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ABSTRACT   

Optical communication and remote sensing (on the ground and in space) including astronomy requesting high-dynamic 
range observations are the next frontiers in high-bandwidth communication and civil space surveillance technologies. 
Each requires very precise glass mirror technology, which has not kept pace with corresponding optical and infrared 
sensor advances. Consequently communication and remote sensing systems are currently limited by the cost and 
manufacturing restrictions of their high-quality optics. We are developing a new and interdisciplinary technology for 
creating extremely lightweight diffraction-limited meta-material-based optical systems with exceptional optical quality 
spectacularly lower cost and production time — Live-Mirror. Our interdisciplinary approach creates next-generation 
large mirrors using Electro Active Polymer (EAP) actuators without classical glass abrasive polishing.  This technology 
may enable much larger high-quality optical mirror systems for ground- and space-based astronomy and communications 
telescopes. Notably a dedicated high angular resolution and high-contrast telescope concept – The Exo-Life Finder 
(ELF) Telescope – as will be described here.  

Keywords: Optical Design, Optical Fabrication, Optical-Hybrid-Materials, 3D Printing, Additive Fabrication, Organic 
Optics. 
 

1. INTRODUCTION  
The constantly increasing scientific need for imaging the Earth from space and near-earth or near-stellar environments 
pushes remote sensing optical systems requirements towards achieving ever higher angular resolution and higher 
dynamic range than most current optical systems are capable. Noticeably the goals of a “blue-sky” science like 
astronomy and growing societal needs for efficient communication and space surveillance largely overlap and require 
very precise glass mirror technology.  In consequence we are developing a new and interdisciplinary technology 
breaking cost, areal density, stiffness, and surface smoothness limits with additive and non-abrasive new manufacturing: 
Live-Mirror.  

The novelty is to replace classical rigid and heavy optical mirrors with “live” and light dynamic optoelectronic systems 
consisting of a thin optical fire-polished glass sheet actively “live” supported by many-degree-of-freedom force-
actuators/sensors integrated and miniaturized via additive manufacturing and 3D printing. The breakthroughs targeted by 
this new technology are: 1) significantly lower areal mass density of optical mirrors (x7), 2) significantly improved 
surface roughness and lower scattered light (x10), and 3) significantly shorten production time and lower cost (x15). 
These achievements, for many applications, will supersede conventional subtractive abrasive polishing mirror 
technologies, realizing highly accurate optical surfaces with high smoothness and without expensive abrasive polishing.  
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2. KEY TECHNOLOGY CONCEPTS  
The Live-Mirror concept is scientifically and technologically feasible through interdisciplinary collaboration distributed 
amongst key new technology bricks as following presented: (2.1) a new deterministic non-contact glass slumping 
technique from commercial fire-polished thin glass; (2.2) a new hybrid 3D-printed active mirror shape control system 
with accurate force/sensor optically calibrated. 

2.1 Deterministic Non-Contact Glass Slumping and Aspheric Shape Determination 

A thin plate, or thin glass substrate, sags due to gravity with a 2D shape determined by the Kirchhoff-Love (K-L) bi-
harmonic equation,    

∇2∇2 z(x,y) = k P(x,y)  (1) 

where z(x,y) represents the surface shape deformation, P(x,y) is the local pressure on the plate (glass), and k=12(1-ν)/Yt3 
is a constant computed from the plate material Poisson ratio ν, Y is Young’s modulus, and plate thickness t. Since the 
Young’s modulus of a glass plate (Y) is strongly temperature dependent near the melting point it is possible to generate 
a proscribed slumped surface shape by adjusting the effective pressure P(x,y) when supporting the glass plate on a 
pressurized volume in a carefully temperature-controlled furnace. By then pressurizing the glass from below with neutral 
force we will demonstrate that an accurate on- or off-axis aspheric surface can be generated without ever contacting the 
glass surface e.g. zero polishing mirror or a “deterministic non-contact glass slumping” (DNCGS) (2014 Kuhn et als US 
Patent)[1]. 

The novel aspect here is the use of “float” glass1 and the zero-polishing slumping (without an abrasive polishing), 
procedure which preserves the excellent optical quality of a “fire polished” glass. The fire polished micro roughness 
could be as good as 0.4nm RMS. Recall this only affects the diffuse scattered light. Note though that the micro 
roughness is really a “bonus” and fire polished micro roughness, as measured interferometrically (Fig.1), can be much 
better than conventional ground mirrors (10x less scattered light). 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Fire-Polished Glass micro roughness, as measured interferometrically, can be much better than conventional 
ground-polished mirrors (10x less scattered light). 

                                                
1 “Float” glass is a sheet of glass made by floating molten glass on a bed of molten metal, typically tin. This method gives the sheet uniform thickness and very flat surfaces. Most float glass is soda-
lime glass (raw materials, typically sand, sodium carbonate, dolomite, limestone and sodium sulfate).     
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The technique effectively uses the temperature dependent Young’s modulus of the glass and external forces (gas 
pressure) to control the right-hand-side of K-L equation (1). The original smooth fire-polished surface is preserved 
because the only contact with the glass is the outer boundary. In lab experiments Fig.2 shows one example of 6mm thick, 
400mm diameter DNCGS float glass plate and its profilometry demonstrating its shape and errors. Most of the residual 
structure in this shape error has an asymmetric large spatial scale that originates from errors in the glass boundary shape 
we used (c.f. Fig 2D), and temperature non-uniformity in the commercial furnace. Spatial power spectral analysis of the 
residual shape support this conclusion in that the surface error power spectral density drops by two orders of magnitude 
from 10cm to 2cm transverse scales. At the moment we are developing a custom controlled furnace that eliminates large-
scale errors with more precise boundary support and a gas circulation system to maintain a more uniform glass 
temperature to test the fundamental limits of the new technique. 

 

Figure 2 – The parabolic test DNCGS blank 6mm thick, 400mm diameter and 2000m radius of curvature. Item (A) shows 
the blank on horizontal rest position and (B) shows on the vertical rest position. The “bipod-system” showed is used as 
the blank holder. (C) Shows the profilometry test of surface shape and (D) the residual shape error after removing the 
parabola. The rms of the residual is 0.10mm. 

 

2.2 Hybrid 3D-printed active mirror shape control system 

Nevertheless the K-L equation with suitable boundary conditions generally yields accurate solutions for small 
perturbative forces from small surface deformations (Arnold et al. 2003)[2]. In a closed-loop application a structure with 
independent knowledge of the surface shape can be “deformed” with a derived function of local pressure on the plate 
P(x,y) to iteratively null the deformation. Thus, small surface shape errors can be eliminated in the presence of imposed 
external deformation forces. This artificial stiffness (the fixed dynamic shape under external forces) is limited by errors 
in the surface metrology and the fidelity and stability of the applied forces P(x,y) that are required to recover z=0. Since 
the active surface stiffness depends on much more than the material plate thickness and Young’s modulus (as it does for 
a simple static plate), it is possible to create a hybrid material that has less areal density than the corresponding classical 
static material plate (depending on the mass of the hybrid components). 

Figure 3(A) illustrates schematically a building-block structural element of a hybrid material proposed. Each actuator 
maintains a vertical force. The static force distribution is given by P(x,y) × da, where da is the area of the hybrid 
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element, which is also the mean area associated with each actuator. The function P(x,y) then determines the surface 
shape, z(x,y) according to K-L equation. We note that the dynamic shape is independent of the deformation of the lower 
surface of the hybrid structure: the reaction surface need only be electronically-stiff enough to accommodate the 
displacement range of the actuators that are pushing/pulling with equal and opposite forces against the two plates. This 
particular sensor-actuator geometry assumes only vertical external force components with assumed lateral material 
stiffness of the actuators Fig. 3(B). The sensor-actuator system will be comprised of printed electroactive polymers 
(EAP), interspersed with control electrode layers, which in the case of the actuator will be used to induce controllable 
contraction and/or expansion through application of an electric field through the thickness of the polymer layer. 
Electroactive polymers were chosen and optimized, as they are able to hold their induced displacement while under an 
applied DC electric field. 

 
Figure 3 – (A) Warpable Surfaces - A design for the hybrid structure Live-Mirror a sandwich of warpable surfaces 

separated by a lattice of variable force EAP actuators in series with force EAP sensors. The upper surface (DNCGS) is 
called the control surface and the lower surface is the reaction surface. The static force of each force EAP sensors is 
controllable and determined by independent metrology of the top surface shape. (B) 3DP-Monopod - This particular 
sensor-actuator geometry assumes preliminarily only vertical external force components with assumed lateral material 
stiffness of the actuators. (C) Section AA’ - The ½ meter Live-Mirror prototype using the additive manufacturing via 
3D Printing technology is in development to fulfill the miniaturized requirements: each individual sensor-actuator 
system must fit into a circle of less than 5 cm diameter. 
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We also note that the starting DNCGS surface Fig. 2 and Fig. 3(C) must be close enough to the final parabolic shape, so 
that the dynamic range of the actuator and metrology system can correct the shape error with an imposed actuator force 
distribution P(x,y). An example numerical solution to the bi-harmonic equation (1) where a point-force approximation to 
P(x,y) is applied to remove intrinsic float-glass surface non-flatness errors is illustrated in Fig.4. 

 

Figure 4 - Simulations of the K-L control algorithm applied to an initially deformed mirror (A). A preliminary result of K- 
L point forces (25 push and pull points) applied as indicated in (C) is showed in (B). More than an order of magnitude 
reduces RMS shape error. 

We are investigating a range of static and dynamic limits for a given areal mass density and useful surface shapes. Our 
goal is to achieve a diffraction limit aspheric surface with a net areal mass density < 50 kg/m2. One meter-square of 
optical surface area will require about 100 force-sensors points, i.e. each individual EAP sensor-actuator system must fit 
into a circle of less than 5cm in diameter, and for a load of ≈ 1N (local section of glass sheet with net areal mass density 
< 50 kg/m2) produce a goal strain/displacement (zz = gravity direction) ≈10µm. Additive manufacturing via 3D-Printing 
technology is in developing to fulfill the hybrid mirror miniaturization. We consider two main approaches to EAPs 
optimizations: Hybrid and Multilayered EAPs.  

 

2.2.1 Hybrid EAPs Approach: An all-organic composite based on poly (vinylidene fluoride-trifluoroethylene-
chlorofluoro-ethylene) material namely terpolymer (P(VDF-TrFE-CFE)) was doped with Di-isononyl-phthalate: 
C(26)H(42)O(4)  (DINP) synthesizing a plasticized terpolymer EAP. A proof of concept set-up was realized on bench 
making use of a pure terpolymer TP2f single layer of 222µm thick film both-side-coated with gold as shown in 
Fig.5(A1). A small weight M simulates the sheet-section of float glass on the EAP actuator. Vertical displacements were 
measured making use of a laser sensor.  The Fig.5(A2) shows the several displacements D[mm] versus time (M=41g) for 
the electromechanical DC field couplings (from 15 to 35V/µm) on the TP2f single layer.  

Meanwhile a doped (10% DINP) terpolymer (TP2f + 10%DINP)(201µm thick) the displacement (M=41g) is improved 
about 5 times, Fig.5(A3). As a qualitative demonstration of the actuation’s enhancement, a 70µm thick P(VDF-TrFE-
CFE) composites and pure terpolymer (TP2f) are depicted in Fig.5(A4): The large displacement of the doped terpolymer 
(a-3) and a very small displacement of the pure terpolymer (b-2) are reported for a low electric field of 20V/µm, (Capsal 
et als, 2014)[3]. The DINP molecules act as a plasticizer that leads to large dipolar interfacial effects. This chemical 
modification allows the increase of the electrostrictive strain and simultaneously the increase of the mechanical energy 
density. Such approach permits the uses of the exceptional properties of the plasticized terpolymer for an electric field 
nearly 5 times lower, (Capsal et al, 2015)[4][5][6] and Capsal (US Patent)[7]. 

 

2.2.2 Multilayered EAPs Approach: As showed in Fig.5(B1) in the case of pure terpolymer the compression was of 
3µm for an electric field of 20V/ µm. When the terpolymer is doped (10% DINP) the compression is improved to 35µm 
for an electric field of 20V/µm, Fig5(B2). The multilayered EAPs permit optimized mechanical performance with low 
voltage supply on EAP’s material, as demonstrated in Fig. 5(B3)(B4) for E=10V/µm a ten layers pack would produce 
D≈11µm. 

These hybrid and multilayered EAP terpolymers complementary approaches are examples of mitigation-development 
towards the optimized EAP actuator-sensor compliant with the multi-EAPs miniaturization under low voltage. 
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Figure 5 – Optimizations have been done on samples of realtor ferroelectric terpolymer EAP optimized for very high 
electro-striation, high mechanical energy, low electric field and high sensitivity.  

3. HYBRID DYNAMIC STRUCTURES 

The electric-field-induced strain along the thickness (longitudinal) direction (S33) is a function of the applied electrostatic 
electrical field (E3): 

S33 α (ε0 εr / Y) × E3
2,                                                                                   (2) 

where ε0 and εr are respectively the vacuum and the  relative permittivity2 and Y is the Young’s modulus  of  sample.  Considering the 
promising  first  results (sec. 2) a newly multilayered  plasticized  terpolymer + 10% DINP  (TP4D10) proof of concept  actuator has 
been developed in lab (Figure 6). The multi-layered pure and plasticized (doped) terpolymer dielectric permittivity is presented in 
Figure 7. One should note that the doped with plasticizer (Diisononyl-phthalate: DINP) design[8] results in outstanding 

                                                
2 εr is the ability of a material  to interact with an electric field E and become polarized. 
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electromechanical coupling properties with the improvement (≈ one order of magnitude) of relative permittivity  (εr) and so the strain 
response S33 as well as the mechanical energy density of terpolymer. 

 

 

Figure 6 - A  multilayered   plasticized  terpolymer +10% DINP (TP4D10) proof of concept actuator.  

Figure 7: (A) Dielectric permittivity versus frequency of the pure and plasticized terpolymers with single and six layers. (B) 
Dielectric constant versus frequency of terpolymer +10% DINP with multilayered design from 1 to 6 layers. 

Based on precedents results we prepared a sandwich of two blank of glasses 3mm thick and four actuators, i.e. a 
terpolymer + 10% DINP (13 layers of 180µm thick each and a diameter of 20mm) distributed in a square geometry 
(Fig.8(A)). Sample was measured interferometrically (Fig.8 (B)) and compared with simulations and modeling 
(COMSOL Multiphysics® 3) based on Debye-Langevin formalism [9] (Fig. 8(C)(D)). In the end the plasticized fluorinated 
ferro-relaxor polymer is the most efficient polymer for this application. In conclusion from Figure 8 results come out that 
the multilayered plasticized terpolymer actuator (TP4D10) produces sufficient energy density to bend few mm thick 
glass blanks (3mm) at 10V/µm electric filed and complies with the correction of small scale glass roughness on 1-20cm 

                                                
3 COMSOL Multiphysics® is a trademark of COMSOL AB. 
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scale as predicted by our simulations of the K-L (1) control algorithm in Section 2.2 and Fig.4. The in-lab development 
to optimize electro active terpolymer force actuators and sensors systems in a sandwich of DNCGS glass surfaces 
creating a novel hybrid meta-material with superior stiffness-to-density ratio properties will be validate with the 3D-
Printed hundreds of terpolymers on the back of the glass sheets. We started already to customize a 3D-printer (Fig.9) to 
print TD4D10 terpolymers. The results are very preliminary and will be presented in a further publication.  

 

 

Figure 9: The very preliminary in lab 3D printing of TD4D10 terpolymers on the back of the glass sheets. 

 

4. HIGH AMBITIONS FOR THE LIVE-MIRROR TECHNOLOGY 

The technological and scientific ambitions of this new approach are high and extend beyond conventional active or 
deformable mirror technologies. This work will make feasible a new class of large optics systems and commonplace 
mid-scale optics. We note that the technology for creating precise glass mirrors for optical communication and remote-
sensing optics has lagged the optical and infrared photonics sensor technology advances. Consequently many optical 
systems are often limited by the cost and manufacturing limitations of their optics. Through Live-Mirror work program 
we are developing techniques that can significantly advance our ability to create large and very precise optical surfaces.  

The targeted extremely smooth optical surfaces if (never abrasively polished) has excellent light scatter properties and, 
when combined with our new DNCGS and 3D printed hybrid metamaterial active-live shape control over length-scales 
of a few centimeters to meters, can be used to make extremely light-weight diffraction-limited mirrors – Live-Mirror. 
Using thin commercial “float” glass (window glasses) as a start and avoiding abrasive polishing will allow for 
unprecedented faster and lower cost production of very precise and high quality optical mirrors with the potential for 
new remote sensing capabilities from the ground and from space. Our long-term vision for the new technology is based 
on the capability of mass-production of high quality mirrors for optical systems with applications in: space surveillance 
(of both Earth and near-Earth environment), for security and resources; wireless optical communication systems (UV and 
free-space systems); and when combined with our new developed fast and efficient co-phasing technique would produce: 
hyper-aperture multi-mirror structures (ground and space based); geo-engineering (space mirrors);  and astronomical 
systems. 

Notably the constantly increasing of scientific need for imaging the Earth from space and near-earth or near-stellar 
environments pushes optical system (telescope) requirements towards achieving ever higher angular resolution and 
higher dynamic range than most current optical telescopes are capable of! The practical limit on the angular resolution of 
optical/infrared telescopes is set by our ability to achieve a stable opto-mechanical structure of sufficiently large area 
(Kuhn, Moretto, Racine and Roddier, 2002)[10] (Moretto et als, 2014[11]).  
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The demand for exoplanetary studies clearly justifies a dedicated, “few-arcsecond” field-of-view optical instrument 
capable of high-contrast direct imaging (Berdyugina et al, 2018)[12]. In such way we propose a hybrid interferometeric 
telescope, the Exo-Life Finder (ELF)4, for discovering life on extrasolar planets within a decade. The ELF is optimized 
for imaging Earth-size planets and for acquiring their continuous reflected light curves. The main issues concerning such 
a challenging science cases are resolution & sensitivity.  Resolution would be guaranteed by an as large as possible 
diameter, which imposes a large number of segments, an optimized aperture configuration, and a mechanical structure to 
support it. Sensitivity is driving to a concept, which minimizes the light scattering: fire polished off-axis optical Live-
Mirror segments efficiently co-phased (Moretto et als, 2016[13]).   

 

Figure 10. The Exo-Life Finder telescope opto-mechanical configuration; the 16x5m off-axis parabola M1i should make 
use of Live-Mirror technology. 

 

                                                
4 Planets Foundation — https://www.planets.life. 

Proc. of SPIE Vol. 10926  109261X-9
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Apr 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 
 

 
 

In the seek to illustrate the direct application of Live-Mirror technology we present here the ELF baseline; an 
interferometer coherent sub-apertures beams and a single moving mass for the large diffraction-limited subapertures. The 
optical configuration proposed here has the effective angular resolution of a 30m telescope and the effective light 
gathering power of a 20m telescope. Figure 10 shows a scalable baseline design using 16 identical 5m in diameter off-
axis parabola (OAP) sub apertures (M1i; i=1...16) from a 33m in diameter parent optic P_M1, generated by Live-Mirror 
technology.  The 16xM1i prime-focus generated are independently corrected by each very small (115mm in diameter) 
identical off-axis ellipsoid secondary mirrors (M2i; i=1..16). Each OAE M2i is part of a parent M2 optic (P_M2) of 0.715m 
in diameter and produces a common focus (FP). The ELF opto-mechanical baseline configuration considers the 16x5m 
M1i sub-apertures mechanically arranged on a 28m in diameter rim resulting in a 16x115mm M2i on a 0.6m in diameter 
rim. Note that the small size of each identical M2i, are proposed as 16 distinct very fast and highly accurate adaptive 
optics systems working on each M1i (Live-Mirror) (Moretto et als, 2016[14]). In such a way a single moving mass for the 
large diffraction-limited sub-apertures need not be as stiff as current proposed for the Extremely Large Telescopes, if 
each subaperture comes from a common global parent parabolic optic shape (M1) and each independent subaperture 
secondary mirror (M2i) provides the required adaptive and active tip/tilt/phase control, as shown in Figure 10. 

5. SO FAR CONCLUSIONS  
This work shows the feasibility of terpolymer EAPs optimized for very high electro-striation, high mechanical energy, 
low electric field and high sensitivity yielding in a sufficiently large strain response to shape optical glass mirrors with 
shape changes of several microns and large deformation forces. In the future we want to use hybrid and multilayer doped 
terpolymers to make smart remote sensing systems. This pushes development towards optimized and miniaturized EAP 
actuator-sensors leading to a novel and revolutionary technology to control and produce very precise optical surfaces – 
Live-Mirror.   

The Live-Mirror technology will make feasible a new class of large optics systems and commonplace mid-scale optics 
breaking areal density, stiffness, and surface smoothness limits with additive (non-abrasive) 3D-printed new technology. 
Such a technology will be crucial to validate a new way to build and to make very large telescopes optimized for 
dynamic range and resolution performance – The Exo-Life Finder (ELF). 

In the end such a new Live-Mirror concept will violate the cost and mass scaling laws that make conventional optical 
large-aperture relatively expensive. It is notable that the astronomical community is currently building two large 
telescopes. The race to finish the "worlds largest astronomical telescope" is between the European Extremely Large 
Telescope (EELT) and the US/Japan driven Thirty Meter Telescope (TMT) projects. These concepts both use 
conventional segmented mirrors in the style of the Keck telescopes, and have fixed-mirror apertures of the 30m and 39m 
diameter. These are multi-billion Euros efforts whose costs are driven by their broad astronomical requirements.  A 
major part of these efforts mitigation resides on the optical mirrors fabrication!  

Optical mirrors for remote sensing depend on glass polishing technologies that are yet too expensive for optical systems 
exceeding 1m2. The finished cost for such optics are typically 150,000 €/m2.  For astronomical applications alone this 
industry will grow enormously during the next 5-10 years with the EELT and TMT requiring billions of Euro’s of glass 
mirror production capacity. These mirror production costs are associated with the precise optical surface requirements, 
and the corresponding technologies that are currently used for precisely grinding and shaping the concave surface of the 
final mirror surface. When billions Euros are needed to deliver a scientific instrument, it is a key driving force for using 
our intelligence and scientific excellence to mitigate such expensive technology – The purpose of the Live-Mirror new 
technology! 
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