences between males and females. For
example, thermal stress typically triggers the sweat response more quickly in males,
who also tend to sweat more profusely than females. In the cold, women have a lower
skin temperature than men and lose heat about 10% more slowly.5

Close Correlation with Core Body Temperature

In preliminary IRB-approved6 human temperature studies, Rockley researchers have
demonstrated that a photonics-based sensor detecting water spectra in different layers
of the dermis can produce temperature measurements that correlate more closely with
reference sensors for core body temperature than do auxiliary sensors.7

5 John A. Downey, Daniel E Lemons. The Physiological Basis of Rehabilitation Medicine:
Chapter 13 – Human Thermoregulation. 2nd Edition, 1994, pages 351-363.
6 Approved by WIRB – Copernicus Group Institutional Review Board.
7 Rockley Photonics proprietary data.
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Figure 8: Auxiliary Temperature Sensors Used in Studies
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Figure 9: Reference Temperature Sensor Used in Studies
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Figure 10: Comparative Results of Various Temperature Measurement Methods
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As shown in Figure 10, these studies also demonstrated that, when compared to the
auxiliary sensors, the temperature measurements made by Rockley’s sensors are much
more tightly grouped along the line of temperature readings produced by the reference
sensor (an ingestible pill).

Deeper Insights into Health Monitoring

Scientists and healthcare providers have long understood that the Earth’s rotation
plays an integral role in shaping both human physiology and behavior. An intricate
part of our genetic framework is our “internal clock,” which helps regulate cycles of
wakefulness and sleep as it responds to light patterns and psychology. This biological
oscillation is known as circadian rhythm and is governed by the suprachiasmatic
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nucleus (SCN), located in our brain’s hypothalamus. The patterns associated with
circadian rhythm have evolved to help humans adapt and anticipate changes to
our environment. Distinguishing basal rhythms has the potential to improve the comprehension of an individual’s normal fluctuations in physical, mental, and behavioral
states, and thereby help identify any deviations from the person’s normal state.
Core body temperature is one of many basal measurements that have been recognized
as a key factor in monitoring health. Figure 11 shows various temperatures and their
potential impact to health, including thermoregulation, infection monitoring, women’s
health, occupational health, and more.
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Figure 11: Potential Impact of Temperature Changes on Health
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Because of the many health conditions that changes in core temperature could
indicate, having access to continuous temperature readings could have a huge
impact on providing care to patients. Unfortunately, the ability to monitor core body
temperature outside of a clinical setting is limited by the instruments available today.
By designing a wearable sensor that uses advanced silicon photonics to probe
beneath the skin non-invasively, Rockley has built a temperature monitoring system
capable of delivering key insights into a person’s health and well-being.
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A Holistic Approach to Health Insights

In addition to measuring core body temperature, the Rockley sensing platform will
provide non-invasive, real-time monitoring of a broad range of other biomarkers,
including body hydration, lactate, ethanol, urea, glucose trends, and more. The
platform will aggregate the data from all these biomarker measurements and analyze
them holistically, leveraging Rockley’s cloud-based analytics and AI capabilities. This
enhanced level of analysis has the potential to deliver valuable insights about individual
health — and perhaps eventually help enable early disease detection or predict healthrelated outcomes.
As the platform incorporates
increasingly larger data sets
from multiple measurements
and across several domains
(number of subjects, population

Rockley’s holistic approach to health
monitoring will aggregate and analyze
the measurement and trend data from
a wide range of key biomarkers.

samples, time frames, time duration, clinical annotations, etc.), recent advances
in machine learning and AI will potentially allow the platform to develop a deeper
understanding of the relationship between spectral data and individual biomarkers.
In turn, these new insights should help the Rockley sensing platform improve the ability
to monitor health conditions, enhance the interpretation of key indicators, and support
new use cases and applications.
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Summary

As a pioneer in silicon photonics, Rockley Photonics has developed a new type
of wearable temperature sensor capable of monitoring core body temperature from
the wrist. The ability to measure core temperature in an effective and reliable way
has the potential to transform remote patient monitoring and digital healthcare —
by providing meaningful insights into temperature-related bodily functions, such
as active thermoregulation, responses to heat stress, cold exposure, and more.
The Rockley sensing platform introduces a novel monitoring approach that is
fundamentally differentiated from commercially available thermometers. Existing
temperature sensors measure only skin surface temperature and either estimate
core body temperature or simply do not report core temperature at all. Rockley’s
sensor is the only non-invasive method that can measure under the skin and into
the interstitial fluid within the dermis. The ability to determine temperature within
the dermis provides important insights into the body’s natural rhythms and responses
to environmental stressors.
In addition to temperature measurement, the Rockley sensing platform supports
the non-invasive, real-time monitoring of multiple biomarkers across a broad range
of physiological measurements. By aggregating the data from these biomarker
measurements, the Rockley platform will use data analytics and AI to develop a
holistic assessment of a person’s health.
With the ability to monitor core body temperature and other key biomarkers from
a wearable device in a non-invasive and continuous manner, the Rockley sensing
platform is uniquely positioned to help both patients and healthcare providers make
more informed decisions about personal health and well-being.
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About Rockley Photonics
A global leader in photonics-based health monitoring and communications solutions, Rockley Photonics is developing a comprehensive range
of photonic integrated circuits and associated modules, sensors, and full-stack solutions. From nextgeneration sensing platforms specifically designed for mobile health monitoring and machine vision
to high-speed, high-volume solutions for data communications, Rockley is laying the foundation
for a new generation of applications across multiple industries. Rockley believes that photonics
will eventually become as pervasive as micro-electronics, and it has developed a platform with the
power and flexibility needed to address both mass markets and a wide variety of vertical applications.
Formed in 2013, Rockley is uniquely positioned to support hyper-scale manufacturing and address
a multitude of high-volume markets. Rockley has partnered with numerous tier-1 customers across
a diverse range of industries to deliver the complex optical systems required to bring transformational
products to market.
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