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An affordable and portable thermocycler for real-time PCR made of 

3D-printed parts and off-the-shelf electronics 

Roberto A. Mendoza-Gallegos, Amelia Rios, Jose L. Garcia-Cordero* 

Unidad Monterrey, Centro de Investigación y de Estudios Avanzados del Instituto Politécnico Nacional, Parque PIIT, Apo-
daca, Nuevo León, CP. 66628, Mexico.  

ABSTRACT: The polymerase chain reaction (PCR) is a sought-after nucleic acid amplification technique used in the detection of 
several diseases. However, one of the main limitations of this and other nucleic acid amplification assays is the complexity, size, 
maintenance, and cost of their operational instrumentation. This limits the use of PCR applications in settings that cannot afford the 
instruments—yet may have access to basic electrical, electronic, and optical components and the expertise to build them.  To pro-
vide a more accessible platform, we developed a low-cost, palm-size and portable instrument to perform real-time PCR (qPCR).  
The thermocycler leverages a copper-sheathed power resistor and a computer fan, in tandem with basic electronic components con-
trolled from a single-board computer. The instrument incorporates a 3D-printed chassis and a custom-made fluorescence optical 
setup based on a CMOS camera and a blue LED. Results are displayed in real-time on a tablet. We also fabricated simple acrylic 
microdevices consisting of 4 wells (2 µL in volume each) where PCR reactions take place. To test our instrument, we performed 
qPCR on a series of cDNA dilutions spanning 4 orders of magnitude, achieving similar limits of detection as a benchtop thermocy-
cler.  We envision our instrument being utilized to enable routine monitoring and diagnosis of certain diseases in low-resource are-
as. 

The polymerase chain reaction (PCR), a nucleic acid ampli-
fication (NAA) assay, is a very powerful and sensitive method 
used to quantify DNA and mRNA expression for clinical di-
agnosis

1,2
.  PCR is the method of choice recommended by the 

World Health Organization (WHO) to detect some viral epi-
demics like Ebola

3
 and Zika

4
. It is also the most popular and 

robust method for pathogen detection
5,6

. PCR was the first 
technique to amplify nucleic acids and its popularity is due to 
the large dynamic range (6-7 orders of magnitude), and  the 
high detection sensitivity and specificity that it achieves

7
.  

Furthermore, there are public databases, such as PrimerBank, 
that contain validated primer sequences for most human genes.  
In addition, PCR also encompasses a variety of applications 
including forensics, paternity tests, food and water safety, 
genetic disorders, cancer, mutation studies, among others

8-11
.  

Nevertheless, a common misconception surrounding PCR 
applications is that because they require complex thermal 
management

2
, the design and construction of its operational 

instrumentation inevitably becomes bulky, heavy (≈9 kg), 
power-hungry (hundreds of Watts of consumption), and ex-
pensive: characteristics that make them available predominate-
ly to centralized laboratories in developed countries

2,4,8,9,12-16
.  

Similar arguments can be made for developing real-time PCR 
(qPCR) instrumentation (that make it faster, simpler and more 
quantitative than regular PCR

12,15
) but that nonetheless require 

a complex and expensive optical setup
16

 to measure fluores-
cent signals from amplicons at the end of each cycle.  

The high cost of instruments for real-time PCR, in addition 
to their high-maintenance cost, has prevented their adoption in 
less-developed countries with limited laboratory infraestruc-
ture

9,12,14,15
, particularly in rural zones of the developing world, 

which are generally under-resourced and where disease out-

breaks are more likely to occur
12

.  Therefore, access to low-
cost instrumentation could enable faster diagnosis and routine 
monitoring of certain diseases

9,17
.  For example, despite an 

urgent need, the WHO does not recommend the use of viral 
load testing in resource-limited countries due to a lack of la-
boratory facilities and instrumentation, and as a result such 
testing is not routinely performed

17
.   

It is apparent that the development of small, portable, and 
inexpensive real-time PCR instruments is critical for global 
health

8,16,18
. Ideally such an instrument would be made of 

modular and low-weight parts allowing for quick assembly 
and low-cost shipping.  In addition, it should be constructed 
with readily available consumer electronics for quick assem-
bly and repairs as needed. It must be robust with the ability to 
operate within a wide range of temperatures and it should be 
powered by a battery, or have low-energy consumption, to 
allow for operation in areas with limited access to a reliable 
energy source. Finally, it should rely on open-source platforms 
such that the software can be easily programmed, fixed, redis-
tributed, and updated as required.  These characteristics could 
enable electrical/electronic technicians or engineering students 
in the developing world to build such an instrument in a basic 
workshop. 

Since the first demonstrations of portable PCR instrumenta-
tion

19-24
, several research groups have demonstrated significant 

progress in some of these aspirational characteristics
1,3,5,7,8,10,12-

14,16,25-32
.  However, there are still unfulfilled gaps concerning 

the development of a thorough and integrated instrument with 
all or most of these ideal characteristics.  In an effort to tackle 
most of these issues, we present a design for an affordable 
thermocycler with an integrated fluorescent module for quanti-
tative PCR.  This instrument is made of 3D-printed parts and 
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easily accessible, off-the-shelf electronics.  Thermal cycling is 
enabled by two inexpensive consumer electronics parts: a 
power resistor and a computer fan.  The electronics and tablet, 
where results are displayed in real time, are controlled from a 
single-board computer.  We also developed devices consisting 
of 4 microwells made of acrylic via rapid prototyping.  We 
characterized our instrument by carrying out qPCR reactions 
and found similar limits of detections compared to a commer-
cial benchtop thermocycler.   

MATERIALS AND METHODS 

Thermocycler. The core of the thermocycler is a 50 Ω, 5 W 
cement power resistor (280CR5-50-RC, Mouser, USA) and a 
computer fan blower (71P8674, Newark Element14). The fan 
nozzle was faced directly onto the resistor.  To homogenize 
the temperature on the resistor surface we wrapped it with 
conductive copper tape (T118112, 3M) and commercial alu-
minum foil.  The temperature was monitored in real-time with 
a NTC thermistor (B57540G0502+002, Epcos) connected to 
an analog-to-digital converter (ADC, MCP3008, Microchip).  
The heater and the blower are controlled with an algorithm 
that uses pulse width-modulation (PWM) integrated into a 
proportional integration derivative (PID) control.  See Figure 

S-1 for the circuit schematic and Figure S-2 for a photograph 
of the PCB.  Additional information can be found in the Sup-
porting information.   The instrument is powered by a 24 V 
power supply (VCS50US24, XP Power). 

3D-Printing chassis.  The 3D-parts for the instrument were 
designed in Inventor (2017 Student Edition, Autodesk) and 
fabricated with a 3D printer (Makerbot Replicator 2, USA).  
The instrument chassis consists of four items: a bottom enclo-
sure that houses the PCB and the heater, a holder for the blow-
er and for the LED, a casing for the CMOS camera, and an 
upper enclosure that holds the camera casing and blocks any 
ambient light from entering the system, see Figure S-3,4. The 
total printing time for these items, with the printing and travel 
speed set at 40 mm/s, was ≈20 h.  The total weight of these 
3D-printed parts is 110 g, equivalent to less than <US$6.  

Optical setup and analysis. A 23.5lm LED (475 nm, 
OSW-6303, Newark) was placed in the holder on the opposite 
site of the fan, at 10° over the horizontal plane in order to ex-
cite solutions inside the chip and to not contaminate the optical 
path of the CMOS camera. The emitted fluorescence was 
measured with a Raspberry Camera Module v2 that contains 
an 8.08MP RGB-CMOS sensor (IMX219, Sony).  An optical 
band-pass filter (520 ±10 nm, Wratten #58) was placed manu-
ally between the CMOS sensor and the lens of the camera 
module.  Detailed information on the optical setup and the 
development of a graphical user interface (GUI) are provided 
in the Supporting Information.  

Microdevice fabrication. Devices were designed in a CAD 
software (Inventor, 2017 Student Edition, Autodesk) and fab-
ricated on a 3-mm thick poly(metyl methacrylate) (PMMA) 
sheet using a high-precision milling machine (MDX-40A, 
Roland DG, Germany). Further information on the cost and 
finishing of the microwells can be found in the Supplementary 
Information. The acrylic device sat on top of the resistor sur-
face with a thermistor placed in one of its wells. 

Quantitative PCR assay. Further details on the PCR assay 
performed in a benchtop thermocycler and our custom-made 
instrument can be found in the Supplementary Information.  

RESULTS AND DISCUSSIONS 

3D-printed thermal cycler. Our goal was to develop an in-
tuitive and affordable portable qPCR instrument that could be 
easily assembled from 3D-printed parts and off-the-shelf com-
ponents.  These characteristics could enable its fast deploy-
ment in low-resource settings. Although our instrument is 
energized with an external power supply, this can be replaced 
with a portable battery bank with similar power capacity. Oth-
er researchers have certainly developed portable and small 
qPCR instruments, yet to reduce their size, they rely on expen-
sive microfabrication techniques to produce the heating block 
(e.g. micromachined silicon heaters

3,10,12
) of the thermocycler.  

In contrast, we leveraged two simple low-cost components, a 
5-W ceramic resistor (US$0.45) and a computer fan ($11) to 
heat and cool a polymeric microdevice. When a voltage is 
applied across the resistor, the electrical current is converted 
into heat, reaching temperatures in excess of 100°C within 1 
min.  To cool down the resistor and the device, the fan blows 
room-temperature air.  To monitor fluorescence, we utilized a 
high-power blue LED ($4.3) and a CMOS camera ($26.5) 
fitted with a plastic band-pass filter to eliminate unwanted 
fluorescence.  The chassis consists of 5 items fabricated with a 
3D printer that are manually assembled; see Figure S-3,4.    
The total weight of the assembled device is ≈500g, fits in the 
hand of an adult, and is easily transported.  The instrument is 
controlled with one of the most popular single-board comput-
ers, a Raspberry Pi (12.5 millions units sold worldwide to this 
date). A cross-sectional view of the thermal cycler is shown in 
Figure 1A and a photograph of the real instrument is shown in 
Figure 1B.  

Without including the cost of the Raspberry Pi and the touch 
screen, the cost of our thermocycler ($75 including the power 
supply) is much cheaper than other low-cost alternatives re-
cently reported that use thermos and a robotic arm to move 
PCR tubes between water baths held at different tempera-
tures

1,8
, or the solar-panel powered PCR

7
.  In its current form 

the total cost of our thermocycler is $193.2, which is negligi-
ble compared to a commercial qPCR instrument (>$24,000)

33
. 

An itemized list, including cost of each component can be 
found in Table S1.   

Temperature control. First, we assessed the capability of 
the power resistor to reach temperatures in the range of PCR 
reactions.  Although a bare resistor can reach temperatures in 
excess of 100°C in less than 1 min, the heat distribution over 
its surface is not uniform. For example, above 75°C there is a 
difference of at least 25°C between the resistor ends and its 
center, Figure 2A.  We attribute this difference to the way the 
resistor is manufactured, with a soldered junction between the 
resistive element inside the cement and the leads, Figure S-6. 
This thermal gradient on the surface of the resistor compli-
cates the development of an algorithm to control the tempera-
ture and is detrimental to the performance on each reaction in 
the microwells of the device.  To try to homogenize the tem-
perature, we wrapped the resistor’s surface with two of the 
best and economical thermal conductors known: aluminum 
and copper.  Aluminum foil reduced this temperature differ-
ence to 4°C; however, when the resistor is sheathed with cop-
per tape the temperature difference decreases to less than 0.75 
°C, Figure 2B,C.  This approached proved to be a simple so-
lution to provide a uniform temperature over the surface of the 
power resistor.   
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Figure 1.  (A) A 3D render of a cross-sectional view of the RT-PCR instrument showing its different components.  (B) Photograph of the 
actual instrument with the lid open. Illumination from the blue LED can be appreciated.   

To control the temperature and program the heating/cooling 
cycles required for PCR, we developed a proportional-
integrative-derivative (PID) controller in Python, a popular 
open-source software platform. To test our controller, we im-
plemented a real time PCR (qPCR) protocol that included 2 
min at 50°C for Uracyl-N-glycosilase (UNG) incubation, fol-
lowed by a holding step for 10 min at 95°C for polymerase 
activation, completed with 40 PCR cycles at 60°C for anneal-
ing/extending and 90°C for denaturing.  Figure 2D,E shows 
the temperature traces of this protocol as measured in one of 
the wells of the device with a thermocouple.  We evaluated the 
accuracy and precision of the system over the course of these 
40 cycles of PCR in our devices. The accuracy was calculated 
as the difference between the set point and the measured aver-
aged temperature. The precision was defined as the average of 
the measured standard deviation of the set point temperature.  
The accuracy of the denaturing step at 95 °C and the anneal-
ing/extension step at 60 °C was 0.15 and 0.18°C, respectively, 
while the precision was 0.42 and 0.55 °C.  The average heat-
ing rate was ≈0.5°C/s while the average cooling rate was 
≈1.4°C/s. Our PID controller achieved the target temperatures 
with no observed overshoot.  The total time required for a 
single cycle was ~150s and for a 40-cycle PCR was ~120 min. 
To achieve faster temperature cycles, the ceramic resistor may 
be replaced with an array of surface-mount thick-film power 
resistors.  

To assess the performance of our device under different 
ambient conditions, we evaluated the effect of different ambi-
ent temperatures:  20, 30, 35 and 40 °C. The temperature con-
trol algorithm performed well on these different conditions, 
with identical heating and cooling rates (Figure S-7), demon-
strating the robustness of our instrument even in harsh cli-
mates.  Operating under dusty environments may require cov-
ering the fan with a filter to deliver clean air into the device.   

Compared to other PCR instruments
10

, the thermal cycles 
produced in our instrument are relative slow, and thus a draw-
back of our technology, but its high temperature stability and 
the facility to program the temperature cycles could be easily 
adapted to perform isothermal NAA assays that are rapidly 
gaining popularity

1,2,4,13
.  

Acrylic devices and Optical setup. The acrylic devices 
feature four 2.1 µL microwells machined on one side on the 
acrylic.  The microwells have a polished round bottom that 

helps reduce light artifacts compared to wells with flat bot-
toms.  To facilitate the alignment between the device and the 
resistor, we engraved a grooved frame on the other side of the 
device that fits precisely on top of the resistor, Figure 3A, 3B, 

S-5.  Although these acrylic devices are low-cost, the cost of a 
milling machine must be factored into their fabrication. Over 
the last few years, milling machines have become as afforda-
ble and user-friendly as 3D printers (see for example the Desk-
top PCB milling machine, Bantam Tools, USA).  

 

Figure 2.  Temperature characterization of the power resistor. 
Photograph of a bare resistor (A) and a resistor shielded with alu-
minum foil (B) and copper tape (C). Scale bar, 1 cm.  Bottom 
graphs show traces of the temperature measured on the middle 
(red dot) and on the edges (blue and green dots) for each power 
resistor.  (D) Representative temperature profile in a microwell 
for a 40-cycle PCR protocol that starts with 2 min at 50°C fol-
lowed by 10 min at 95°C.  (E) Close-up to 4 PCR cycles. 

The instrument was purposely designed to perform real-time 
PCR on samples that employ TaqMan probes, 6-FAM, a fluo-
rescent intercalating dye (495/520 nm ex/em).  As the concen-
tration of DNA amplicons increases exponentially in each 
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cycle it is accompanied by an increase in fluorescent ampli-
tude.  Our optical setup is composed of a high-power blue 
LED that illuminates the chip from the side, while the camera 
module that contains a CMOS sensor, is fitted with a band-
pass filter and placed a few millimeters above the chip, Figure 

3C. The simplicity of our optical setup contrasts to other set-
ups that require high-expertise to assemble the instrument (e.g. 
lock-in amplifiers, PMT, and special optical filters and mir-
rors)

5,12
 or that have repurposed an expensive smartphone 

camera with optic elements to detect and quantify the ampli-
fied product

13,14,16
.   

 

Figure 3. (A) Photograph of a device placed on top of the copper-
covered resistor.  Note that the fan nozzle points directly to the 
resistor and the device.  (B) Side view of the plastic device over 
the resistor; micowells are a few mm above the surface.  (C) 
Schematic of the optical setup used to measure fluorescence from 
each well.  (D) Representative fluorescent image captured with 
the optical setup. Wells were filled with a solution of FITC.  (E) 
Standard curve for a series of dilutions of FITC. Error bars: 1 
standard deviation (s.d.), n=3.  

Images are acquired using a Python-script that (i) controls 
the camera parameters, (ii) automatically takes images at the 
end of each PCR cycle, (iii) applies a gamma correction, and 
(iv) analyzes each microwell of interest. We evaluated the 
pixel response of the 8-bit digital output sensor as a function 
of fluorescence intensity, Figure 3D.  The camera showed a 
semi-log response for a series of dilutions of FITC, a fluores-
cent molecule that has an optical spectrum similar to FAM 
(488/525 nm ex/em), reaching a limit of detection (LOD) of 
300 nM, Figure 3E. This scale allowed us to establish an 
analogous point to measure fluorescence in PCR reactions. 

Real-time PCR.  We evaluated the performance of our 
thermocycler by amplifying the 18S rRNA housekeeping gene 
at concentrations ranging from 64 pg/µL to 200 ng/µL, span-
ning four orders of magnitude. Using a tablet, we programmed 
a graphical user interface that displays the temperature and the 
fluorescence intensity from each well at the end of each PCR 
cycle, Figure 4A. ∆ fluorescence emission intensity at each 
temperature cycle (∆F1-F2, where F1=fluorescence emission 
at each time point and F2= fluorescence emission of baseline) 
was plotted against every cycle number (Figure 4B). Cycle 
threshold (Ct) values decrease linearly with increasing target 
concentration. We were able to detect concentrations as low as 

64 pg/mL of DNA while the fluorescent intensity of the nega-
tive control (no target) remains nearly zero until the last cy-
cles. This assay was performed on three different days, under-
scoring the reproducibility of our instrument and of our devic-
es.  To test the efficiency of our approach, we compared on-
chip vs benchtop qPCR performed under identical experi-
mental conditions, Figure 4C.   Both curves had a similar 
slope, although on-chip reactions in general had higher error 
bars and lower mean CT values than benchtop reactions (>4 
cycles); however, our thermocycler was able to achieve the 
same limit of detection (LOD). Additionally, we evaluated the 
PCR efficiency of each curve, defined by (10

-1/k
 – 1) x 100%, 

where k is the slope of the curve as a function of the logarithm 
of the template concentration.  We found that the efficiency 
for the on-chip based qPCR (79.10%) was considerable lower 
than for benchtop qPCR (93.11%), an indication of suboptimal 
reaction conditions. Although we used a hot-start PCR, this 
limited efficiency for on-chip qPCR in our 3D-printed thermo-
cycler compared to the benchtop thermocycler, can be at-
tributed to: (i) the difference in cycling parameters, (ii) a tem-
perature gradient in the wells, or (iii) to the amount PCR rea-
gents (e.g. nucleotides, enzymes, BSA) used in the reactions.  
Thus, in its current form, our instrument may not be suitable 
for applications with low-copy numbers of starting DNA 
(<100 pg) and that require accurate thermal control, such as 
sequencing or genotyping experiments; but it may be robust 
enough for other applications with high-initial DNA quantities 
such as pathogen detection, differential gene expression, DNA 
cloning, and colony PCR.  However, further optimization of 
cycling parameters, well size, and amount of PCR reagents, 
could lead to an improved efficiency and thus increase the 
portfolio of applications. 

Figure 4. (A) Photograph of the tablet connected to the 3D-
printed thermocycler.  A graphical user interface displays the 
temperature and the fluorescence intensity traces of the PCR reac-
tions from each of the four microwells.  The Raspberry Pi micro-
computer is placed on the back of the tablet. (B) Real-time PCR 
fluorescence intensity curves plotted against cycle number for 6 
concentrations of DNA and control. Error bars: 1 s.d. for n=3 
performed on different days and on different devices. (C) Com-
parison of Cycle threshold (CT) values for DNA concentrations 
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spanning 4 orders of magnitude.  Blue and red data correspond to 
our 3D-printed and a benchtop thermocycler, respectively. 

CONCLUSIONS 

A foremost characteristic of any point-of-care technologies 
for the developing world is to fulfill the need for low-cost 
instrumentation that is easy to assemble and fix.  This would 
allow for wide-spread use of these technologies in low-
resources settings and contribute in the diagnosis, treatment 
and control of certain diseases.  We have demonstrated that a 
real-time PCR instrument can be made employing off-the-
shelf electronics and a CMOS camera, parts that are easy to 
purchase in most developing countries.  The chassis of the 
instrument is made with a 3D-printer, a technology that is 
becoming ubiquitous thanks to its low cost.   3D-printing also 
enables future improvements to this technology as they be-
come available, as well as the ability tailor it to other PCR 
applications.  To control the thermocycler and the optical set-
up, we utilized a Raspberry Pi and Python, some of the most 
popular computer and open-source platforms in the world that 
could expedite the adoption of these technologies in low-
resource settings.  To make the instrument user-friendly we 
used a tablet with a display showing real-time temperature and 
the change in fluorescence intensity inside the wells of the 
device as the PCR reaction unfolds.   

The instrument allowed us to perform PCR on a series of di-
lutions of DNA and obtain quantitative measurements of the 
initial amount of genetic material in the samples.  Although 
our instrument did not perform as well as a commercial ther-
mocycler, as measured by the CT efficiency, several parame-
ters such as the size of the microwells and the amount of rea-
gents used in each PCR reaction could be optimized to im-
prove the efficiency.  Notably, our instrument can be readily 
utilized in isothermal NAA assays.   
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(A) A 3D render of a cross-sectional view of the RT-PCR instrument showing its different components.  (B) 
Photograph of the actual in-strument with the lid open. Illumination from the blue LED can be appreciated.  
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Temperature characterization of the power resistor. Photograph of a bare resistor (A) and a resistor shielded 
with aluminum foil (B) and copper tape (C). Scale bar, 1 cm.  Bottom graphs show traces of the 

temperature measured on the middle (red dot) and on the edges (blue and green dots) for each power 

resistor.  (D) Representative temperature profile in a microwell for a 40-cycle PCR protocol that starts with 2 
min at 50°C followed by 10 min at 95°C.  (E) Close-up to 4 PCR cycles.  
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(A) Photograph of a device placed on top of the copper-covered resistor.  Note that the fan nozzle points 
directly to the resistor and the device.  (B) Side view of the plastic device over the resistor; micowells are a 
few mm above the surface.  (C) Schematic of the optical setup used to measure fluorescence from each 

well.  (D) Representative fluorescent image captured with the optical setup. Wells were filled with a solution 
of FITC.  (E) Standard curve for a series of dilutions of FITC. Error bars: 1 standard deviation (s.d.), n=3.  
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(A) Photograph of the tablet connected to the 3D-printed thermocy-cler.  A graphical user interface displays 
the temperature and the fluorescence intensity traces of the PCR reactions from each of the four 

microwells.  The Raspberry Pi micro-computer is placed on the back of the tablet. (B) Real-time PCR 
fluorescence intensity curves plotted against cycle number for 6 concentrations of DNA and control. Error 

bars: 1 s.d. for n=3 performed on different days and on different devices. (C) Comparison of Cycle threshold 
(CT) values for DNA concentrations spanning 4 orders of magnitude.  Blue and red data correspond to our 

3D-printed and a benchtop thermocycler, respectively.  
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