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Motivation

Concept

• A wearable fNIRS system allows studies in more
natural environments
• A wearable fNIRS system will cost less than and
thus will be more accessible compared to
traditional fiber-based NIRS systems
• A wearable fNIRS system will be more resistant to
motion artefacts due to lower weight and absence
of long fibers
• Not many high optode count wearable fNIRS
systems are commercially available
• We can utilize our extensive experience collected
over the past 17 years to rapidly and openly
disseminate a wearable fNIRS system

Finished 18mm diameter wearable dual optode next to
individual case parts and circuit board.

• Wearable, scalable, modular, and fiber-less system based on compact, low-cost optodes.
• We are planning for up to 4 optodes to be grouped in a chain and connected to the control unit via a highly flexible interconnection
cable. The system will be functional with as little as 2 optodes and can easily be expanded to as many as 128 optodes.
• We will employ a combination of time division multiplexing and frequency division multiplexing in the kHz range to encode channels.
• Placing light sources and detectors close to the scalp allows elimination of costly fiber bundles, and usage of LEDs instead of lasers, and
PIN photodiodes instead of APDs, further reduces cost.
• Support of three optode types: Detector-only optodes, source-only optodes, and dual optodes combining source and detector.
• The 18-mm diameter (penny size) dual optode will combine LED sources at two wavelengths and a photodiode detector. The photodiode
will serve as short-separation detector for the same optode source, as well as long-distance detector for surrounding optodes at
distances of up to 45 mm.
• Initially the system will be tethered to a PC via USB, and run off a 12V power supply. Future generations can be independent from a
computer and wall outlet.
• We plan to release the design as open-source on openfnirs.org
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Photograph of the dual optode board. TIA: transimpedance amplifier; FPGA: field programmable gate
array; ADC: analog to digital converter.

Measured signal vs incident optical power;
demonstrating a noise equivalent power of 398 fW.
Each dot represents a 1 second long measurement.

We have designed and built a dual optode, capable of both emitting and receiving light. Each
optode consists of one dual wavelength LED (730 nm and 850 nm) and one photodiode (7.5 mm2
active area) 5 mm away, on a circular printed circuit board (PCB) of 14.9 mm diameter. The PCB
also incorporates a trans-impedance amplifier (TIA), analog-to-digital converter (ADC), a field
programmable gate array (FPGA), a red and green LED, as well as a temperature sensor.
Multilevel LED output power and high dynamic range detection allow the photodiode to act both
as short-separation detector for the source on the same optode, and as longer separation detector
for surrounding optodes. A FPGA in each optode maximizes flexibility for different timing and
modulation schemes, and allows multiple optodes to be organized in chains of up to 4 devices to
reduce the amount of wiring required for a given number of optodes. Initial tests show that this
optode achieves a noise equivalent power of less than 500 fW/√Hz at 730 nm, and will saturate at
3 µW, resulting in a dynamic range of more than 135 dB (20log10).
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Photograph of the detector-only
board.

We have also designed a detector-only optode to further increase
the flexibility of the wearable fNIRS system. The optode
implements again a full receiving chain, consisting of PIN
photodiode, trans-impedance amplifier, and high-performance
analog to digital converter.
The main advantage of this optode is the even smaller diameter
resulting in greater flexibility in probe geometry. Additionally it is
cheaper to manufacture due to lower cost components and
boards. Disadvantages are reduced flexibility and maximum count
in chaining optodes. Furthermore, to save board space, an ADC
with integrated reference had to be chosen. Available devices
limit us to models with lower sample rate and resolution; we thus
expect a higher noise floor and reduced dynamic range.
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Schematic showing the flexibility of the system. Dotted
lines indicate features of future versions.
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Concept of 18mm diameter wearable
dual optodes.

up to 2 detector-only
optodes per chain

Schematic of our vision for the wearable
fNIRS system with a modular design
based on miniaturized optodes.

up to 4 dual-optodes
per chain

up to 32 chains

The optode circuit boards are packaged in nylon 3D printed. Optical waveguides are
used to efficiently deliver the light from and into the optodes. The waveguide
diameter is 3 mm to optimize light throughput and minimize patient discomfort and
ability to reach through the hair. A length of 3 mm from the optode surface was
chosen. We compared commercial to custom made light pipes cut from 3 mm core
plastic optical fiber. Both types of pipes were manually polished to increase their
transmission efficiency, and their transmittances measured before and after.
Transmittance was measured with a “testing case” integrating one of our LEDs and
the light pipe. This case design allows alignment testing and ensures detected light
traveled through the pipe. The ratio of the light reaching the detector (Ophir Starlite)
to the LED emitted power was calculated to obtain the transmittance. As can be seen
in the table below, the efficiency of the pipes made from plastic fiber is significantly
higher, probably due to the presence of proper cladding and absence of ridges and
frosting features.
Efficiency
Commercial
Custom

Red (730 nm)
Unpolished
Polished
52%
66%
71%
89%

Two way efficiency was measured using the
optode photodiode and a solid silicone
phantom. The phantom was placed on top
of the optode with the red LED on, and the
voltage output of the photodiode was
measured to calculate the transmission
ratio. We achieved a final round-trip
efficiency of greater than 50%.

Infrared (850 nm)
Unpolished
Polished
56%
69%
79%
86%

Left: Custom light pipe.
Right: Commercial light
pipe.
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The control unit of our wearable system is currently
being assembled. It features connectors for up to 32
optode strings. Data are aggregated in a FPGA, and
then sent to an Arduino compatible microcontroller.
From there the data are either sent to a PC over USB,
or stored locally on a micro SD card. The FPGA also
handles
synchronization
of
optodes,
and
demodulates signals for attached detector-only
optodes. Several analog and digital auxiliary in and
outputs are available for synchronization with other
systems. Bluetooth and battery power a future
upgrade possibilities.
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