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A natively flexible 32-bit Arm 
microprocessor
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Nearly 50 years ago, Intel created the world’s first commercially produced 
microprocessor—the 4004 (ref. 1), a modest 4-bit CPU (central processing unit) with 
2,300 transistors fabricated using 10 μm process technology in silicon and capable 
only of simple arithmetic calculations. Since this ground-breaking achievement, there 
has been continuous technological development with increasing sophistication to 
the stage where state-of-the-art silicon 64-bit microprocessors now have 30 billion 
transistors (for example, the AWS Graviton2 (ref. 2) microprocessor, fabricated using 
7 nm process technology). The microprocessor is now so embedded within our 
culture that it has become a meta-invention—that is, it is a tool that allows other 
inventions to be realized, most recently enabling the big data analysis needed for a 
COVID-19 vaccine to be developed in record time. Here we report a 32-bit Arm  
(a reduced instruction set computing (RISC) architecture) microprocessor developed 
with metal-oxide thin-film transistor technology on a flexible substrate (which we call 
the PlasticARM). Separate from the mainstream semiconductor industry, flexible 
electronics operate within a domain that seamlessly integrates with everyday objects 
through a combination of ultrathin form factor, conformability, extreme low cost and 
potential for mass-scale production. PlasticARM pioneers the embedding of billions 
of low-cost, ultrathin microprocessors into everyday objects.

Unlike conventional semiconductor devices, flexible electronic devices 
are built on substrates such as paper, plastic or metal foil, and use active 
thin-film semiconductor materials such as organics or metal oxides or 
amorphous silicon. They offer a number of advantages over crystalline 
silicon, including thinness, conformability and low manufacturing 
costs. Thin-film transistors (TFTs) can be fabricated on flexible sub-
strates at a much lower processing cost than metal–oxide–semiconduc-
tor field-effect transistors (MOSFETs) fabricated on crystalline silicon 
wafers. The aim of the TFT technology is not to replace silicon. As both 
technologies continue to evolve, it is likely that silicon will maintain 
advantages in terms of performance, density and power efficiency. 
However, TFTs enable electronic products with novel form factors and 
at cost points unachievable with silicon, thereby vastly expanding the 
range of potential applications.

Microprocessors are at the heart of every electronic device, includ-
ing smartphones, tablets, laptops, routers, servers, cars and, more 
recently, smart objects that make up the Internet of Things. Although 
conventional silicon technology has embedded at least one micro-
processor into every ‘smart’ device on Earth, it faces key challenges to 
make everyday objects smarter, such as bottles (milk, juice, alcohol or 
perfume), food packages, garments, wearable patches, bandages, and 
so on. Cost is the most important factor preventing conventional sili-
con technology from being viable in these everyday objects. Although 
economies of scale in silicon fabrication have helped to reduce unit 
costs dramatically, the unit cost of a microprocessor is still prohibi-
tively high. In addition, silicon chips are not naturally thin, flexible 

and conformable, all of which are highly desirable characteristics for 
embedded electronics in these everyday objects.

Flexible electronics, on the other hand, does offer these desirable 
characteristics. Over the past two decades, flexible electronics have 
progressed to offer mature low-cost, thin, flexible and conformable 
devices, including sensors, memories, batteries, light-emitting diodes, 
energy harvesters, near-field communication/radio frequency identi-
fication and printed circuitry such as antennas. These are the essential 
electronic components to build any smart integrated electronic device. 
The missing piece is the flexible microprocessor. The main reason why 
no viable flexible microprocessor yet exists is that a relatively large 
number of TFTs need to be integrated on a flexible substrate in order 
to perform any meaningful computation. This has not previously been 
possible with the emerging flexible TFT technology, in which a certain 
level of technology maturity is required before a large-scale integra-
tion can be done.

A midway approach has been to integrate silicon-based micropro-
cessor dies onto flexible substrates—also called hybrid integration3–5—
where the silicon wafer is thinned and dies from the wafer are integrated 
onto a flexible substrate. Although thin silicon die integration offers a 
short-term solution, the approach still relies on conventional high-cost 
manufacturing processes. It is, therefore, not a viable long-term solu-
tion for enabling the production of the billions of everyday smart 
objects expected over the next decade and beyond6.

Our approach is to develop the microprocessor natively using flex-
ible electronic fabrication techniques, also termed a natively flexible 
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processing engine7. The flexible electronics technology we used to 
build the natively flexible microprocessor described here consists of 
metal-oxide TFTs on polyimide substrates. Metal-oxide TFTs are low 
cost and can also be scaled down to the smaller geometries required 
for large-scale integration8.

Early natively flexible processor works were based on developing 
8-bit CPUs (refs. 9–12) using low-temperature poly-silicon TFT technol-
ogy, which has a high manufacturing cost and poor lateral scalabil-
ity8. Recently, two-dimensional material-based transistors have been 
used to develop processors such as a 1-bit CPU using molybdenum 
disulfide (MoS2) transistors13, and a 16-bit RISC-V CPU14 built from 
complementary carbon nanotube transistors. However, both works 
were demonstrated on a conventional silicon wafer rather than on a 
flexible substrate.

The first attempt to build a metal-oxide TFT-based processing ele-
ment is an 8-bit arithmetic logic unit, which is a part of the CPU, coupled 
with a print-programmable ROM fabricated on polyimide15,16. Very 
recently, Ozer et al.7,17,18 presented natively flexible dedicated machine 
learning hardware in metal-oxide TFTs. Although the machine learning 

hardware18 had the most complex flexible integrated circuit (the FlexIC) 
built with metal-oxide TFTs at around 1,400 gates, the FlexIC was not a 
microprocessor. A programmable processor approach is more generic 
than machine learning hardware, and supports a rich set of instruc-
tions that can be used to program a wide variety of applications from 
control codes to data-intensive applications including machine learn-
ing algorithms.

There are three major components of the natively flexible micropro-
cessor—(1) a 32-bit CPU, (2) a 32-bit processor containing a CPU and 
CPU peripherals, and (3) a system-on-a-chip (SoC) containing the pro-
cessor, memories and bus interfaces—all fabricated with metal-oxide 
TFTs on a flexible substrate. The natively flexible 32-bit processor is 
derived from the Arm Cortex-M0+ processor supporting the Armv6-M 
architecture19 (a rich set of 80+ instructions) and existing toolchain for 
software development (for example, compilers, debuggers, linkers, 
integrated development environments and so on). The entire natively 
flexible SoC, called PlasticARM, is capable of running programs from its 
internal memory. PlasticARM contains 18,334 NAND2 equivalent gates, 
which makes it the most complex FlexIC (at least 12× more complex than 
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Fig. 1 | PlasticARM architecture and features. a, The SoC architecture, 
showing the internal structure, the processor and system peripherals. The 
processor contains a 32-bit Arm Cortex-M CPU and a Nested Vector Interrupt 
Controller (NVIC), and is connected to its memory through the interconnect 
fabric (AHB-LITE). Finally, the external bus interface provides a 
General-Purpose Input-Output (GPIO) interface to communicate off-chip with 
the test framework. b, Features of the CPU used in PlasticARM compared to 
those of the Arm Cortex-M0+ CPU. Both CPUs fully support Armv6-M 
architecture with 32-bit address and data capabilities and a total of 86 

instructions from the entire 16-bit Thumb and a subset of 32-bit Thumb 
instruction set architecture. The CPU microarchitecture has a two-stage 
pipeline. The registers are in the CPU of the Cortex-M0+, but in the PlasticARM 
the registers are moved to the latch-based RAM in the SoC to save the CPU area 
of the Cortex-M. Finally, both CPUs are binary compatible with each other and 
to other CPUs in the same architecture family. c, The die layout of PlasticARM, 
denoting the key blocks in white boxes such as the Cortex-M processor, ROM 
and RAM. d, The die micrograph of PlasticARM, showing the dimensions of the 
die and core areas.
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previous integrated circuits) that has been ever built with metal-oxide 
TFTs on a flexible substrate.

PlasticARM system architecture
The chip architecture of PlasticARM is shown in Fig. 1a. It is a SoC com-
prising a 32-bit processor derived from the 32-bit Arm Cortex-M0+ pro-
cessor product20, memories, system interconnect fabric and interface 
blocks, and an external bus interface.

This processor fully supports the Armv6-M instruction set architec-
ture, which means that the code generated for a Cortex-M0+ processor 
will also run on the processor derived from it. The processor comprises 
the CPU and a Nested Vector Interrupt Controller (NVIC) tightly coupled 
to the CPU, handling interrupts from external devices.

The rest of the SoC consists of memories (ROM/RAM), the AHB-LITE 
interconnect fabric (a subset of the advanced high-performance bus 
(AHB) specification) and interface logic to connect the memories to 
the processor, and finally an external bus interface that is used to con-
trol two General-Purpose Input-Output (GPIO) pins to communicate 
off-chip. The ROM contains 456 bytes of system code and test programs, 
and has been implemented as combinational logic. The 128 bytes of 
RAM has been implemented as a latch-based register file and is mainly 
used as a stack.

Figure 1b shows the comparison of the Cortex-M used in PlasticARM 
and the Arm Cortex-M0+. Although the Cortex-M processor in Plas-
ticARM is not a standard product, it implements the Armv6-M archi-
tecture supporting the 16-bit Thumb and a subset of the 32-bit Thumb 
instruction set architectures, and so it is binary compatible with all 
Cortex-M class processors, including Cortex-M0+, in the same archi-
tecture family. The key difference between the Cortex-M in PlasticARM 
and Cortex-M0+ is that we allocated a specific portion of the RAM in 
the SoC to the CPU registers (about 64 bytes), and moved them from 
the CPU to the RAM in Cortex-M in PlasticARM, whereas in Cortex-M0+ 
the registers remain within its CPU. A large reduction (about 3×) in CPU 
area is achieved by eliminating the registers from the CPU and using the 
existing RAM for register space, at the cost of slower register access.

Results
PlasticARM is implemented with PragmatIC’s 0.8-μm process using 
industry-standard chip implementation tools. We have developed a 
process design kit, a standard cell library and device/circuit simula-
tions for this technology in order to implement the PlasticARM FlexIC. 
Figure 1c shows the FlexIC layout, where the Cortex-M processor, RAM 
and ROM are demarcated. The details of the implementation methodol-
ogy can be found in the Methods.

a b

c

ACC =? expected 
sum

Yes

START

Read an array of 
values from ROM 

ACC = accumulate 
the read values

Toggle GPIO OUT pin with a 
pulse signifying a ‘match’

No

Toggle GPIO OUT pin with a  
different pulse signifying a 

‘mismatch’

Val =? 
 expected value

Yes

START

Fill RAM with 12 32-bit values 

RAM_Index = 0
Count = 0

Count = Count + 1

No

Val = read (RAM_index)

RAM_index = RAM_index + 1

RAM_index =? 12
No

Yes

Count =? 12
Yes No

Toggle GPIO OUT pin  
with a pulse signifying 

a ‘match’

Toggle GPIO OUT pin  
with a different pulse 

signifying a ‘mismatch’

Bit =? 1
Yes

START

Count = 0

Val = Read (GPIO IN pin)
Bit = Val and Constant_Mask

Count = Count + 1

No

Send ‘1’ to the GPIO  
OUT pin to imply  

‘match’

Count =? 
Expected value

Yes No

Count = 0

Fig. 2 | Test programs. a, A simple accumulation program reads values from 
the ROM and sums them up. If the sum matches the expected value, a 
confirmation signal is sent to the GPIO output pin that will be read by the tester. 
The test uses load, add, compare and branch instructions. b, A set of 32-bit 
integer values are written into the RAM on the fly and reads them back while 
checking the read values against expected values. If all written values are read 
correctly, a confirmation signal is sent to the GPIO output pin. The test uses 
load, store, add, shift, logic, compare and branch instructions. c, A value is read 

continuously through the GPIO input pin from the tester. The value is masked 
with a constant value. If the masked result is 1, then a counter is incremented. If 
it is 0, then the counter is reset. If the counter value is equal to an expected 
value, then a confirmation signal is sent to the GPIO output pin. The test uses 
load, store, add, logic, compare and branch instructions. Terms in italics 
represent variables in the test programs; terms in bold and uppercase are pins 
and memories.
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PlasticARM is fabricated using a commercial ‘fab-in-a-box’ manu-
facturing line, FlexLogIC21, and its die micrograph is shown in Fig. 1d. 
The process uses an n-type metal-oxide TFT technology based on 
indium−gallium−zinc oxide (IGZO) and generates the FlexIC design on 
a 200-mm-diameter polyimide wafer. The IGZO TFT circuits are made 
using conventional semiconductor processing equipment adapted and 
configured to produce devices on a flexible (polyimide) substrate with 
a thickness of less than 30 μm. They have a channel length of 0.8 μm, 
and a minimum supply voltage of 3 V.

Design in n-type metal-oxide thin-film technology is facing many 
of the same challenges that affected the complexity and yield of the 
first silicon (negative channel metal–oxide–semiconductor, NMOS) 
technology during the 1970s and early 1980s, in particular poor noise 
margin, high power consumption, and large process variation (for 
example, Vt). The details of the fabrication methodology can be found 
in the Methods.

We report a fully functional PlasticARM FlexIC. This has been dem-
onstrated by running the three test programs pre-programmed (hard-
wired) into the ROM before fabrication. Although the test programs 
are executed from the ROM, this is not a requirement for the system; 
it simply facilitates the test setup of PlasticARM. The current ROM 
implementation does not allow changing or updating of the program 
code after fabrication, although this would be possible in future imple-
mentations (for example, via programmable ROM). The test programs 
are written in such a way that the instructions exercise all functional 
units inside the CPU such as arithmetic logic units, load/store units 
and branch units, and are compiled with the armcc compiler using the 
CPU flag set to ‘cortex-m0plus’. The flow chart and detailed descrip-
tion of the test programs are shown in Fig. 2. When each test program 
completes its execution, the result of the test program is transmitted 
over the output GPIO pin off-chip to the test framework.

IGZO TFTs are known to be bent to a radius of curvature of 3 mm with-
out damage22, which PragmatIC has also verified through repeated 
bending of its own circuitry to this radius of curvature. However, all 
PlasticARM measurements are performed while the flexible wafer 
remains on its glass carrier, using standard wafer test equipment located 
at Arm Ltd, at room temperature. The measured results of PlasticARM 
are validated against its simulated results. The details of the measure-
ment setup, results and its validation against simulation can be found 
in the Methods.

The implementation and measured circuit characteristics of Plas-
ticARM are shown in Table 1, and are compared to the best previous 
natively flexible integrated circuits built with metal-oxide TFTs7,16,18. 
PlasticARM has an area of 59.2 mm2 (without pads), and contains 56,340 
devices (n-type TFTs plus resistors) or 18,334 NAND2-equivalent gates, 
which is at least 12 times higher than the best previous integrated cir-
cuit (that is, binary neural network (BNN) FlexIC). The microprocessor 
can be clocked at up to 29 kHz and consumes only 21 mW, which is 
predominantly (>99%) static power, with the processor accounting 
for 45%, memories 33% and peripherals 22%. The SoC uses 28 pins, 
which include clock, reset, GPIO, power and other debug pins. There 
are no dedicated electrostatic discharge mitigation techniques used 
in this design. Instead, all inputs contain 140-pF capacitors, whereas 
all outputs are driven by output drivers with active pull-up transistors.

A key challenge of any resistive load technology is the power 
consumption. We anticipate that the lower-power cell libraries we 
are developing will support increased complexity, up to about 
100,000 gates. Moving to more than 1,000,000 gates will prob-
ably require complementary metal–oxide–semiconductor (CMOS)  
technology.

Conclusions
We have reported a natively flexible 32-bit microprocessor, PlasticARM, 
fabricated with 0.8-μm metal-oxide TFT technology. We have demon-
strated the functionality of a SoC that has a 32-bit Arm processor fabri-
cated on a flexible substrate. It can piggyback on existing software/tool 
support (such as compilers) because of its compatibility with the Arm 
Cortex-M class processors in the Armv6-M architecture, so there is no 
need to develop a software toolchain. Finally, to our knowledge, so far 
it is the most complex flexible integrated circuit built with metal-oxide 
TFTs, comprising over 18,000 gates, which is at least 12× higher than 
the best previous integrated circuit.

We envisage that PlasticARM will pioneer the development of 
low-cost, fully flexible smart integrated systems to enable an ‘inter-
net of everything’ consisting of the integration of more than a trillion 
inanimate objects over the next decade into the digital world. Having 
an ultrathin, conformable, low-cost, natively flexible microprocessor 
for everyday objects will unravel innovations leading to a variety of 
research and business opportunities.

Table 1 | Advantages of flexible integrated circuits built with metal-oxide TFTs

Feature PlasticARM (this work) Flexible 8-bit ALU16 Dedicated machine learning 
FlexIC7

BNN FlexIC18

Area (mm2) 59.2 225.6 5.6 5.86

Technology 0.8-μm metal-oxide TFT 5-μm dual-gate organic + 
metal-oxide TFTs

0.8-μm metal-oxide TFT 0.8-μm metal-oxide TFT

Logic type Unipolar n-type resistive 
load

Complementary n-type oxide and 
p-type organic

Unipolar n-type resistive load Unipolar n-type resistive load

Supply voltage (V) 3 6.5 4.5 3

Chip pin count 28 30 23 23

Processor 32-bit Arm Cortex-M-based 
SoC

8-bit ALU + P2ROM Custom hardware Custom hardware

Number of devices 56,340 (39,157 TFTs plus 
17,183 resistors)

3,504 3,132 (2,084 TFTs + 1,048 
resistors)

4,489 (3,028 TFTs + 1,461 
resistors)

NAND2-equivalent gate 
count

18,334 876 1,024 1,421

Max circuit clock 
frequency (kHz)

29 2.1 104 22

Power consumption (mW) 21 Not reported 7.2 1.1

Power density (mW mm–2) 0.4 Not reported 1.3 0.2

The features are compared in terms of technology, design, implementation and measured FlexIC characteristics. ALU, arithmetic logic unit; P2ROM, print-programmable read-only memory.
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Methods

Implementation
To take full advantage of the highly automated, fast turn-around imple-
mentation and verification offered by modern silicon integrated circuit 
design flows, we developed a small standard cell library. A standard 
cell library is a collection of small pre-verified building blocks from 
which much larger and more complex designs can be quickly and easily 
built using sophisticated electronic design automation tools such as 
synthesis, place and route.

Before the implementation of the standard cell library could begin, 
some preliminary investigations were done to determine the most suit-
able standard cell architecture for the library given the constraints of 
the target technology. The cell architecture is the set of features that 
are common to every cell in the library, such as cell height, power strap 
sizing, routeing grid and so on, which allow the cells to be snapped 
together in a standard way to form larger structures. These common 
features are largely governed by the design rules of the manufacturing 
process but are also influenced by the performance and area require-
ments of the final design.

Once the cell architecture was established, the next step was to 
determine the content of the cell library not only in terms of variety 
of logic functions but also the number of drive strength variants of 
each logic function. Because the effort involved to design, implement 
and characterize each standard cell is substantial, it was decided to 
run some trials with a small prototype library and then to expand the 
library as required. To evaluate the performance of this small prototype 
standard cell library some simple representative circuits (such as ring 
oscillators, counters and shift arrays) were implemented, manufac-
tured and tested.

We migrated from 1.0-μm design rules to the new FlexIC 0.8-μm 
design rules to reduce area and, hence, increase yield. As this meant 
redrawing each cell in the library with smaller transistors, we took the 
opportunity also to change the standard cell architecture to include 
MT1 (metal-tracking 1) pins to make it easier for the router to hook up 
the cells. Improvements to the resistive material (higher sheet resist-
ance, Rs) also enabled a 3× reduction in the size of the resistors.

This dramatic reduction in both transistor and resistor size reduced 
the area of most cells by about 50% (see Extended Data Fig. 1), which in 
turn improved the manufacturing yield by bringing down the overall 
size of the design. However, as there were still manufacturing yield 
issues that we could further mitigate by changes to the standard cell 
architecture, the library was redrawn again. This time we focused on 
things that would improve the overall yield of the final design, such as 
the inclusion of redundant vias and contacts, reducing the number of 
vertices in the source–drain polygons (where possible) and keeping the 
size of stacked transistors to a minimum. In addition, we reverted to a 
lower sheet resistance in order to improve the process spread but we 
were able to maintain the area savings by using narrower resistors. To 
improve the overall quality of the logic synthesis a number of complex 
AND-OR-INVERT and OR-AND-INVERT logic gates were added to the 
library as well as some high-drive-strength simple logic gates, such as 
NAND2_X2 and NOR2_X2.

The FlexLogIC process is an NMOS process and so relies on a resistive 
load to pull the cell output towards the power supply to drive a logic 1. 
As a consequence of this, the cell output rise times are much slower than 
the fall times and this asymmetry can affect performance, especially 
for heavily loaded nets. To improve the timing on critical nets, such as 
the clock, we added buffers with an active transistor pull-up. Although 
these active pull-ups increase the area by a small amount, they do have 
the added benefit of reducing the static power consumption. Layouts 
and simulated transfer characteristics of buffers with resistive pull-up 
and active transistor pull-up are shown in Extended Data Fig. 2.

This simple standard cell library was then successfully used as the 
target technology to implement the PlasticARM SoC using a typical 

silicon integrated circuit design flow based on industry standard elec-
tronic design automation tools. The standard cell library contents and 
cell usage information are shown in Extended Data Table 1.

As we do not yet have a dedicated static random access memory 
FlexIC, we created a simple register file by carefully placing some modi-
fied standard cells in a tiled array that connected by abutment to form 
a 32 × 32 bit memory (this block can be seen in the chip layout in Fig. 1c).

The FlexLogIC technology (see Extended Data Table 2) has four 
routable metal layers of which only the lower two were used inside the 
standard cells. This left the top two metal layers free to be used for the 
interconnect between the standard cells, which could then be routed 
over the top of any neighbouring cells leading to a much-improved 
overall gate density of about 300 gates per mm2.

Fabrication
Process parameters and statistical variations of TFT parameters are 
summarized in Extended Data Table 2. FlexLogIC is a proprietary 
200-mm wafer semiconductor manufacturing process that creates 
patterned layers of metal-oxide thin-film transistors and resistors, 
with four routable (gold-free) metal layers deposited onto a flexible 
polyimide substrate according to the FlexIC design. Repeated instances 
of the FlexIC design are realized by running multiple sequences of 
thin-film material deposition, patterning and etching. For ease of 
handling and to allow industry standard process tools to be used and 
sub-micrometre patterned features to be achieved (down to 0.8 μm), 
the flexible polyimide substrate is spin-coated onto glass at the out-
set of production. The process has been optimized to ensure that the 
thickness variation is substantially less than 3% over a lateral distance 
of 20 mm. Thin-film material deposition is achieved through a com-
bination of physical-vapour deposition, atomic-layer deposition and 
solution-processing (for example, spin-coating). Substrate process-
ing conditions have been carefully optimized to minimise film stress 
and substrate bow. Feature patterning is achieved using a photolitho-
graphic 5× stepper tool, which images a shot that is repeated at multiple 
instances across the 200-mm-diameter wafer. Each shot is focused 
individually, which further compensates for any thickness variation 
within the spun-cast film. The technology measurements were carried 
out using process control monitoring structures.

Simulation, test and validation
We captured the timing characteristics of the functional PlasticARM 
FlexIC using a test measurement setup, and compared the measured 
results with the results of its register-transfer level (RTL) simulation in 
order to validate the functionality.

The RTL simulation is shown in Extended Data Fig. 3. It starts by reset-
ting the PlasticARM to a known state by setting a RESET input to ‘0’. 
Then, RESET is set to ‘1’, the processor is released from its reset state and 
starts executing the code from ROM. At first, the GPIO[0] output pin 
is toggled once before the three tests described in Fig. 2 are executed. 
In the first test, data are read and added to an accumulator from the 
ROM, and the sum is compared against an expected value (see Fig. 2a). 
If values match, a short burst of two pulses is sent to GPIO[0] as shown 
in Extended Data Fig. 3a. If values are different, the period and duty 
cycle of pulses on GPIO[0] is increased in Extended Data Fig. 3b. In the 
second test (Fig. 2b), data are written to RAM, read back and compared. 
If data has not been corrupted while writing or reading from the RAM, 
a short burst of three pulses is sent to GPIO[0] as shown in Extended 
Data Fig. 3a. If data was corrupted, the period and duty cycle of pulses 
on GPIO[0] is increased as before. In the final test (Fig. 2c), the proces-
sor enters an infinite loop and measures the time a ‘1’ is applied on the 
GPIO[1] input pin. If GPIO[1] is held at ‘1’ without any glitches for long 
enough, GPIO[0] changes from ‘0’ to ‘1’. PlasticARM was implemented 
with a clock frequency of 20 kHz. Since it does not use any timers, a value 
was chosen in software to represent the GPIO[1] signal being held at ‘1’ 
for approximately 1 s when operating at 20 kHz. In our simulations in 
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Extended Data Fig. 3a, that value corresponds to 20,459 clock cycles, 
which at 20 kHz yields 1.02295 s.

After fabrication, PlasticARM was tested on a wafer probe station 
while still attached to a glass carrier. The input signals including a clock 
signal were generated externally with a ZC702 FPGA Evaluation Board 
from Xilinx. Both input and output signals were captured using a Saleae 
Logic Pro 16 logic analyser. Measurements were carried out at 3 V and 
4.5 V, with various clock frequencies. An experiment with power supply 
set to 3 V and clock frequency of 20 kHz is shown in Extended Data Fig. 4. 
The ZC702 I/O voltage caps the inputs and outputs to 2.5 V. The meas-
ured data waveform is shown in Extended Data Fig. 4a, and matches the 
waveform in the RTL simulation of all three tests in Extended Data Fig. 3a. 
PlasticARM is fully functional up to 29 kHz at 3 V and 40 kHz at 4.5 V.

Data availability
The data that generated the waveforms in the test and validation is 
available from the corresponding author upon request.

Code availability
The code of the three test programs to validate PlasticARM is available 
from the corresponding author upon request.
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Extended Data Fig. 1 | Evolution of the standard cell architecture. The figure 
shows the evolution of the standard cell library from left to right. It starts with a 
1-μm channel length library, and then moves to an 0.8 μm channel length with 
different sheet resistances. The far right panel shows the final library that is 

used to implement the PlasticARM FlexIC. VDD, supply voltage; VSS, ground; 
CONT, electrical contact between the source–drain layer and the next metal 
layer; VIA, electrical contact between routing layers.
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Extended Data Fig. 2 | Layouts and transfer characteristics of buffers.  
a, Layouts of X4 buffers with resistive pull-up (BUF_X4) are shown on the left 
and layouts of X4 buffers with active transistor pull-up (BUF_X4M) are shown on 
the right. b, Simulated responses including parasitic capacitance and 
resistance extracted from the layout. The maximum capacitive load of BUF_X4 
is 4.8 pF, based on the data from the liberty file at the typical corner. Buffers 

with active pull-up can drive much higher loads and consume less static power 
than their resistive load counterparts at the expense of area increase and 
reduced output voltage range due to a drop in VDS (the voltage between the 
drain and source electrodes) across the pull-up transistor. For X4 cells the 
average static power consumption reduces by 60%, area increases by 43% and 
the VDS drop is 0.2 V.



Extended Data Fig. 3 | Simulation of the PlasticARM RTL. a, GPIO toggles are shown when data are correct in all three tests. b, GPIO toggles are shown when data 
read from the ROM is incorrect. The simulation was run with a 20-kHz clock frequency.
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Extended Data Fig. 4 | PlasticARM timing measurements of all three tests. 
a, Waveform showing the functionality of PlasticARM that correctly matches 
the RTL simulation. b, Magnified views of GPIO input pin (I_GPIO[1]) changing 

from logic 0 to logic 1. c, GPIO output pin (O_GPIO[0]) changing from logic 0 to 
logic 1, marking an input that was held HIGH for about 1 s. The experiment was 
carried out with a 20-kHz clock frequency.



Extended Data Table 1 | Standard cell library contents and usage

This table shows the types of cell in the standard cell library, together with the number of  
variants and their usage in the PlasticARM. AOI, AND-OR-INVERT; OAI, OR-AND-INVERT; ICG,  
integrated clock gate.
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Extended Data Table 2 | Process technology parameters

The table shows the FlexLogIC fabrication technology information and lists the statistical  
variations of TFT parameters. Vth, threshold voltage; dec, decade.
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