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ABSTRACT

A thermal cycling method, whereby capillary tubes holding polymerase chain reactions are subjected to programmed tilt displacements so that
they are moved using gravity over three spatial regions (I, II, and III) kept at different constant temperatures to facilitate deoxyribonucleic acid
(DNA) denaturation, annealing, and extension, is described. At tilt speeds in excess of 0.2 rad/s, the standard deviation of static coefficient of
friction values was below 0.03, indicating in sync movement of multiple capillary tubes over the holding platform. The travel time during the
acceleration phase and under constant velocity between adjacent regions (I to II and II to III) and distant regions (III to I) was 0.03 s and 0.31 s,
respectively. The deviations in temperature did not exceed 0.05 ○ C from the average at the prescribed denaturing, annealing, and extension
temperatures applied. DNA amplification was determined by optical readings, the fluorescence signal was found to increase twofold after
30 thermal cycles, and 1.16 × 106 DNA copies/μl could be detected. The approach also overcomes problems associated with thermal inertia,
sample adhesion, sample blockage, and handling of the reaction vessels encountered in the other thermal cycling schemes used.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0007879., s

I. INTRODUCTION
The polymerase chain reaction (PCR) is an indispensable
nucleic acid-based technique applied ubiquitously in basic research,1
high throughput screening,2 environmental monitoring,3,4 food testing,5 forensics,6 genotyping,7 and agriculture and clinical diagnostics.8–10 Conceived by Kary Mullis in 1983, PCR was developed as
a fast and easy method to copy and amplify deoxyribonucleic acid
(DNA) from just one original strand. Since then, PCR technology has been driving ever expanding applications achieved through
advances in biological tools and hardware instrumentation. A PCR
comprises primary components of single-stranded DNA (primers)
that flank a double-stranded DNA sequence of interest, building
blocks of DNA nucleotides, a heat-tolerant polymerase enzyme for
strand synthesis, and various other reagents. Temperature control
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instrumentation shifts the reaction to an elevated temperature to
separate the double-stranded target DNA into single strands, followed by temperature reduction to allow the primers to bind to the
target DNA, and finally a moderate temperature increase to allow the
polymerase enzyme to build new strands. Multiple repetitive cycles
of these three basic steps of double strand denaturation, primer
annealing, and new strand synthesis allow rapid amplification of a
specific target DNA fragment within a small reaction volume. As
thermal cycling at elevated temperatures (over the ambient temperature) is necessary, challenges in small volume amplification include
loss of sample to the chamber walls due to the heightened surfaceto-volume ratio, evaporation, and effective temperature control coupled with adequate heat dissipation.
There are four major approaches to conduct the amplification
in PCR. In the thermal-block method, arguably the most widely
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used, the reaction is conducted in a chamber that is cyclically heated
and cooled.11,12 Good instrumentation and control are needed to do
this precisely13–15 as the thermal mass associated with the heater and
block can limit the achievable thermal ramp rates and increase the
reaction times. Alternative approaches seek to circumvent the thermal mass problem by designing the temperature variations to occur
spatially instead of temporally.
Continuous-flow PCR is performed by pumping the sample
through a microfluidic channel into regions that are kept at different temperatures.16 Serpentine channels are typically used when
the heaters are neither long nor slender.17 As the sample passes
through long tracks of channels, there can be significant amounts
of reagent adsorbed onto the surface of the channel and in some
cases blockages can even occur. In plug-flow PCR, thermal cycling
is performed by moving small pins of the PCR mixture back and
forth between isolated temperature zones.18,19 This reduces reagent
loss by surface absorption and problems with channel occlusion
to some extent. However, such a scheme would require creating
multiple plugs in multiple channels in order to achieve the same
sample volume as in continuous-flow PCR. A hybrid continuousflow and plug-flow design has also been demonstrated.20 Finally,
immersion PCR is performed by placing the receptacle and sample
in vats of media (typically water) kept at specific temperatures.21,22
This approach is claimed to be amenable to a wide range of reaction vessels and suitable for resource limited laboratory settings. The
drawback is that a layer of oil over the surface of water is used to
maintain the temperature of the water baths and this makes handling of the reaction vessels inconvenient and messy after thermal
cycling.
The phenomenon of liquid imbibition into capillary tubes is
attractive as it does not rely on the supply of any external energy
to do so. For this reason, scientific applications that span many
decades have been developed based on this principle.23–25 Capillary
tubes are widely used vessels for holding samples of up to 100 μl in
volume.26–28
In this work, a PCR thermal cycling method whereby capillary tubes containing the reaction mixture are moved over spatially
controlled heated surfaces is described and demonstrated, and its
performance is verified. When subjected to programmed tilt displacements, the capillary tubes are displaced by gravitational force
to and from specific holding regions kept at constant temperatures.
This heating mode overcomes the thermal inertia problem. Sample
loss by surface adhesion and blockage does not present significant
problems as liquid flow within long channels is not involved. In
addition, receptacle leakage and bacteria contamination issues are
eschewed as no liquid baths are used.

II. FRICTION AND SLIDING MECHANICS
As the method is based on moving the capillary tubes spatially
over different regions kept at constant temperatures, the underlying
mechanics behind this displacement is vital to perform the thermal cycling process correctly. When a capillary tube of mass m is
placed in a slot on a platform, and the platform subsequently tilted
slowly to an angle θ to the horizontal (see Fig. 1), it will be subjected to the action of a gravitational force F W = mg sin θ tending
to move it downward, and a frictional force F F = μmg cos θ working
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FIG. 1. Schematic depiction of the forces acting on a capillary tube with mass m
located on an incline tilted at angle θ to the horizontal. The interplay of forces
F W and F F determines whether the tube will remain stationary or slide down the
incline.

to resist this movement, where m, μ, and g are the tube mass, coefficient of friction, and gravitational acceleration, respectively. At the
point when F W just exceeds F F , the tube will begin to slide (as it is
restrained from rotating due to its location within the slot), allowing
for μ to be determined as the static coefficient of friction using
μS = tan θ.

(1)

This coefficient value depends on the combined effects of material
deformation characteristics and surface roughness of the contacting
surfaces, both of which have their origins in the chemical bonding
between atoms in each of the bulk materials and between the material surfaces and any adsorbed material. This value is usually larger
than its kinetic counterpart μK , which is related to maintaining the
gliding nature of the contact.
It is now widely accepted that the delineation of static vs kinetic
coefficient of friction is not straightforward due to the difficulty
in clearly distinguishing between a pinned and a sliding state. In
fact, static friction has been shown not to be really static, wherein
the asperity population tends to be reduced marginally and evolves
before the frictional contacts lock up to render the object motionless.29 The underlying mechanics is based on the premise that a
single state variable accounts for the population of asperities and
its evolution in time.30 This has been developed further to better understand the characteristics of stick-slip processes that occur
when the two surface contacts are horizontal to each other and subjected to constant normal stress.29,31,32 However, the standard theory
still applies when the surfaces are tilted at angles to the horizontal.
The frictional shear stress τ is governed by a function F to the normal stress σ, slip rate V, and the state ϕ (which can comprise more
than one variable),
τ = F(σ, V, ∅).
(2)
As the frictional shear stress is roughly proportional to the normal
stress, Eq. (2) can be recast as
τ = σF(V, ∅).

(3)

If the function F is taken to be approximately invariant as the tilt θ
is varied with time t, we have
F(V, ∅)mg sin θ dθ
dτ
dσ dθ
≈ F(V, ∅)
⋅
≈−
⋅ ,
dt
dθ dt
A
dt

(4)
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where A is the area between the contacting surfaces. Equation (4)
indicates that tilting the surface (such that θ is increasing with time)
will tend to reduce the frictional shear stress. Hence, as the tilting
rate is increased, it will have the effect of reducing the apparent
coefficient of static friction [based on Eq. (1)].
III. MATERIALS AND METHODS
A. Thermal cycling setup
The platform, made of a heat conducting material (aluminum),
has an overall length of 362 mm. It houses the capillary tubes
(Hirschmann, 9201575) of 75 mm length, 1.6 mm outer diameter, and 1.1 mm inner diameter. The platform is divided into three
temperature-controlled spatial regions (indicated as I, II, and III)
(see Fig. 2), each of which is 110 mm in length. Each region has independent film heaters (RS PRO, Kapton Heater mat, 50 × 100 mm2 ,
12 V, 5 W) and temperature sensors (RS PRO, Kapton Heater mat,
50 × 100 mm2 , 12 V, 5 W) incorporated. A microcontroller (Raspberry Pi 3) is used to poll the readings from the sensors to provide
the current to maintain each region at selected fixed temperatures.
The platform comprises a total of 12 longitudinal slots, with each
slot accommodating one capillary tube to guide its movement as it
slides from one region to another. The extent and speed of platform
tilting is accomplished via a servo-motor (Hitec HS-8055BB) driven
by the microcontroller. A solenoid actuator (Adafruit, ADA3992)
attached to the platform and driven by the microcontroller ensures
that the capillary tubes are in the right temperature region during
thermal cycling. The programs for the microprocessor are written in
the C++ language.
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C. Variable tilt speed testing
Two slots (1 and 4) of a selected region (II) of the platform
were selected for this test. The platform was rotated at speeds 0.016
rad/s, 0.024 rad/s, 0.033 rad/s, 0.055 rad/s, 0.12 rad/s, 0.23 rad/s, and
1.72 rad/s from a horizontal position. A high-speed camera (Troubleshooter, Fastec) was used to record the motion of capillary tubes
placed in the slots. Using these recordings, the tilt angle θ with which
each tube started to slide down was determined. The process was
repeated 15 times. The static coefficient of friction was once again
ascertained using Eq. (1).
D. Capillary tube travel time
One slot (1) was selected to conduct this investigation. The
platform was rotated at 1.72 rad/s from a horizontal position. A
high-speed camera (Troubleshooter, Fastec) was used to record the
motion of a capillary tube placed in the slot as they moved from
regions I to II, II to III, and I to III. Using these recordings, the
times taken for the tube to commence and end its displacement were
determined. The process was repeated 15 times.
E. Temperature cycle testing
Thermocouples (Adafruit, ADA3245) were attached to the slots
(1–4) of regions I, II, and III in the platform. The controller was
programmed to maintain stable temperatures of 94 ○ C (denaturation), 58 ○ C (annealing), and 72 ○ C (extension) in these regions,
respectively. The temperatures of the thermocouple were logged
over 1800 s (30 min) for analysis.

B. Slow tilt speed testing

F. DNA amplification testing

Capillary tubes were placed in all 12 slots of a selected
region of the platform. This platform tilted at a slow speed (0.016
rad/s) from a horizontal position. The tilt angle θ with which
each tube started to slide down was recorded. The process was
repeated 15 times. The static coefficient of friction was ascertained
using Eq. (1).

1 ml vials and capillary tubes (Hirschmann, 9201575) of outer
diameter 1.6 mm, inner diameter 1.1 mm, and length 7.5 mm were
used to prepare the PCR (miniPCR kit, Amplyus, MA, USA). The
template mixture was prepared by adding 10 μl of the DNA sample to 30 μl of nuclease-free water. Each 30 μl PCR was set up by
adding 7.5 μl of template DNA to 15 μl of the qGRN master mix

FIG. 2. The prototype setup (a) developed for PCR thermal cycling, which has a tilting platform actuated by a servomotor. The platform comprises 3 regions (I, II, and III), in
which a solenoid actuator is incorporated. Close-up view of region II (b) showing capillary tubes placed on machined slots to allow them to slide by gravity to region III or I
depending on the tilt of the platform. The temperature of each region is maintained by a heater (below) wherein the temperature is maintained using a sensor. Multimedia
view: https://doi.org/10.1063/5.0007879.1
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TABLE I. The PCR thermal cycling sequence applied on the DNA samples.

PCR cycling

Step

Temperature
(○ C)

Duration
(s)

Initial denaturation
Denaturation
Annealing
Extension
Final extension

94
94
57
72
72

60
8
8
8
30

No. of PCR cycles used: 30

(MiniPCR) and 7.5 μl of the qPCR primer mix in a vial. After vortex mixing, the PCR (containing template DNA at 2.5 pg/μl) was
drawn into a capillary tube inserted into the vial. Both ends of the
capillary tube were sealed with putty. A total of 6 replicate capillary
tubes were prepared and loaded onto the thermal cycling setup for
DNA amplification using the PCR parameters described in Table I,
which took a total of 12 min and 33 s to complete. The PCR contains a fluorescent dye that binds double-stranded DNA. When
intercalated between the DNA bases, the dye undergoes structural
changes resulting in the emission of green fluorescence. Hence, as
amplification proceeds and the amount of double-stranded DNA
copies increases, the fluorescence intensity in the sample increases.
The quantity of DNA can then be determined by placing the
capillary tubes onto a blue light transilluminator unit (Bluebox,
MiniPCR) and recording the fluorescent image with a camera (Moticam 3, Motic). The recorded images were analyzed using the ImageJ
software.
A sensitivity test was also carried out with template DNA concentrations ranging from 0.5 pg/μl, 1 pg/μl, 1.5 pg/μl, 2 pg/μl, and
2.5 pg/μl in the PCRs. A negative control PCR with no added DNA
template was also included. These reactions were then filled into
separate capillary tubes and the thermal cycling process conducted
on them. The fluorescence images recorded were then analyzed as
previously described.
IV. RESULTS AND DISCUSSION
The distribution of the static coefficient of friction measures
obtained under the slow speed test is given in Fig. 3. It can be seen
that the values ranged between 0.44 and 1.72. The high levels of variation between slots indicate strong influence of surface roughness,33
typically of the machined slots on the platform since the roughness
of capillary tube surfaces is assumed to be invariant. More importantly, these high variations will limit the ability to actuate all capillary tubes from one temperature region to another in sync with the
thermal cycling program.
When the platform was rotated at speeds ranging from 0.016
rad/s to 1.72 rad/s, the static coefficient of friction values tended
to decrease with the tilting speed (Fig. 4). This conforms with
the premise that the shear stress rate of friction decreases with an
increase in the tilting speed [see Eq. (4)]. It is noteworthy that
these values exhibited lower standard deviations below 0.03 when
speeds in excess of 0.2 rad/s were used (Fig. 5). The reason for
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FIG. 3. Box plots of the static coefficient of friction values determined for each
slot (12 in total) under the slow speed test (based on 15 readings each). The high
levels of variation between slots indicate strong influence of the surface roughness
of the machined slots on the platform.

this is likely related to the reduced frictional shear rate limiting
the effect of creep that typically accompanies the stick phase of
the system.34 More importantly, these results indicate that the use
of sufficient high tilting speeds (i.e., 1.72 rad/s) allows all capillary
tubes to initiate moving synchronously from any one of the regions
on the platform. This is important for reproducible PCR thermal
cycling.
It should be noted that relative humidity can influence friction. When the experiments were conducted, the relative humidity recorded was 49% ± 6%. If the environmental humidity is
high (which encourages stiction), placing the setup in a chamber
with active or passive (e.g., desiccants) humidity control would
be one way to ameliorate the effect. From repeated usage, it is
possible for the static coefficient of friction to be reduced. As
this results in faster motion of the capillary tubes between heated
regions, it will not negatively impact the sample thermal cycling
process.
Apart from this, it is also important to ensure that the travel
times of capillary tubes from one region to another are uniform.
Figure 6 indicates small spreads in the travel time obtained from 15
readings. It also shows that in moving from regions I to II and from
II to III (where the travel distance is the same), the average times
required for both regions were exactly equal at 0.34 s. The average
travel time from regions I to III was, however, 0.65 s despite the
travel distance being exactly twice that for regions I to II and II to
III. If we assume that there is no deceleration phase when the capillary tube is stopped (since it encounters an obstacle and should stop
its travel instantaneously) and that the velocity attained should be
the same, it is hence possible to postulate that
t(I−II) = ta + tv(I−II) ,

(5a)

t(I−III) = ta + 2tv(I−II) ,

(5b)

where t, t a , and t v are the total, acceleration phase, and constant
velocity travel times, respectively. With these relations, it is possible to deduce that the times of travel during the acceleration phase
and under constant velocity from adjacent regions are 0.03 s and
0.31 s, respectively. Hence, if the system were to be extended to have
4 regions of different constant temperatures, the travel time between
the two end regions would be 0.96 s [=0.03 + (3 × 0.31)]. These rapid
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FIG. 4. The average static coefficient of
friction values (based on 15 readings
each) determined for slots (A) 2 and (B) 6
when speeds ranging from 0.016 rad/s to
1.72 rad/s were applied. High tilt speeds
tended to reduce the static coefficient of
friction values.

FIG. 5. The standard deviation in the
static coefficient of friction values (based
on 15 readings each) determined for
slots (A) 2 and (B) 6 when speeds
ranging from 0.016 rad/s to 1.72 rad/s
were applied. High tilt speeds tended to
reduce the static coefficient of friction
values.

FIG. 6. Box plots of the measurements in time taken by a capillary tube to move
from one region to another. They showed low levels of spread. The plots were
based on 15 measurements in each case.
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travel times demonstrate minimal time delays for samples in the capillary tubes to be subjected to the prescribed temperatures during the
thermal cycling process. Hence, the transfer of capillaries from one
region from another is both rapid and highly controllable (see Fig. 2,
Multimedia view).
The system performance is also validated by demonstrating
its ability to maintain stable temperatures at each individual slot
within the temperature regions where the capillary tubes are located.
The average temperatures (monitored over 30 min at 1 s intervals)
show deviations that do not exceed 0.05 ○ C from the controller settings of 94 ○ C (denaturing), 58 ○ C (annealing), and 72 ○ C (extension)
in all cases tested (see Table II). In order to query for transient
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TABLE II. Average temperature readings in ○ C (taken over 1800 s at 1 s intervals) obtained from four slots of regions I, II, and III in the heated platform. These
regions were programmed via the controller to maintain stable temperatures of 94 ○ C
(denaturing), 58 ○ C (annealing), and 72 ○ C (extension), respectively.

Region

Slot 1

Slot 2

Slot 3

Slot 4

I
II
III

93.95
57.96
71.94

93.95
57.95
71.95

93.95
57.95
71.95

93.95
57.96
71.95

temperature stability, it is necessary to derive the instantaneous
temperature variation from the average temperature T ave using
ΔT(t) = T(t) − Tave .

(6)

The plots of these in Fig. 7 indicate the presence of fluctuations,
albeit they are limited to within 0.4 ○ C of the average value. These
results indicate strong ability for the samples to be kept at the prescribed temperatures during the thermal cycling process. This stability is due primarily to the thermal inertia of metallic material that
houses the heaters and capillary tubes in the respective regions. It
has been found that these stabilized temperatures can be attained
from room temperature within 10 min of operation when 30 W of
power is delivered via the heaters. From there, only 5 W of power

scitation.org/journal/rsi

is typically needed to maintain the set temperatures. This contrasts
with 750 W of power that typically needs to be constantly delivered
in standard thermal block instrumentation. It is conceivable that
induction type heaters may reduce this power expenditure further.35
Images of the DNA samples were examined before and after
thermal cycling with the setup. Images in Figs. 8(a) and 8(b) clearly
show increased brightness with the latter, which indicate significant
DNA amplification after 30 PCR cycles. When line profiles of the
intensities separated into the red, green, and blue color components
were examined [see Figs. 9(a) and 9(b)], it was observed that the
blue component does not have a contributing role. When the green
component alone is used, and the maximum intensities from replicate samples are compared [see Fig. 9(c)], the average value after the
thermal cycling showed a twofold increase in color intensity over
background signals. The coefficient of variation was limited to 6%.
These values indicate good reproducibility for DNA amplification
using this setup. It is envisaged that the approach can amplify different types of DNA samples optimally following comprehensive
testing exercises conducted.
The graph in Fig. 10 shows the fluorescent intensities recorded
against PCR samples with varied DNA concentrations subjected to
30 thermal cycles with the setup. In the plot, the intensity values
have been adjusted to utilize the average readings of the negative
sample as the background emission. As expected, the fluorescence
intensity rose with increasing template DNA concentration. At
0.5 pg/μl (equivalent to 1.16 × 106 DNA copies/μl), the fluorescence

FIG. 7. Plots of the differences in temperatures monitored with time relative to their averages (see Table II) obtained at two of the slots (1 and 4) and in regions I, II, and III in
the platform.
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FIG. 8. Images of the fluorescence intensity of PCRs in capillary tubes (a) before
and (b) after thermal cycling with the setup when viewed through a transilluminator. The samples after thermal cycling were clearly brighter, indicating DNA
amplification.

signal intensity was significant and consistent, indicating that such
low DNA concentrations could be detected above the background
emission using this method.
In recent years, isothermal PCR amplification methods, for
example, loop-mediated isothermal amplification (LAMP), recombinase polymerase amplification (RPA), and rolling circle amplification (RCA), have found increasing interest in a wide variety of
molecular diagnostic applications especially in low-resource laboratory and in-field settings, standard PCR with its thermal cyclemediated amplification currently remains the gold standard method
by virtue of its first-to-market advantage, simple and well-supported
reagent supply chain as well as easy access to software tools for
primer design. Isothermal amplification assays are considered more
challenging and complex due to specific intrinsic requirements of
the methods. For example, LAMP requires the use of 6 or more
primers, increasing the complexity for primer design while RPA
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FIG. 10. Graph indicating the fluorescent intensity values obtained from the PCR
samples prepared with varied DNA concentration in the capillary tubes and then
subjected to thermal cycling using the setup.

requires additional enzymes, polyethylene glycol, and a host of other
additives compared with standard PCR. In addition, many basic
PCR and quantitative PCR processes can be performed license-free,
while the newer and faster isothermal methods currently cannot be
used with the same freedom due to intellectual property restrictions.
The method described in this work allows standard PCR to be performed without the need for sophisticated and expensive laboratory
equipment. It may be viewed as one that combines the benefits of
standard PCR with that of isothermal amplification assays. First, it
eliminates the requirement for expensive thermal cyclers and hence
is particularly useful in low resource laboratory settings. In addition, the whole amplification procedure took only 12 min 33 s to
complete for 30 thermal cycles, and this is comparable with the
speed of isothermal amplification methods like LAMP, which generally requires 10 min–30 min to complete, while conventional PCR
would typically require 90 min for the same number of amplification
cycles. Finally, the open design of the thermal cycling setup allows a

FIG. 9. Intensity profiles of the red,
green, and blue components taken from
the PCR samples (a) before and (b) after
thermal cycling [based on the dashed
line sections indicated in Figs. 8(a) and
8(b), respectively]. The fluorescent signals are heightened for red and green
components but not for the blue color
component. Box plots of the maximum
intensities (c) of the green color component alone (based on 6 replicate samples) show significant increases in values after as opposed to before thermal cycling. Both distributions exhibit low
spreads.
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visible increase in fluorescence intensity to be seen with the naked
eye without the need for complex optics as with qPCR.
V. CONCLUSIONS
This work presented a thermal cycling method whereby PCRs
are held in capillary tubes that are subjected to programmed tilt
displacements so that they are moved in sync using gravity over
three spatial regions maintained at different constant temperatures
to allow DNA denaturation, annealing, and extension steps to occur.
When actuated at slow speeds, static coefficient of friction values
ranging between 0.44 and 1.72 were observed. When the platform
was rotated at speeds of 0.016 rad/s and 1.72 rad/s, a 30% reduction
in the observed static coefficient of friction values is in harmony with
the expected reduction in shear stress rate. At speeds in excess of 0.2
rad/s, the standard deviation of the static coefficient of friction values was below 0.03, indicating that the capillary tubes commenced
travel almost at the same time. The travel time during the acceleration phase and under constant velocity from adjacent regions was
0.03 s and 0.31 s, respectively, showing rapid transfer. The deviations in temperature did not exceed 0.05 ○ C from the average under
the denaturing, annealing, and extension programmed temperatures
applied. The DNA amplification fluorescence signal was found to
increase twofold after 30 thermal cycles was applied and 1.16 × 106
DNA copies/μl could be detected.
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