
  

  

Abstract— Cells alter their shape and morphology and 

interact with their surrounding environment. Mechanical 

forces developed by cells to their surrounding environments 

are fundamental to many physiological processes, such as cell 

growth, division, migration, and apoptosis. In this paper, a 

novel optical moiré based biomechanol force sensor was 

developed for cell traction force mapping. We utilized 

coherent laser beams to illuminate periodic polymeric 

substrates where isolated cells were cultured. We 

demonstrated one-dimensional and two-dimensional traction 

force mapping via optical moiré for both cardiac myocytes 

and vascular smooth muscle cells. The magnification effect of 

the moiré fringe pattern permits a real time monitoring of the 

mechanical interaction between isolated cells and their 

underlying periodic polymeric structures. 

I. INTRODUCTION 

Cell contraction plays important roles in vascular diseases. 

Contraction forces exerted by cells play essential roles in 

fundamental physiological processes such as cell growth, 

division, migration, and apoptosis. Abnormal contraction 

forces distribution is the earlier causes of vascular diseases 

including hypertention, atherosclerosis and myocardial 

infarction. 

Many of the previous approaches lack a satisfactory 

solution for cell force mapping since they require fixation and 

dehydration and induce undesirable external stimulation to the 

cells. Therefore such approaches can not render the cell force 

determination to reveal the contractile state of cells.  Recently, 

micro and nano patterned polymeric substrates have been 

introduced for measuring cell traction forces [1-6]. These 

methods introduce a local determination of the traction forces 

upon discretelized adhesion areas between the cells and their 

underlying polymeric substrates. These polymeric materials, 

such as polydimethylsiloxane and polyacrylamide, are 

biocompatible, and have low elastic modules, allowing for the 

cell traction force measurements on the order of nN or even 

smaller. In those techniques, the discrete displacement vectors 

are derived by tracking and monitoring deflections of each 

individual micro structure. However, these methods require 
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intensive computation and expertise to track and derive the 

displacement fields. Moreover, with fixed numerical aperture 

of the objective lens, the deflection or motion of individual 

sensing unit is often in the range of sub-micrometers. Tracking 

such deflection or motion of each individual high-density 

micro structure is time-consuming, and thus cannot meet the 

demands for real-time monitoring of cellular and subcellular 

behaviors. 

In this paper, we report the design, characterization and 

application of a convenient cell contractile forces mapping 

transducer that can be used to map cell contractility in whole 

field. This technique utilizes the diffracted moiré pattern from 

periodic polymer substrate to map the cell contractile state. 

The cells were cultured on patterned polymer substrate, with a 

reference layer mounted underneath; the diffracted moiré 

pattern reveals the variation of in-plane distortion caused by 

contractility change of the isolated living cell. With this 

system, we observed moiré patterns revealing vascular smooth 

muscle cell contraction regulated by contractile agonists. In 

this paper, we report the development of optical moiré sensing 

for single cell analysis and its capacity as a mapping 

transducer.     

. 

II. MATERIALS AND METHODS 

A. 1-D Optical Moiré mapping  

For in-plane cell contraction force mapping, we have 
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Fig. 1. Schematic illustration of optical moiré scheme for cell traction 

force mapping. (a) Configuration 1 for 1D force mapping. (b) 

Configuration 2 for 2D force mapping. 
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studied two configurations: 1) double-beam interference 

configuration [Fig.1(a)] and 2) double-periodic layer 

configuration [Fig.1(b)], for one-dimensional (1D) and 

two-dimensional (2D) contraction force mappings, 

respectively. These two configurations share the common 

feature that in-plane distortion caused by cell contraction 

forces on periodic substrates is magnified by moiré patterns. 

The strategy using Configure 1 to map contraction force is 

rationalized below. As illustrated in Fig.1 (a), two mutually 

collimated coherent electromagnetic waves are incident 

symmetrically at the periodic substrate consisting of arrays of 

vertical PDMS (polydimethylsiloxane) pillars. When the 

incidence angles of the two beams are detuned to be slightly 

smaller or larger than the first diffraction order angle, carrier 

interference fringes are introduced, i.e., given θx, the angle 

between diffracted orders and the normal of the periodic 

substrate,  λ the wavelength of the laser source and d the 

spatial periodicity of the periodic substrate, the interference 

intensity can be expressed as   

4 4
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It can be seen that for the symmetry of the two beams, 

wavefront deformation caused by the in-plane distortion of the 

periodic substrate is reserved, whereas the out-of-plane 

component caused by cell topography changes is of the same 

value and sign in both interfering beams at their interference 

location and, as a result, are eliminated by the interference of 

the two beams. Furthermore, when the orientation of the 

spatial periodicity of the substrate is not aligned in either X or 

Y directions, but instead with a denoted angle θx, the 

frequency vector of the periodicity in Fourier space of the 

diffraction pattern bears on the angle of incident beams and 

the periodicity of the substrate, namely 
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where dm and ϕ are the spatial period and orientation of the 

diffracted moiré fringes, respectively. α  is the angle between 

the two mutually coherent beams, d is the periodicity of the 

substrate which superimposes with the two beams. If we tune 

the angle of the beams to make the spatial period of the 

interference pattern be identical to that of the periodic 

substrate, and adjust the orientation of the periodic substrate 

to make a small angle with respect to the interference pattern, 

via Rayleigh approximation[7], Eq. (1) can be simplified as 

dm=d/ψÂ, where ψ denotes the angle between the periodic 

substrate and the interference pattern. It can be seen that the 

spatial period of the substrates has been magnified through the 

moiré patterns. After characterizing the spring constant of the 

periodic substrates, the contraction forces can be further 

mapped based on the deformation of the moiré patterns. Table 

listed the parameters for 1-D optical moiré interferometry, 

with wider intersection angle between the two beams, the 

interference pattern can be used to interact with periodic 

patterns with a periodicity of hundreds of nanometers.  

 

B. 2-D optical moiré mapping 

Configure 1 can be extended to Configure 2 by replacing 

the double beam interference by a two-dimensional periodic 

substrate. The coherent laser source produced collimated 

plane waves incident at the selected angle to the normal of the 

periodic substrate with cultured living cells, with the 

first-order diffracted beams being visualized through a 

camera. A second polymer substrate with a low aspect ratio 

and high rigidity was mounted parallel to the first one with the 

same periodicity. As illustrated in Figure 1(b), the moiré 

fringes are the interference fringes of the beams doubly 

diffracted from the two separate periodic substrates. In 

analogy to Configure 1, Eq. (1) can now be rewritten by 

replacing sinθ /λ by d0 which is the periodicity of the first 

substrate. The same magnification factor y can be obtained by 

detuning relative orientation between the two periodic 

substrates.Â 

 Upon registration of two polymeric periodic substrates, the 

distortion of the moiré pattern is proportional to the distortion 

of the specimen. We chose the polymeric periodic substrate of 

the same periodicity but with slightly different aspect ratio. 

This ensures that the periodicity of the moiré pattern is 

dependent on only two factors, the periodicity of the 

substrates and their relative orientation. For 2D moiré pattern, 

we mounted a second substrate consisting of periodic 

structures with aspect ratio of 1:3 parallel to the first substrate 

 
θ 

Angle of 

Intersection(θ) 
G 

Spatial period 

1/10,000 2/10,000 3.3mm 
1/1000 2/1000 0.31mm 
1/100 2/100 0.031mm 

1º 2 0.0181mm 
5º 10 3600nm 
20º 40 925nm 
40º 80 493nm 
60º 120 365nm 
80º 160 321nm 

Table Orientation and spatial period of moiré pattern for 1-D optical 

moiré mapping system 
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Fig.2. Magnification factor of optical 2D moiré mapping 

system. Data points represent experimental data; the curve is 

the theoretical prediction. 
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and controlled by a precision rotational stage [9]. The moiré 

pattern is theoretically invariance over the relative translation 

between two periodic substrates. By increasing the orientation 

of the second periodic substrate by an interval step of 0.1 

degrees, it can be seen that from both the experimental data 

and the theoretical curves (Fig.2) that the magnification factor 

decreases with the orientation of the periodic substrate, when 

the two periodic substrates have the same spatial period.  
The displacement resolution in the moiré technique is the 

tolerance within which a measurement is assumed to be 

reliable. In moiré fringe technique, what is most important is 

the relative accuracy of the fringe location, i.e., the relative 

standard deviation of finding the fringe location in a fringe 

period. In our study, the absolute standard deviation is highest 

for a fringe period of six pixels, while the relative standard 

deviation (dx/dm) to a fringe period is relatively constant for 

fringe periods of six pixels and higher. This algorithm can 

determine the fringe location to the accuracy 1/100 of a fringe 

order. Therefore the displacement resolution is determined to 

be r=1/100·dm/f, i.e.,1/100·d, where f is the magnification 

factor of the moiré fringes, dm is the periodicity of the moiré 

fringes, d is the periodicity of the pillar arrays. For the spatial 

periodicity of the micro pillar arrays (4µm) employed in our 

application, the uncertainty of the displacement calculation is 

about 40nm. However, if the periodicity of the micro pillar 

arrays is greater than 20µm. The moiré method does not 

provide higher accuracy over direct imaging method, which 

gives a resolution around 200nm. Thus, the displacement 

resolution employed in the moiré technique is mainly 

determined by the spatial periodicity of the PDMS micro 

pillar arrays. The smaller the spatial periodicity, the higher 

resolution it will provide.  
 

III. RESULTS AND DISCUSSION 

A. Verification of the magnification factor 

To verify the magnification effect of our optical moiré, we 

performed thermal heating experiments for verification of the 

magnification effect. The measurement was first performed to 

investigate the small deformation caused by thermal heating. 

Fig. 3 shows the moiré pattern generated from laser beams as 

reference gratings and periodic polymeric pillars with 

periodicity of 8 µm. With temperature changed from 298K to 

373K, moiré fringes with different periodicities were obtained 

as deformation is induced by thermal expansion of the 

polymeric substrate due to heating. (a), (b), (c), and (d) are 

moiré patterns generated at temperature of 298K, 323K, 

348K, 373K, with moiré fringes expanded at 15 µm, 25 µm, 

40 µm, 60 µm, respectively. The angle between periodic 

structure and interference patterns was chosen at 8 degrees. 

The expansion of moiré patterns were then used to structure 

such that thermal strain can be computed. The derive the 

expansion of the spatial period of polymer periodic 

corresponding CTE was calculated to be about 3%, which 

corresponds to literature values [8]. 

 

B. 2-D Traction Force Mapping on Vascular Smooth Muscle 

Cells Spreading 

To demonstrate using optical moiré pattern for traction 

force mapping, in this paper, we demonstrated cell traction 

force development during vascular smooth muscle cell 

(VSMC) spreading. Human Aortic smooth muscle cells 

(Ao184) were grown in Dulbecco’s modified Eagle’s medium 

(DMEM) with 10% fetal bovine serum. After trypinized, the 

Fig.5. Cell patterning and moiré pattern evolution.  
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Fig.4. Optical moiré integrated with on chip cell culture system  

Fig.3. Thermal heating experiment: Moiré pattern generated at a 

range of temperatures, the wavelength of the laser source is 581 nm. 

 

(a) (b) 

(c) (d) 

1182



  

cells were transferred to the PDMS periodic substrates (PPS). 

In order for the cells to establish focal adhesions on the 

substrate, the cells were kept in DMEM with serum media for 

24 hours before inspection. The PPS for cell culture was then 

brought and mounted on to the perfusion chamber and placed 

on the microscope stage. The experimental setup is detailed in 

Fig 4. The experiments were performed with the bioprocessor 

heated to 37+0.2ºC. First, the substrate cultured with VSMCs 

was focused by an inverted microscope. The second substrate 

was then raised close to the level of the first one. We observed 

that from around 300 mm, the contrast of the moiré fringes 

became clearly visible and the contrast increases as the gap 

between the two substrates decreases. In this study, 2D moiré 

pattern was recorded as the VSMCs were incubated in DMEM 

with 5% calf serum overnight. Fig. 5. shows the moiré pattern 

evolution as the cells were cultured on PPS and started to 

establish focal adhesion. Fig.5 (a), (d) and (g) are schematics 

of cell spreading after being seeded. Fig. 5 (b) is the initial 

state of moiré pattern immediately after cell being seeded. Fig. 

5(e) is the moiré pattern after 10 hours after the cell is 

cultured. As VSMCs spread out, the moiré pattern changed 

from regularly distributed to locally distorted and further 

resembled a natural centrifugal pattern, revealing the 

concentric profile of the traction forces developed on the 

substrate. In contrast, after changing the media to DMEM 

without serum and incubated the VSMCs on the PPS 

overnight, a relative shrinking of the moiré pattern was 

observed as shown in Fig.5 (h). As the upper and lower PPS 

were aligned at about 6°, the periodicity of the moiré pattern is 

measured to be 10 times larger than that of the periodicity of 

the PPS (4 mm). And the direction of the moiré pattern 

distortion is opposite to the direction of the PPS pattern 

profile. Therefore, by comparing the distorted moiré pattern 

with the undistorted moiré pattern, the relative distortion 

contour map of the moiré pattern can be derived and mapped 

as shown in Fig 5 (c),(f) and (i). The arrows show the relative 

magnitude and direction of the cell traction forces. Colors 

show the magnitude of the displacements. The derived force 

map and moiré patterns indicate consistency between moiré 

and the force evolution map. The moiré fringes evolution 

confirmed with that, by culturing cells in serum, the 

cytoskeleton increases its stress state in medium containing 

serum until it is fully stressed and spread out, whereas in the 

absence of serum, the distortion area in the moiré pattern 

decreases which corresponds to a decrease in the 

cell-substrate adhesion areas and the decrease in the 

cytoskeleton stress [8]. The force evolution on the VSMCs 

was clearly viewed, confirming that the traction force 

increases due to the increase in cytoskeleton tension 

dependent on serum, whereas in the absence of serum, cell 

contractility was low as the spreading of cell decreases due to 

the decrease of the cytoskeleton tension [9, 10]. 

 

CONCLUSION 

In summary, we reported an optical moiré approach for 

real time visualization of cell contraction force mapping. We 

developed a diffraction optical moiré system for both 1D and 

2D mapping of the contraction force based on double-beam 

interference or double-periodic layer configurations. We 

demonstrated that by characterizing the moiré patterns to the 

desired dimensions and orientations, the diffracted moiré 

patterns are capable of revealing real-time force evolution of 

living cells cultured on the patterned polymer substrates. The 

optical moiré system can be readily employed, paving the way 

for studying cell migration, morphology, motility and many 

other cell-substrate mechanical interactions on polymer 

substrates. Since moiré pattern automatically provides 

contour maps of displacements field, and moiré pattern 

operation can also be conveniently used to retrieve strain 

information, which requires neither the tracking/monitoring 

nor the visibility of each individual pillar, we anticipate that 

this method will increasingly find more applications in the 

polymer substrates for a variety of mechanics studies in living 

cells. 
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