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Abstract. Point of care molecular diagnostics is a very promising field with an expected exponential 
demanding grow in the next years, but nowadays with very few successful cases from the industrial point 
of view. Among the different issues to be properly solved, valve implementation into the lab-on-a-chip 
device still remains a challenge to be efficiently solved. In this work, photophoresis will be explored as a 
cheap and flexible alternative to overcome this problem.         
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1. Introduction 
 
1.1 Point of care  devices, a near future. 
 
A point of care (POC) system consists in an analytical device, available in primary care centres, 
and with a diagnose capability enough to provide to the doctor information for a better 
prescription. As an example we can think in low track respiratory infections (LTRI) diseases 
where patient symptoms are very similar (fever, cough) regardless of the type of infection (viral 
or bacteriological). Antibiotic prescription in that situation is a risk, and only effective in 
bacteriological infections. Even in that case, antibiotic prescription is not the optimal approach 
if we don’t now the pathogen strain since broad-spectrum antibiotics are less effective and 
create higher resistance responses. Having an analytical device capable of giving a response in 
terms of pathogen discrimination from a patient’s sample (sputum), would be a really useful 
tool for the doctor. Despite it’s an old concept, with patents filed since early 2000 [1] possible 
capabilities are not fully developed. 
A lot of private companies are working trying to develop POC systems [2], being the main issue 
to be solved (from an engineering point of view) the bioassay integration. It means to 
implement all the different biological steps (usually performed in a laboratory) required to 
obtain an analytical result from a patient’s sample (figure 1). This sub-device is usually named 
lab-on-a-chip (LOC) or sometimes cartridge. Its design is really challenging since a lot of 
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different disciplines converge on it (micro-mechanics, electronics, fluidics, optics) in a very 
small footprint. 
 
 
 

 
 

Figure 1. Lab-on-a-chip concept [3]. 
 
 
Depending on the assay complexity, different reagents or components will need to be stored in 
reservoirs and obviously isolated from each other meanwhile the LOC is not used (storage time). 
During the bioassay, a controlled access to them will be required. Miniature mechanical valves 
are probably the most straightforward approach, but unfortunately very difficult to integrate in 
terms of cost and size. Some companies offer proven and theoretically reliable fluidic LOC 
components but in that case IP (intellectual properties) needs to be considered and added to the 
total manufacturing cost. 
A different approach is the digital microfluidic concept [4], where we don’t need valves since 
we directly manipulate drops creating a high voltage field. Unfortunately its implementation is 
not realistic due to the complexity and cost. 
With this scenario, seems advisable to substitute or at least reduce the number of conventional 
valves inside the cartridge. Whit that purpose, photophoresis will be explored as an alternative.  
 
1.2 Using light to trap and manipulate micro-particles. 
 
Optical trapping and manipulating techniques are more than a curious phenomenon, being the 
optical tweezers probably the most known and relevant application. They can be used to exert 
forces in the order of pico-Newton and, therefore, manipulate molecules or small synthetic 
particles (beads) in the range of nanometres or few microns. In this case the radiative pressure 
(force due to change in momentum of light) is the responsible for the exerted forces. In a 
dielectric particle refraction and reflection occurs, being the first one a resulting force towards 
the focus and the second one a force in the opposite direction (�⃑�𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  and �⃑�𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  
respectively represented in figure 2) [5]. Due to that, the optical trap needs to be designed trying 
to maximize F refraction. Since light coming from the edges of the objective lenses contributes 
the most to the trapping forces, high numerical aperture objectives will be necessary to 
maximize refraction forces and minimize reflection forces. Another alternative is to use a dual-
beam design, where two objectives are faced to cancel the undesired reflection force.  
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Figure 2. Forces diagram acting in a dielectric sphere due to radiative pressure. 
 
 
According to the previous description, trapping or manipulating techniques based in radiative 
pressure are not a realistic option form the industrial point of view if our goal is to implement a 
low cost system. Expensive setups are required, since this techniques needs from good inverted 
microscopes with high numerical aperture objectives (water immersion preferably), spatial light 
modulators (if displacements or complex patterns are required for the application) and all the 
associated mechanical/optic arrangement. Precise alignment and very stable conditions are also 
strong requirements. Even with the proper setup, trapping the particle becomes initially a 
manual process if the bead is allowed to be in different Z planes (non-proper focal condition 
will push the target away from the focal point).  
 
In order to manipulate particle’s with light, another interesting effect is thermophoresis induced 
by a light field, also named photophoresis. Introduced in 1882 by John Tyndall and mostly 
studied in gases, photophoresis is based in the temperature gradient created in a particle due to 
light radiation in a non-uniform way. In figure 3, radiation coming from left side creates a 
temperature increment (T2>T1) and gas molecules close to that surface, leaves the particle at 
faster velocities. To conserve momentum the particle has to balance this mismatch and is 
accelerated away from the light source [6]. 
 
 

 
Figure 3. Principle of thermophoresis [6]. 
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Mass flow rate of a particle in air or liquid environment, driven by the application of a non-
uniform temperature field can be expressed as (1): 
 

𝐽𝑚= −𝜌𝜌∇𝑐−𝜌𝜌𝑇𝑟(1−𝑟)∇𝑇    (1) 
 
where 𝜌 is the fluid density, D the diffusion coefficient, 𝐷𝑇 the thermal diffusion coefficient, 
and c the particle concentration in terms of mass fraction. The first term on the right hand side is 
the Fick diffusion law, while the second term describes the migration due to the thermal 
gradient [7]. In a stationary state the mass flux vanishes (𝐽𝑚=0) and the ratio between diffusion 
and thermal diffusion (Soret coefficient) can be described as (2) [8]: 
  

                        𝑆𝑇  ≡  𝜌𝑇
𝜌

=  −  ∇𝑐
𝑟(1−𝑟)∇𝑇

       (2) 
 
In general the thermal diffusion coefficient  𝐷𝑇 is a function of temperature and concentration, 
which complicates the description of thermophoresis in liquids and due to that, no satisfactory 
fully formulation is still achieved. Hence, thermophoresis remains an area of active research, 
both on a theoretical and practical level.  
Photophoresis is applied in industry for the separation of large molecules (or small particles) 
from their solvent in a thermal field flow fractioning process, being a miniaturized version the 
micro-scale thermophoresis used to quantify bio-molecular interactions [9] as depicted in figure 
4 taking advantage of the previously described Soret effect. 
 
 
 

 
Figure 4. Industrial capillary photophoresis application from Nanotemper-technologies [9]. 
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Instead of diffuse, our goal is to trap or stop particles in fluid channels. In that sense, several 
experimental attempts have been conducted by different research groups. Using carbon particles 
with 20𝜇𝜇 in diameter and water as a solvent, forces in the order of 10pN are exerted with light 
intensities around 10𝜇𝜇/𝜇𝜇2 [10]. With ink particles (50𝜇𝜇 diameter) in air, forces around 
10nN using light intensities of 100𝜇𝜇/𝜇𝜇2  are achieved [11]. This high dispersion in the 
obtained results shows the variability due to the media (gas or liquid) and the particle 
characteristics (diameter, absorbance, thermal conductivity, etc.). In the previous experiments it 
is not easy to isolate the contribution of the photophoresis force over the sample from the other 
forces such as radiation pressure and gravity. In order to discriminate the photophoresis effect 
from radiation pressure, in [12] the media is customized in such a way its refractive index 
matches the one of the particles. In that experiment, 200pN are exerted using 200𝜇𝜇/𝜇𝜇2 over 
a 3um PS beads (medium viscosity 60 times higher than water). 
 
Transverse intensity profiles of laser beams can play a very important role if we are trying to 
capture or manipulate particles creating virtual reservoirs. In that sense conical refraction, 
predicted by Hamilton as a theory in 1832 and based on the double refraction behaviour of 
biaxial materials [13], can be a very interesting approach. Taking advantage of this phenomenon, 
2D reservoirs could be created with the upper and lower walls of the fluidic device. Even 3D 
structures with very interesting functional characteristics (a whole volume with open / close 
capability) could be applied [14].  
 
 
 
 
 
 
 
 
 

 
 
 

Figure 5. Conical refraction experimental setup and cross section vault detail showing open/close 
capability, from A.Turpin et al. [14] 

 
 
2. Setup design and experimental analysis. 
 
2.1 Materials and methods. 
 
Next simplified schematic (figure 6) shows the setup used for the experiments. It is composed 
by a tunable in wavelength and power Ar laser adjusted at 530nm (0 to 1W power), a beam 
expander (L1 and L2), a cylindrical lens (L3) to focus the light in the desired axis and resulting 
in a beam of approximately 4mm x 50microns, a group of mirrors (M1,M2 and M3) to redirect 
the focused beam towards the fluidic system, a translational stage (T1) to adjust the fluidic 
device in the desired position respect to the laser beam and a vision system (magnifying lens, 
illumination and CCD) to observe and obtain images from the experiment. 
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                                       Figure 6. Optical breadboard configuration. 
 
 
 
The fluidic chip, built in PMMA (figures 6 and 7) is formed by several channels of different 
width (1, 1.5, 2 and 3mm) replicated in 200 microns and 600 microns depth. Each one with an 
inlet for a pipette tip and one outlet with a small reservoir built on it. 
The particles, provided by Cospheric [14], are glass hollow 63-75 microns diameter in size and 
with Ag coating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 7. Fluidic chip schematic. Channel cross-section & laser beam orientation. 
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2.2 Results. 
 
During the first experiments and trying to visualize particles inside the respective channels, we 
obtained images sowing a clear tendency of the beads to stay at the same focal plane, indicating 
that most of them are situated at the top part of the micro-channels due to its floatability 
(particles are hollow and so with a lower density compared with water). That’s an important 
drawback since a non-expected force counteracting with the photophoresis force, i.e, the friction 
between beads and upper wall channels, will be present and obviously distorting the experiment. 
In fact laser beam shows no interaction with particles (particle position change) probably 
because the drag force due to the photophoresis effect is smaller compared with the friction 
force. 
 
 

 
 

Figure 8. Experimental set-up, with the Ar laser light shining the breadboard. 
 
 
To overcome this issue, next experiments were conducted in the corresponding reservoir where 
no upper wall is present. In a first stage, several images are taken at 30 seconds time difference 
and  later compared to discard random bead movement (beads positions remains unchanged). In 
the second part of the experiment (immediately after), the reservoir is swept with the focused 
laser beam from end to end. Figure 8 (a and b) shows respectively the beads before and after the 
swept, indicating a clear beam to particles interaction (bead displacement). 
 
 

 
Figure 8(a) Initial bead distribution                            Figure 8(b) Final bead distribution.                  
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To properly distinguish bead movement, initial images (8a and 8b) are processed using ImageJ 
[15]. Dust or other types of particles common in both images are eliminated. Initial and final 
bead positions are merged in the same picture (figure 9). 
Particle aggregations with significant different sizes can be easily identified and tracked 
demonstrating the photophoresis interaction.  
 
 

 
 
Figure 9. Final image showing initial and final bead positions. 
 
 
 
3. Conclusions and future work. 
 
 
The photophoresis effect has been observed during the conducted work of this thesis, but two 
main issues need to be solved to keep going with future experiments. Since beads are hollow 
(bead density <<fluid density), a force against upper channel wall is experimented. To 
counteract this component, bead density needs to match with fluid density. A second major 
problem which hinders the experiments is the bead aggregation (see figure 9). Both drawbacks 
needs to be solved working together with bead manufacturers [14]. Overcoming these two 
issues, future experiments can be conducted in the channels and a controlled flow could be 
applied to quantify the exerted force over a single particle according to (3) [10]:  
 
 
 

𝐹𝑑𝑟𝑟𝑑 = 6𝜋𝜌𝜋𝜋              (3) 
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Being  𝐹𝑑𝑟𝑟𝑑 the resistance force of the particle against the liquid, 𝜌 the liquid viscosity, 𝜋 the 
particle’s radius and 𝜋 the flow liquid velocity. Increasing 𝜋  of a stopped particle until it is 
released from laser beam, maximum exerted force over the particle can be directly calculated. 
Very low flow rates will need to be generated if low retention forces want to be observed. For 
tens of picoNewtons in a 50 microns diameter particle and with a channel section of one square 
millimetre the necessary fluid velocity is only  6𝜇𝜇/𝜇𝑚𝑚 . 
To generate those very low and continuous flow rates, pumping system needs to be carefully 
chosen (if membrane or peristaltic pumps are used, a post processing flow system needs to be 
implemented to avoid pressure ripple). 
Since particle coating plays a key role regarding the exerted photophoresis force over it, with 
this new setup and being able to quantify forces, test other coating materials (maximizing laser 
absorption and thermal impedance) can lead to much higher exerted forces.  
With all this improvements and adding the conical refraction concept (see 1.2 section) virtual 
reservoirs (different sizes and positions) for the particles can be created, leading to a really 
flexible and reconfigurable Lab-on-a-chip system. 
Final step would be devoted to link between the particle manipulation and the corresponding 
biology aspect. For that, particle functionalization is a key issue. Experiments should be 
conducted to ensure the proper bead to the linker molecule attachment under the photophoresis 
situation. Since a 530nm laser is used, no energy absorption will be produced from the analyte 
(protein or DNA), the linker molecule nor the media (see figure 10) [16]. Only the temperature 
increment in the particle due to the photophoresis effect could disrupt the attachment between 
the particle itself and the linker molecule. A particular case could be when analyte is 
haemoglobin. In that case, a laser wavelength between 800nm and 1000nm is recommended. 
 
 
 
 

 
     
      Figure 10. DNA, protein, Hb and water light absorption coefficient , from Tej B. Shrestha et al. [16] 
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