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he open source hard-
ware movement  
has made signifi-
cant progress over 

the past few years. 
Increasingly, more individuals are 
engaging with and participating in 
the open source chip design com-
munity, not only to design their chips 
with available open source tools but 
also to have their designs physically 
fabricated and returned to them for 
practical use. Companies like Google 
have sponsored physical chip fabri-
cation runs over the past few years, 
such as OpenMPW, through semicon-
ductor CMOS processes provided by 
Skywater (SKY130) and GlobalFound-
ries (GF180) [1]. When we consider the 
availability of open source chip de-
sign tools, a supportive community, 
reliable fabrication partners, financial 
sponsors, and a growing infrastruc-
ture of suppliers and educators, it 
becomes clear that a revolution in 

chip design is an inevitable outcome. 
By leveraging existing resources pro-
vided by the open source community, 
this article presents the joint devel-
opment of a new laser-induced gra-
phene (LIG)-based sensor platform. 
The effort includes the design, fab-
rication, and testing of an AFE ASIC 
using open tools and the design and 
in-house fabrication of LIG sensors. 
The article presents the ASIC’s design 
process and the fabricated chip’s test-
ing results. It demonstrates testing a 
wearable strain gauge LIG sensor and 
a temperature-sensitive LIG sensor us-
ing our AFE chip. The demonstration 
serves as an example of the potential 
to develop the sensing system into a 
multimodal flexible sensing platform.

LIG Sensor Design and Fabrication
Over the last two decades, graphene-
based materials have attracted exten-
sive attention because of their unique 
physical and chemical properties [2]. 

Compared to high-cost conventional 
methods of producing graphene, the 
LIG approach eliminates complex 
chemical synthesis steps and high-
temperature processing. Additionally, 
the LIG approach is a quite straight-
forward one-step method to fabricate 
large-area graphene, especially for ap-
plications demanding precise custom-
designed patterns on the surface of 
carbonaceous films [3].

LIG has a range of useful proper-
ties, such as high conductivity, a large 
surface area, and resistance to strain 
and corrosion [4]. Additionally, it can 
be functionalized to catalyze reac-
tions or sense pressure, temperature, 
the intensity of magnetic fields, and 
the concentration of chemicals [4]. 
Consequently, it is exceptionally suit-
able for flexible and wearable elec-
tronics applications as a physical or 
electrochemical sensor [5], [6].

Polyimide Flexible PCB and  
Sensor Pattern Design
Our LIG sensors are integrated into 
polyimide flexible PCBs (FPCBs) that 
are designed to carry the sensor pat-
terns. These FPCBs have flexible con-
nectors that allow the LIG sensors to 
be connected to our AFE chip PCB for 
readout. The fabrication process for 
these FPCBs is standard and widely 
used in consumer electronics.

To expand the capability of a single 
sheet of LIG sensor, the layout is de-
signed in such a way that sensor pat-
terns serving different purposes are 
combined into one composite pattern. 
Figure 1 showcases two examples of 
LIG sensor patterns on circular and 
square FPCBs. These sensors include 
double-ended resistive and capacitive 
sensors for strain and temperature 
sensing and single-ended sensors that 
enable possible electrochemical sens-
ing capabilities.

The resistive LIG sensors are sensi-
tive to strain and temperature, which 
can be considered strain gauge sen-
sors made of an emerging material. 
The LIG base strain gauge sensors 
promise high sensitivity, excellent 
repeatability, durability, and fast re-
sponse times. Figure 1(a) shows a 
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FIGURE 1: The layout designs for LIG sensors in KiCAD. The (a) penta-directional strain  
sensor and (b) composite multifunctional sensor. PI: polyimide; PO: polonium.
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penta-direction strain sensor on the 
circular FPCB to detect strain and vi-
bration from multiple directions. In 
addition to strain sensitivity, the LIG 
sensors are sensitive to tempera-
ture and humidity, allowing them to 
engage in various physical sensing 
applications. A similar mechanism op-
erates for the capacitive LIG sensors 
as well. Moreover, due to the porous 
and 3D structures of the LIG sensors, 
they are also sensitive to specific 
chemical molecules when properly 
functionalized [5].

As opposed to having only resis-
tive sensors, Figure 1(b) describes a 
composite multifunctional sensor on 
an FPCB, which could offer various 
kinds of physical and chemical sens-
ing for wearable electronics. This work 
is a stepping stone for exciting future 
work where multiple-layer design 
could be implemented. Extra layers for 
fluidics could be fabricated above the 
LIG sensors to further expand func-
tionality, including electrochemical 
and biomedical sensing capabilities.

LIG Sensor Fabrication  
and Application
Carbon dioxide (CO2) infrared ray 
(IR) lasers stand as a common choice 
in LIG fabrication because they are 
cheap and quite efficient in carbon-
izing raw materials. At the same time, 
most substrates have large absorption 
in the medium- and far-IR wavelength 
regimes of CO2 lasers, which allows 
fast and efficient carbonization [7]. 
Alternative lasers with shorter wave-
lengths, such as a 405-nm visible la-
ser, are also explored to achieve higher 
resolution, but there are tradeoffs in 
terms of higher costs and larger irradi-
ance requirements [8].

The width of the lines in our pat-
terns varies from 200 μm to 1 mm, so 
a CO2 IR laser cutter is enough to meet 
the resolution. Figure 2(a) presents 
the schematics of the laser inducing 
on the FPCB and the LIG sensors under 
fabrication. The appropriate power, 
scan speed, and dpi we found to make 
the graphene induced successfully 
without burning through the FPCB are 
6–9 W, 0.21–0.42 m/s, and 500–800, 

respectively. Figure 2(b) displays fab-
ricated samples.

Figure 3 examines two example 
scenarios for LIG sensor applications. 
The penta-direction strain/vibration 

sensor can be employed to detect 
structural bending or vibration, while 
the composite sensor can serve for 
both human physical and electro-
chemical sensing.

(a) (b)

FIGURE 3: Intended applications of the LIG sensors. (a) A strain gauge for structure bend-
ing/vibration monitoring [9]. (b) A composite electrochemical sensor for human biometric 
measurements [4], [6].
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FIGURE 2: The (a) LIG sensor fabrication and (b) fabricated samples.
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Open Source AFE Sensor Readout
We utilized the open source analog 
electronics design automation (EDA) 
toolchain in GF180 to complete this 
project and pave the way for future 
tape out and the wider open source 
chip design community. Our FPCB LIG 
sensors were equipped with a flex-
ible and generic readout AFE circuit, 

significantly reducing costs by elimi-
nating the need for expensive licenses 
associated with commercial tools. 
This approach aligns with the ethos of 
our multifunctional and low-cost sen-
sors. Additionally, designers can take 
advantage of sponsored multiproject 
wafer shuttles, such as OpenMPW, to 
share high fabrication costs collec-

tively, which facilitates prototyping 
with limited resources.

The AFE chip integrates two op-
erational amplifiers (OPAMPs), a SAR 
ADC, and a capacitive DAC (Figure 4). 
The OPAMPs and the SAR ADC are 
characterized and used as building 
blocks to build a testing platform to 
test the fabricated sensor. The follow-
ing sections describe each component 
in detail. To facilitate reproducing our 
results and checking our design, we 
have published GDSII files, which are 
available for release on the GitHub re-
pository [10].

Open Source Analog Design Flow
We have leveraged an open source 
analog design flow and EDA tools, 
where we utilize XSchem for sche-
matic capture, Ngspice for simula-
tion, KLayout and Magic for layout, 
design rule checks (DRCs)/layout-
versus-schematic checks (LVSs), and 
parasitic extraction [11]. The design 
of the LIG sensors is also done with 
open source software, where KiCAD 
and GDSFactory [12] are used to 
design FPCBs and sensor patterns, 
respectively. Figure 5 displays this 
open source design flow.

Hybrid Folded-Cascode  
OPAMP Design
The chip contains a class AB folded-
cascode OPAMP design with a built-
in bias generator [13]. As shown in 
Figure 6(a), in addition to the high-
gain low-noise device sizing design, 
the OPAMP has a Vprog pin that allows 
the user to trade extra power con-
sumption for even lower noise [14], 
making this design flexible for dif-
ferent applications. Note that there 
exists a large difference between 
the simulated CMRR/PSRR and mea-
sured CMRR/PSRR. This is likely due 
to device mismatch. Monte Carlo 
simulation is needed to capture 
this kind of deviation, but the open 
tools did not support this feature 
at the time of design. Table 1 lists 
the results of the OPAMP at a 3.3-V  
supply, 1-V bias Vprog, and 5-mW 
power consumption for simulation. 
On the actual chip, the power rails 
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FIGURE 4: An annotated die shot and a photograph of the chip.
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are connected together with other 
blocks, so the power is overestimat-
ed in the measured result.

SAR ADC Design
Figure 6(b) is a high-level circuit dia-
gram of the SAR ADC. This 14-b SAR 
ADC is an asynchronous design us-
ing the monotonic switching method 
[15]. The comparator is based on the 
Miyahara comparator design that 
implements automatic offset com-
pensation [16]. A preamp is used to 
drive the comparator to increase 
operation speed.

To achieve higher bandwidth, the 
CDAC array is implemented as metal–
oxide–metal (MOM) capacitors, with 
each individual cell holding less than 
20 fF of capacitance. This requires 
an accurate parasitic extraction of 
the MOM capacitor to ensure that the 
fabricated chip matches the simu-
lated results. Unfortunately, postlay-
out extraction inaccuracies have led 
to severe dc distortion in the fabri-
cated chip. Unlike the noise-limited 
ENOB in simulation, the ENOB of the 
fabricated chip is primarily limited 
by distortion (see Table 2). Figure 7  

gives the measured spectrum, with 
a Nyquist-rate signal applied to  
the input.

Testing Setup and  
Measurement Results
As a demonstration, we used the pen-
ta-direction strain and vibration LIG 
sensor in Figure 3(a) to behave like a 
resistor whose value changes with the 
external input, such as bending, tem-
perature change, and vibrations [17]. 
The aforementioned AFE chip is then 
used to convert the resistance into 
digital readouts. Figure 8(a) shows 
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that the AFE is first connected with 
external passive components to form 
a prototype digitizing system for the 
LIG sensors. The prototype is then 
consolidated into a compact digitizer 
board, illustrated in Figure 8(b), with 
the silicon chip directly wire bonded 
to the PCB.

Figure 9(a) displays the schematic 
diagram of the digitizer board. It con-
sists of a Wheatstone bridge, a Sallen–
Key second-order antialiasing filter 
(AAF), and an ADC. The Wheatstone is 
built using one of the two OPAMPs as 
a TIA; the AAF is built using another 
on-chip OPAMP to remove aliasing 

and drive the input capacitance of 
the ADC. The output data stream is 
further low-pass filtered in a software 
FIR filter, and eventually, it gives a dy-
namic response of the flex sensors, as 
in Figure 9(b) and (c).

Five resistive patterns on the same 
circular penta-direction LIG sen-
sor patch are put into a temperature 
chamber to test how they react to 
temperature change. The sensors are 
first exposed to a temperature sweep, 
with one of them used as the reference 
sensor. As plotted in Figure 10(a), all 
the sensors follow a quadratic curve 
after normalization despite the sen-
sors having significant absolute value 
differences due to fabrication inaccu-
racies. Curve fitting to the quadratic 
formula shows an R2 factor of 0.9989, 
indicating a good fit. The sensor is 
then attached to different parts of the 
human body to see how it performs 
as a body temperature monitoring de-
vice [17]. As evident in Figure 10(b), 
the sensor can take a couple of min-
utes to stabilize until it converges to a 
desirable result.

Conclusion
This article presented a custom read-
out chip for an AFE designed using an 
open source design flow. The chip can 
function as a universal readout plat-
form for resistive sensors. The AFE 
components are designed to support 
the operation of an ADC with a 14-b 
resolution and a 10-MHz sampling 
rate. The real-time bend detection ex-
ample demonstrates that the signal 
chain is capable of detecting different 
stopping angles of finger bending at a 
rate of 10 kHz. The temperature sens-
ing demonstration shows that the sys-
tem can monitor temperature changes 
from −20 to 40 °C using a quadratic 
curve fitting with R2 = 0.9989. These 
results build confidence in the open 
source chip flow and the designed LIG 
(low-cost, flexible, and ion-permeable) 
sensors. In future iterations, we look 
forward to expanding the design by 
adding multisensor muxing, a capac-
itor-to-digital converter for the ca-
pacitive LIG sensors, and reducing the 
external components.
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TABLE 1. A COMPARISON OF OPEN SOURCE TOOLS SIMULATION RESULTS AND 
SILICON RESULTS OF THE HYBRID FOLDED-CASCODE OPAMP.

METRIC (AT VDD = 3.3V)
OPEN TOOLS  
SIMULATION

MEASURED  
RESULTS

Power (mW) 5 <10

Gain bandwidth product (MHz) 14 12.5

DC gain (dB) 99 92

Offset (mV) Monte Carlo simulation is  
not supported in open tools.

5~20

PSRR (dB) 94.2 81.5

CMRR (dB) 118 58

Input range (V) — 0.8~2.6

TABLE 2. A COMPARISON OF OPEN SOURCE TOOLS SIMULATION RESULTS AND 
SILICON RESULTS OF THE SAR ADC.

METRIC OPEN TOOLS SIMULATION MEASURED RESULTS

Functional sampling rate 31.25 MS/s >30 MS/s

ENOB at 20 MS/s 7.92 b (noise limited) 4.27 b (distortion limited)

SFDR >70 dB 33.7 dB

SNR at 20 MS/s — 41 dB

Input swing 6 Vpp 6 Vpp
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