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1. Introduction 

Within the human eye, the sharpest vision is located 15° temporal and 1.5° inferior to the 

optic nerve in a circular area called the fovea (Atchison, 2023). At the center of this pit-

like structure, with an approximate diameter of 1.5 mm, only cones are present. These 

cones are responsible for color vision and high visual acuity in daylight. Apart from the 

fovea, both rods and cones can be found (Kolb et al., 2020; Atchison, 2023). The light 

must first be refracted to bring the incident light into focus on this area and thus enable 

the eye to perceive the surroundings sharply. This is mainly done (≈ 42 D) by the fixed 

refractive power of the cornea (Atchison, 2023) but also by the variable refractive power 

of the crystalline lens (16- 20 D) (Chen, Tan and Chen, 2016). The latter is required for 

focusing at a close range of less than 6 m (Levin et al., 2011). The adjustment of the lens’s 

refractive power by the ciliary muscle, known as accommodation, is inversely related to 

the viewing distance. Similar to an electrocardiogram (ECG), the muscle emits a bioelec-

tric signal during contraction. These so-called “biopotentials” can be used as an input 

signal for an electronic control to adjust a tunable lens in an implant, a contact lens, or 

spectacles according to the wearer’s subjective refractive needs. 

Taken together, this work introduces a novel approach to quantifying the residual subjec-

tive amplitude of accommodation. In addition, it focuses on characterizing accommoda-

tion-related biopotentials using a contact lens electrode and an implant. Given the im-

plant’s exposure to the body’s harsh internal environment, appropriate encapsulation 

techniques must be addressed in accordance with the medical device regulations. Overall, 

this research lays the foundation for a new class of visual aids that use bioelectrical signals 

to adjust a tunable lens. 

1.1 Accommodation 

Accommodation refers to the eye’s ability to change its refractive power to focus on near 

objects (Atchison, 1995; Glasser, 2006). In primates, including humans, this change in 

dioptric power is primarily driven by contraction of the ciliary muscle, which reduces 

tension on the lens capsule (Glasser and Kaufman, 1999). Consequently, the lens’s cur-

vature increases (cf. Figure 1), leading to greater refractive power (Ciuffreda, 2006; 

Glasser, 2006). Since the mechanisms of accommodation, including its neural control and 
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structural components, are not yet fully understood (2025), ongoing research is conducted 

using animal models. These studies are based on the high anatomical similarity of the 

accommodative apparatus between humans and non-human primates, such as cynomol-

gus monkeys (Törnqvist, 1967; Glasser and Kaufman, 1999) or rhesus monkeys (Glasser 

and Kaufman, 1999; Qiao-Grider et al., 2007; Croft et al., 2013; Flügel-Koch et al., 2016; 

Lin et al., 2021). 

1.1.1 Theoretical Accommodation Control Mechanism 

Accommodation involves the coordinated action of the ciliary muscle, pupillary muscles, 

and extraocular muscles, a combination commonly referred to as the “near triad” (Myers 

and Stark, 1990; Charman, 2008; Levin et al., 2011). Although the neurological processes 

are simulated in theoretical models, they are still the subject of scientific debate today 

(Read et al., 2022). The difference between the perceived actual value and the required 

refraction (target value), referred to as defocus, is the neural trigger of accommodation 

and thus the control deviation in the negative feedback loop (Toates, 1972; Ciuffreda, 

2006; Read et al., 2022). From the perception of the defocus to the contraction of the 

ciliary muscle, approximately 0.3 - 0.4 seconds elapse (Campbell and Westheimer, 1960; 

Morgan, 1968; Myers and Stark, 1990; Heron, Charman and Schor, 2001), regardless of 

age (Heron, Charman and Schor, 2001). Defocus is detected using cues derived from the 

retinal image, particularly the blur induced by chromatic aberration (Fincham, 1951, 

1953; Seidemann and Schaeffel, 2002; Stark et al., 2002; Ciuffreda, 2006; Cholewiak, 

Love and Banks, 2018) and from depth perception (Ittelson and Ames, 1950; Heath, 

1956). Chromatic aberration is caused by short-wave light (e.g., blue) being refracted 

more than longer-wave light (e.g., red), resulting in not being focused in the same plane. 

Depending on the strength of the stimulus in the form of defocus, the accommodation 

response varies. This circumstance is described by the sigmoidal signal-response curve, 

revealing how the response remains weak at low stimulus levels, increases linearly at 

intermediate levels, and reaches saturation at high stimulus levels (Morgan, 1944). The 

difference (Δ) between the actual response and the stimulus is referred to as lag of ac-

commodation (Δ < 0) or lead of accommodation (Δ > 0) depending on the sign indicator 

(Labhishetty et al., 2021). In the absence of an accommodative stimulus, the eye goes 

into tonic accommodation and the ciliary muscle returns to its basal tone over time (Figure 

1, left), resulting in a constant, subject-dependent refractive power of approximately 1 D 
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(Schor, Johnson and Post, 1984; McBrien and Millodot, 1987; Rosenfield et al., 1993). 

Anatomically, there are different functional theories regarding the mechanism of accom-

modation. As early as 1801, Young proposed that a change of focus was achieved by 

altering the geometry of the crystalline lens (Young, 1801), a concept later confirmed by 

Helmholtz, 1855. Helmholtz stated that the contraction of the ciliary muscle reduces the 

tension of the zonular fibers attached to the lens (Helmholtz, 1855). In 1937, Fincham 

added that accommodation also occurs in the absence of the iris (Fincham, 1937). Fur-

thermore, he demonstrated on an explanted lens that it changes into a spherical shape 

when removed from the lens capsule, concluding that the actual lens deformation is driven 

through the lens capsule. The associated tensile force is generated by the antero-inward 

movement of the ciliary muscle (Croft et al., 2013). During the relaxation, it is assumed 

that the choroid also contributes to the posterior displacement of the ciliary body (Croft, 

Glasser and Kaufman, 2001; Ciuffreda, 2006; Read et al., 2022). Today, Helmholtz's the-

ory forms the basis for the current understanding of accommodation, with the enhance-

ment provided by Fincham. However, alternative schools of thought shall be mentioned. 

According to Schachar, there is an increase in the equatorial but not the anterior and pos-

terior zonular fiber tension during accommodation. This implies that the central part of 

the lens becomes rounder, while the peripheral lens flattens (Schachar et al., 1996, 2024). 

There is also Coleman's theory, which builds on Helmholtz's theory and adds the hydrau-

lic force of the vitreous on the posterior lens (Coleman, 1970). 

 

Figure 1 - Schematic accommodation: The depicted cross-section of an eye shown here 
illustrates the difference between accommodation and disaccommodation. During ac-

commodation, the ciliary muscle contracts, moves further forward and toward the lens 

of the eye, thus reducing the distance between them. This decreases the tension of the 
zonular fibres between the lens and the muscle, and the lens moves into a more spher-

ical shape. (Image edited using CAD) 
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1.1.2 Neurological Contribution 

The autonomic nervous system, which includes parasympathetic and sympathetic 

branches, regulates involuntary processes such as heartbeat, blood pressure, and respira-

tion, as well as physiological eye functions such as the regulation of intraocular pressure, 

pupil contraction, and accommodation (Ashwini and Raju, 2023). Although the ciliary 

muscle is innervated by sympathetic branches (Mallen, Gilmartin and Wolffsohn, 2005; 

McDougal and Gamlin, 2015), the parasympathetic component predominates (Gilmartin, 

1986; Kandel et al., 2000; Mallen, Gilmartin and Wolffsohn, 2005). Furthermore, the 

sympathetic branch does not seem to be active in everyone (Gilmartin, Mallen and 

Wolffsohn, 2002; Mallen, Gilmartin and Wolffsohn, 2005) and has, at most, a minor in-

fluence in rapid accommodation changes (Gilmartin, 1986). There are two prevailing con-

cepts concerning the mode of action of sympathetic intervention. While some discuss that 

the sympathetic branch adapts the eye to distance vision and counteracts the adaptation 

of the parasympathetic system to near vision (Cogan, 1937; Gawron, 1983), others sug-

gest that accommodation is a two-stage process in which a fast response driven by the 

parasympathetic system is modified by the slow (adaptation time: 30 - 40 s) sympathetic 

innervation (Rosenfield and Gilmartin, 1989). The origin of the sympathetic signals is the 

diencephalon, from which the signals travel via the lower cervical and upper thoracic 

spinal cord to the superior cervical ganglion (Ciuffreda, 2006). Through the trigeminal 

nerve, as well as via the long and short ciliary nerves, the signals reach the ciliary muscle 

(Ciuffreda, 2006), where mainly noradrenaline is released to the muscle receptors 

(Atchison, 1995). The control signal of the parasympathetic system, on the other hand, 

originates from the visual cortex, which detects defocus via afferent signals from the ret-

ina. An efferent signal is then, consequently, sent to the Edinger-Westphal nucleus in the 

oculomotor complex (Atchison, 1995). This parasympathetic nucleus complex, located 

in the midbrain, transmits the control signal via its preganglionic axons to the third cranial 

nerve, the oculomotor nerve, until it reaches the postganglionic cells in the ciliary gan-

glion (Warwick, 1954; Ruskell, 1990). Here, the control signal is transmitted via the 

chemical synapses of the short ciliary nerves to the ciliary muscle, where the nerve end-

ings then attach to the muscle fibers. An incoming presynaptic action signal in the form 

of an ion flow leads to a change in the membrane charge distribution and the opening of 

voltage-gated calcium channels, causing calcium ions (Ca2+) to flow into the cell (Kandel 
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et al., 2000). This shift in charge leads to a presynaptic action potential and activation of 

the vesicles inside the cell (He et al., 2018). These vesicles contain a certain amount of 

the neurotransmitter acetylcholine and fuse with the presynaptic membrane, a process 

called exocytosis, resulting in the release of acetylcholine into the synaptic cleft 

(Atchison, 1995; Kandel et al., 2000). Since a single vesicle results in the release of sev-

eral neurotransmitters, signaling amplification is achieved (Kandel et al., 2000). The ac-

etylcholine binds to the predominant muscarinic M3 receptors of the postsynaptic mem-

brane (Poyer, B’Ann and Kaufman, 1994; Mitchelson, 2012). The resulting signaling cas-

cade and the influx of Ca2+ ions lead to contraction of the muscle fibers (Mitchelson, 

2012). 

1.1.3 Anatomical Structures of Accommodation 

The operating principle of the anatomical structures described here is based on Helm-

holtz’s accommodation theory, as outlined in the chapter Theoretical Accommodation 

Control Mechanism, with Fincham’s additions. The ciliary muscle, located in the ciliary 

body, is the single active component in the accommodation process. The increase and 

reduction of tensile force on the zonular fibers lead to the corresponding deformation of 

the lens within the lens capsule. The anatomy (Figure 2) and functional mechanisms of 

each component involved in the process of accommodation is briefly described below. 

1.1.3.1 Ciliary body and ciliary muscle  

The torus-shaped corpus ciliaris around the lens is enclosed anteriorly by the iris, poste-

riorly by the ora serrata, and laterally by the sclera and the corpus vitreum. Its cross-

sectional wedge-shaped body is divided into a broader, anterior section and a posterior 

section (pars plana). The anterior section, called pars plicata, is characterized by its ciliary 

processes, a radially arranged, wave-shaped surface that produces the aqueous humor 

(1 - 2 µl/min) essential for maintaining the intraocular pressure (Delamere, 2005), as well 

as for the nutrition of the crystalline lens and the cornea (McDougal and Gamlin, 2015). 

The ciliary muscle located within the ciliary body is delimited anteriorly by the scleral 

spur and externally by the sclera (Levin et al., 2011). The smooth muscle consists of three 

types of muscle fibers: longitudinal, radial, and circular muscle fibers, based on their ori-

entation (Levin et al., 2011). Schematically, the radial fibers are located along the vitreous 
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body, while the longitudinal fibers run along the sclera, with the radial fibers predomi-

nating in the anterior part (Tamm and Lütjen‐Drecoll, 1996). Excitation leads to a syner-

getic contraction of the different fiber types, causing the circular fibers to increase their 

tone. Today, the assumption is that these fibers also have the greatest influence on reduc-

ing the tensile force and, therefore, on lens curvature, while longitudinal and radial fibers 

lead to a forward lens movement (Knaus, Hipsley and Blemker, 2021).  

1.1.3.2 Zonules 

The zonular fibers represent a suspensory ligament capable of stretching up to four times 

its length and serve both to suspend and to transmit the tensile force of the ciliary body 

to the lens capsule (Canals et al., 1996). The direction of the force application and the 

resulting lens deformation are still evaluated today (Schachar et al., 2024). The zonula 

fibers, which consist mainly (≈ 65%) of fibrillin (FBN 1-3) and (≈ 11%) of LTBP (1-3) 

(De Maria et al., 2017), terminate in bundles with diameters of 10 - 60 µm at the lens 

capsule, while individual fibers have an average diameter of 10 nm (Streeten, 1977). 

These bundles are radially orientated at varying angles and span the distance between the 

ciliary processes and the lens capsule of 1.07 mm in youth and decline to 0.65 mm with 

age, independent of the accommodation effort (Kasthurirangan et al., 2011). The distinc-

tion between posterior, anterior, and vitreous zonules, based on their origin, remains a 

subject of ongoing research (Flügel-Koch et al., 2016). For clarity, it should be noted that 

zonula fibres are resistant to conventional histological stains like haematoxylin and eosin 

(Bassnett, 2021) and are therefore not visible in Figure 2. 

1.1.3.3 Lens  

The biconvex and transparent lens consists of the capsule, the lens epithelium, and the 

lens fibers. In adults, the lens measures approximately 9 mm in diameter with a thickness 

ranging from 3.31 to 4.66 mm, depending on age (Jones, Atchison and Pope, 2007; 

Kasthurirangan et al., 2011). The lens thickness increases with age by 13 to 23 µm/year 

(Koretz et al., 1989; Jones, Atchison and Pope, 2007; Kasthurirangan et al., 2011) result-

ing in an average weight gain of 1.38 mg/year (Augusteyn, 2007). The refractive index 

of the lens cortex is 1.365, while the nucleus has a refractive power of 1.44, which reduces 

slightly (0.00034 D/year) over life (Moffat, Atchison and Pope, 2002).  
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The lens capsule thickness varies, measuring 21-23 µm at the equator and 2-3 µm poste-

rior, containing two types of epithelial cells that compose the lens (Chen, Tan and Chen, 

2016). While the lens epithelium, as a monolayer, covers the anterior surface facing the 

cornea (Figure 2, lower left), the lens fibers are arranged in concentric layers. By a cellular 

signaling pathway, lens epithelial cells near the posterior equator differentiate by elonga-

tion into lens fiber cells, without a nucleus, leading to the ingrowth of older layers 

(Menko, 2002). The absence of organelles and high concentration of cytoplasmic proteins 

contribute to the lens’s transparency. Multiple factors can cause damage to the lens epi-

thelium, particularly oxidative stress, leading to protein denaturation and thus opacifica-

tion of the crystalline lens (Muranov and Ostrovsky, 2022). Untreated cataractogenesis, 

initially noticeable as blurred vision, progresses steadily and can eventually lead to blind-

ness after full cataract formation. Cataracts remain one of the most common causes of 

visual impairment globally, affecting over 15 million people over the age of 50 (Bourne 

et al., 2021). They can be effectively treated by replacing the opaque lens with an artificial 

intraocular lens (Liu et al., 2017; Pesudovs et al., 2024). 

 

Figure 2 - The anatomy of the accommodation apparatus in a cynomolgus monkey eye: 

While the lower left represents a magnified illustration of the lens, the right shows the 

single muscle fibers of the ciliary muscle together with the ciliary sulcus and the pro-
cesses from where zonules are guided and attached. (Hematoxylin and eosin staining 

by Sylvie Bolz, for highlighting single anatomical components; contrast was adjusted)  

 



 Introduction 

8 

 

1.1.4 Measuring Accommodation 

By measuring accommodation, both the focal distance and the near point of the eye can 

be determined, providing insights into accommodation insufficiency and the progression 

of presbyopia (Duane, 1912; Charman, 2017; Hussaindeen and Murali, 2020). An essen-

tial parameter hereby is the Amplitude of Accommodation (AoA), the minimum distance 

at which the focal plane can still be perceived sharply. This measurement is part of routine 

eye examinations in some countries (Burns et al., 2020). The AoA parameter can be as-

sessed either subjectively or objectively. While subjective methods provide information 

about the person’s perception, the objective techniques quantify the actual change in lens 

refraction.  

The latter methods tend to be more expensive and to require more space, time, and trained 

personnel. Furthermore, closed systems like aberrometers or autorefractors (e.g., Nikon 

NR7000) can induce instrument myopia (Miwa, 1992), the unconscious accommodation 

when looking through optical systems (Schober, Dehler and Kassel, 1970). On the con-

trary, aberrometers and autorefractometers are particularly recommended due to their 

proven high repeatability and reproducibility (Vargas et al., 2019). In both measurement 

approaches, a beam of light is projected into the eye and the reflection from the retina is 

analyzed. While the autorefractor detects the distortions of the projected light beam, the 

aberrometer measures the non-planarity of the reflected wavefront. 

Subjective defocus techniques assess accommodation by increasing the eye’s refractive 

demand through the placement of negative lenses in front of the eye, thereby stimulating 

it to accommodate and bring a distant visual target into focus. However, they do not di-

rectly assess the eye's natural focusing ability on a real, approaching object, as they lack 

proximal cues (Atchison, Capper and McCabe, 1994). Other subjective measurement 

methods utilize standardized symbols or characters termed optotypes that are manually 

moved along a ruler, either towards the eye until the optotype becomes blurry (push-up) 

or away from the eye from blurred until clear perception (push-down) with best corrected 

distance vision (Levin et al., 2011). The reciprocal of the distance in meters between the 

optotype and the participant’s eye represents the AoA in diopters. Due to their simplicity, 

these methods are commonly executed in clinical practice (Rutstein, Fuhr and Swiatocha, 

1993; Adler, Scally and Barrett, 2013; Momeni-Moghaddam, Kundart and Askarizadeh, 
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2014; Esmail and Arblaster, 2017). Criticism of these methods includes subjectivity of 

the participant’s perception of clarity, the potential variability due to depth of focus 

caused by different pupil diameters, and the examiner's ability to handle these devices 

(Levin et al., 2011; Burns et al., 2014).  

Another approach is to measure neuromuscular electrical potentials elicited by the ciliary 

muscle during contraction. These accommodation-dependent potential changes were first 

detected in emmetropes and in one presbyope by Schubert et al. (1955). This was con-

firmed by Alpern et al. (1958), Jacobson et al. (1958), Hagiwara and Ishikawa (1962) and 

Clouse (2017), the latter a recent researcher in Prof Zrenner's group at the Institute of 

Ophthalmic Research at the University of Tübingen. Alpern and Clouse described a sat-

uration above a certain accommodation requirement and showed that the extraocular mus-

cles and the pupil do not influence the detected signal (Alpern, Ellen and Goldsmith, 

1958; Clouse M.M, 2017). Hagiwara has proven that an eye under cycloplegia and the 

associated suppression of parasympathetic muscle activation still generates an albeit re-

duced biosignal (Hagiwara and Ishikawa, 1962). These signals were recorded with needle 

electrodes (Jacobson et al., 1958; Hagiwara and Ishikawa, 1962) and scleral contact lens 

electrodes (Schubert, 1955; Bornschein and Schubert, 1957; Jacobson et al., 1958; Hagi-

wara and Ishikawa, 1962; Adel, 1966) as well as saline-impregnated cotton wools that 

were fixed to the sclera by a spring (Jacobson et al., 1958). 

Scleral contact lenses, with diameters up to 25 mm, are larger than regular contact lenses 

and used in clinical routine to protect the healing process of the ocular surface (Van Der 

Worp et al., 2014). Scleral lenses are particularly useful for detecting the electrical biopo-

tentials of the ciliary muscle, as they benefit from the self-centering nature and ensure a 

large distance between the two concentrically applied electrode surfaces (Schumayer et 

al., 2022).  

1.2 Presbyopia 

Presbyopia combines the ancient Greek words “presbys” and “ops”, meaning “old eye” 

(Atchison, 1995). The term can be defined as the age-related reduction in the eye’s ability 

to see clearly at near distances, while far vision imperfections are corrected (Wolffsohn, 

Naroo, et al., 2024). For individuals, an increased reading effort becomes noticeable from 
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around the mid-forties (Plainis, Charman and Pallikaris, 2014; Charman, 2017), with a 

remaining, subjectively measured AoA of three to four diopters (Charman, 2017). This is 

illustrated by Duane’s curve, which shows the gradual decline of the subjectively meas-

ured amplitude of accommodation with age (Duane, 1922). From the age of 60, an object 

closer than one meter to the observer can only be perceived with blurred vision. However, 

as of 2024, there is still no standardized testing procedure to assess presbyopia (Markoulli 

et al., 2024).  

The reasons for the declining ability to focus near are still being researched, in particular, 

whether biomechanical or geometric lens changes dominate (Pu et al., 2025). Interest-

ingly, the ciliary muscle itself seems to retain its function in presbyopes (Sheppard and 

Davies, 2011; Tabernero et al., 2016). Besides the discussion of the dominant declining 

factor, the inward growth of the lens towards the center (cf. Figure 2, lower left) results 

in mechanical and geometric changes in the lens properties throughout the lifetime (Ko-

retz et al., 1989; Augusteyn, 2007; Jones, Atchison and Pope, 2007; Kasthurirangan et 

al., 2011). Consequently, presbyopia is not a disease but rather an age-related condition 

that everyone experiences from a certain age onwards. It is assumed that 2.1 billion people 

worldwide will have presbyopia by 2030 (Fricke et al., 2018). Untreated presbyopia re-

duces quality of life (Berdahl et al., 2020; Markoulli et al., 2024), as over 80% of pres-

byopes report difficulties with near-vision tasks (Berdahl et al., 2020). Estimates regard-

ing the economic impact vary. Ma et al. (2022) estimate the global economic loss in 2019 

at USD 53.41 billion, while Frick et al. (2015) assume economic losses of USD 11 billion 

at a working age of 50 and USD 25.4 billion at a working age of 65, respectively. Espe-

cially in developing countries, presbyopia treatment seems to offer significant economic 

potential, as in 2008, 94% of the world's uncorrected presbyopes lived in these regions 

(Holden et al., 2008). For instance, a study where near vision correction was provided to 

workers in Bangladesh showed that the self-reported median monthly income increased 

by 33.4% compared to the control group (Sehrin et al., 2024). Therefore, Bastawrous and 

and Suni (2020) estimate that, by 2050, low-cost presbyopia intervention could boost the 

economy by USD 1.05 trillion.  



 Introduction 

11 

 

1.2.1 Treatments of Presbyopia 

Presbyopia treatments can be divided by their operating principle into non-invasive, in-

vasive, and pharmacological treatments. All of them have their merits and limitations. 

Non-invasive, such as reading, bifocal, and progressive glasses, influence the external 

appearance (Terry, 1990; Hasart and Hutchinson, 1993; AlRyalat et al., 2022). Moreover, 

the correction of presbyopia with spectacles is accompanied by a reduction in quality of 

life (Luo et al., 2008; Stokes et al., 2022). Regardless of where a multifocal lens is placed, 

it has the drawback that the user must learn to concentrate on the correct focal plane 

(Grzybowski, Markeviciute and Zemaitiene, 2020; Orman and Benozzi, 2021). The du-

ration of the learning phase of this neuroadaptive process depends on the individual 

(Grzybowski, Markeviciute and Zemaitiene, 2020). Visual impressions through multifo-

cal contact lenses are influenced by pupil diameter, lens centering, and aberrations (Rio, 

Woog and Legras, 2016). While vision correction with contact lenses always involves 

certain compromises (Charman, 2014a), their insertion can pose an additional hurdle in 

people of advanced age. Therefore, invasive corrective measures also have their place, 

despite a comparably higher risk. These include corneal inlays, which act as a pinhole 

and therefore increase the depth of field, known as the pinhole effect, as well as corneal 

index of refraction modification (Moarefi, Bafna and Wiley, 2017). However, small ap-

ertures reduce the amount of light on the retina and consequently reduce contrast in low-

light conditions (Manion and Stokkermans, 2024). Cornea shrinkage and the resulting 

abrasion of the corneal collagen due to an energy input represent another method of ad-

justing the refractive power, which is termed according to the energy source and treatment 

site (Charman, 2014b; Papadopoulos and Papadopoulos, 2014). LASIK (laser-assisted 

keratomileusis), for instance, requires a femtosecond laser (> 1000 nm) as an energy 

source and involves the temporary folding of the corneal flap (Callou et al., 2016). After 

surgery, the healing of the cornea can influence the contour and therefore the result (Char-

man, 2014b). Intraocular lenses (IOLs) are another approach, implanted for treating re-

fractive errors of the eye (Bellucci, 2013). They are commonly implanted into the capsu-

lar bag during a cataract correction surgery (Bellucci, 2013; Liu et al., 2017), but they 

can also be inserted into the sulcus of the anterior chamber of the eye (Mehta and Aref, 

2019). If stabilization is required, capsular tension rings can be implanted in the ciliary 
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sulcus (Chen et al., 2020) and also in the lens capsule, preventing, for instance, the cap-

sule from collapsing (Weber and Cionni, 2015). While monofocal IOLs restore near vi-

sion only for a certain distance, multifocal IOLs reduce contrast vision and can also lead 

to visual artifacts such as halos, glare, or starburst (Charman, 2014b; Khandelwal et al., 

2019; Schallhorn et al., 2021). Accommodating IOLs are intended to deform in the same 

way as the human lens, depending on the required accommodation, and thus change the 

refractive power, but have not yet proven their effectiveness in practice (Beiko, 2013; 

Pepose, Burke and Qazi, 2017; Varssano, 2024). Accommodating spectacles that utilize 

gaze tracking and/or distance sensors (Padmanaban, Konrad and Wetzstein, 2019; 

Agarwala et al., 2022; Karkhanis et al., 2022) measure gaze, vergence, and distance. 

However, these systems seem to have problems correcting for the near working distance 

of 36 cm (Bababekova et al., 2011), as well as focusing on small objects. Hosp et al. 

(2024) showed that participants prefer manual focus control rather than the vergence and 

gaze control algorithms. Remote-controlled contact lenses currently being researched, ca-

pable of switching the focus between distant and near, tend to be too bulky and neglect 

the oxygen supply to the cornea (Tremblay et al., 2013; Bailey et al., 2022). Pharmaco-

logical treatments, in the form of eye drops, could compensate for the drawbacks of the 

described methods (Stokes et al., 2022). They aim to soften the lens, for example (Grzyb-

owski and Ruamviboonsuk, 2022), while the U.S. Food and Drug Administration (FDA) 

approved pilocarpine is intended to increase the depth of field by contracting the pupil 

(Grzybowski, Kapitanovaite and Zemaitiene, 2024; Onyszkiewicz et al., 2024). Although 

interest in the pharmacological treatment of presbyopia is growing, for both the lens-sof-

tening approach and the pin-hole approach, long-term follow-up results are lacking 

(Grzybowski and Ruamviboonsuk, 2022; Grzybowski, Kapitanovaite and Zemaitiene, 

2024). Furthermore, the pilocarpine hydrochloride triggered pin-hole effect leads to pub-

lic concern about the possible side effects, such as retinal detachment (Wakabayashi et 

al., 2023). Electric stimulation therapies on the ciliary muscle to restore accommodation 

(Nesterov and Khadikova, 1997; Gualdi et al., 2017) show a positive effect and increase 

the amplitude of accommodation by up to 54% (Nesterov and Khadikova, 1997). So far, 

such treatments were performed for a relatively short period of two (Gualdi et al., 2017) 

and six months (Nesterov and Khadikova, 1997). In addition, the morphological change 
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in the ciliary muscle due to the electrical stimulation is still being investigated (Wagner 

et al., 2023). 

1.3 Medical Devices and Encapsulation 

As part of this work, an intraocular implant and an electrode were developed, with the 

development of both oriented on the European Medical Device Regulation (MDR) and 

the relevant standards. 

The MDR defines a medical device (MD) as “any instrument, apparatus, appliance, soft-

ware, implant, reagent, material or other article intended by the manufacturer to be used, 

alone or in combination, for human beings for medical purposes” such as diagnosis, mon-

itoring, and treatment (Regulation (EU) 2017/745) . As part of the MDR, the terms “active 

device” and “implant” are also defined. The latter is intended to remain in the body after 

surgery. Active device refers to the circumstances in which these devices need a source 

of energy to operate, other than generated by the human body or gravity (Regulation (EU) 

2017/745). Devices such as pacemakers, cochlear implants, or, in terms of vision resto-

ration, the subretinal implant, which can partially restore vision in blind retinitis pigmen-

tosa patients (Zrenner et al., 2017), are known as Active Implantable Medical Devices or 

AIMDs for short. For the approval of such devices, the MDR requires a classification of 

the device regarding its purpose and risks, clinical evaluation, risk management, and ev-

idence of the biological safety of the device, which can be described in a standardized 

manner using the results and guidelines of the ISO 10993 series of standards. ISO 10993-

1:2024-07 defines the term biocompatibility as follows: “The ability of a medical device 

or material to function in a given application with an appropriate host response”. In this 

context, the standard describes the consideration of various effects such as toxicity, sen-

sitization, and irritation to ensure that the materials and implant do not harm the body and 

functionality is guaranteed. The standard also references other standards in the ISO 10993 

series to test the aforementioned effects. As the weight, geometry, and flexibility of the 

implant also influence the body's reaction (Hassler, Boretius and Stieglitz, 2011), com-

pliance with biocompatibility is clarified via ISO 10993-6:2024-06. If sufficient docu-

mentation regarding physical, chemical properties, and place of action is similar to that 

of existing medical devices, biological equivalence can be assumed, thereby reducing the 

required biological evaluation (ISO 10993-1:2024-07). Considering AIMDs and their 
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electronic components, a hermetical encapsulation with an excellent diffusion barrier is 

necessary to prevent the electrical circuit from short-circuiting and corrosion, and the 

body from possibly toxic materials such as soldering tin. Besides metals and ceramics, 

polymers are also considered as packaging materials, depending on the implants' given 

circumstances such as place of implantation or operating time (Mariello et al., 2022). 

According to ISO 10993-1:2024-07, implants are therefore divided into limited (< 1d), 

prolonged (1 – 30 d) and long-term (> 30 d) operating time.  

Many metals offer exceptional mechanical and tribological properties as well as excellent 

impermeability, though, over time, leaching of ions can lead to body reactions (Ashish 

Daniel et al., 2024). However, metals and ceramics lack the feasibility of microfabrication 

(Ahn, Jeong and Kim, 2019). Although the latter offers excellent corrosion resistance, 

mechanical hardness, and good impermeability, it is brittle and non-bendable (Shekhawat 

et al., 2021). Polymers have an enormous variety of mechanical, physical, and chemical 

properties (Rahmati et al., 2018), whilst their basic moisture absorption makes hermetic 

sealing difficult. A polymer with relatively low moisture absorption that is increasingly 

becoming the focus of encapsulation is Parylene C, of which context-relevant properties 

are briefly described in the section below (q.v. 1.3.1 Encapsulation with Parylene C). 

The choice of material further depends on other requirements such as the need for minia-

turization, interaction with the target tissue, manufacturing process, or sterilization pro-

cess. The latter is essential in ensuring that the device is free of viable microorganisms, 

termed sterile, according to the ISO 11139:2018 + Amd 1:2024. Commonly, heat, radia-

tion, and chemicals serve as a sterilant with different merits and limitations, and shall be 

discussed elsewhere (Sundaram Muthuraman, 2015). The chemical ethylene oxide (EO) 

sterilization process is particularly preferable for temperature-sensitive devices (Mendes, 

Brandão and Silva, 2007; Sundaram Muthuraman, 2015; Shintani, 2017). Compared to 

heat sterilization, which exceeds temperatures above 100°C (Sundaram Muthuraman, 

2015), or radiation sterilant that tends to cause material degradation (Mendes, Brandão 

and Silva, 2007; Shintani, 2017), the EO is mostly compatible with all materials and has 

a low and dry operational temperature between 35 to 60°C (Shintani, 2017). 
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1.3.1 Encapsulation with Parylene C 

Parylene C, due to its relatively low water vapor transmission rate 

(0.12 gm/mil/100in²/24hr at 38°C, 90%RH), is moving into the focus of hermetic encap-

sulation of medical devices. Further, it has a high dielectric strength of 220 V/µm at a 

thickness of 25.4 µm, a melting point of 290°C, and a low coefficient of friction of 0.29, 

measured for both static and dynamic conditions (VSI Parylene, 2025). The material was 

declared as a highly biocompatible and bio-insulating polymer (Lin et al., 2020), being 

able to withstand the standard EO sterilization, keeping mechanical and electrical stability 

(von Metzen and Stieglitz, 2013). It fulfils the strict requirements of USP (United States 

Pharmacopeia) Class VI, ensuring its suitability for medical applications. It is also FDA 

approved and fulfills the ISO 10993 standards for biocompatibility (VSI Parylene, 2025). 

Before a medical device can be encapsulated by Parylene C, it has to be cleaned to in-

crease adhesion strength. Utilizing the thin film coating technique (q.v. 1.3.2 Thin film 

coating), chemical vapor deposition (CVD), the polymer polymerizes at room tempera-

ture in vacuum (2 Pa), on the substrate surface after the dimer (poly-para-xylylene) has 

previously been vaporized at >100°C and pyrolyzed at >500°C, known as the Gorrham 

process (Golda-Cepa et al., 2020). The polymerization directly from the gas phase with-

out changing to the liquid state reduces the influence of interfacial physical effects, ena-

bling homogeneous layer growth on complex geometries and a deep penetrating ability. 

1.3.2 Thin film coating 

Surface functionalization can be achieved using thin-film techniques without signifi-

cantly influencing the geometry of the surface, with layer thicknesses of up to around 

5 µm (DIN EN 62047-1:2016-12). These techniques are particularly suitable for the min-

iaturization of components and devices. Functionalization can be used to create chemical, 

physical and biological properties on the substrates to make them electrically conductive 

or insulating, improve their tribological properties, give them a more attractive appear-

ance or hermetically encapsulate the underlying material from external influences (De-

florian, 2020). By applying layer thicknesses in the atomic range as in atomic layer dep-

osition (ALD), the properties of the coating can be precisely adjusted (George, 2010). 

Due to ALD's unique layer-by-layer growth, complex structures can be coated with high 

conformity and without pinholes, even at nanometer-scale thicknesses (Passlack et al., 



 Introduction 

16 

 

2023). Depending on the substrate composition, geometry and required functionalization, 

different coating processes are to be considered. The most common processes can be cat-

egorized in chemical vapor deposition (CVD) and physical vapor deposition (PVD) pro-

cesses, or a combination of these (Griesser, 2016; Jilani, Abdel-wahab and Hammad, 

2017). Both process technologies require preparation in which the substrate is cleaned or 

activated accordingly via plasma (Kaplan and Rose, 1991; Petasch et al., 1995). For the 

coating to adhere, the substrate pre-treatment of the coating to be applied is decisive. Any 

contamination has a negative effect; hence, both CVD and PVD (Mattox, 2002) take place 

in a controlled vacuum environment. During the PVD process, material is transferred 

from the solid phase to the gas phase through physical processes such as vaporization or 

sputtering. This vaporized or ionized material then condenses on the substrate surface 

(Mattox, 2002). In the CVD process, on the other hand, a gaseous precursor reacts with 

the substrate surface due to an energetic imbalance. This chemical reaction leads to the 

deposition of a solid layer on the substrate surface, while excess reaction products are 

removed from the vacuum chamber by a continuous gas flow (Sun et al., 2021). One 

modified form of the CVD process is ALD, in which reaction gases are cyclically intro-

duced into the coating chamber in defined and temporally separated process steps, 

whereby they react in a self-limiting manner with the coating chamber and build up a 

thin, atomic layer by layer (George, 2010; Griesser, 2016). Figure 3 highlights the ad-

vantages and limitations of CVD, PVD, and ALD processes (Breitweiser, Varadarajan 

and Wafer, 1970; Mattox, 2002; Xu et al., 2021; Yu et al., 2024). 

 

Figure 3 - Comparing coating techniques: The spiderweb-plot shows the essential prop-
erties of the different coating techniques atomic layer deposition (ALD), physical- 

(PVD), and chemical vapor deposition (CVD). (Data compiled from Breitweiser, Vara-

darajan, and Wafer, 1970; Mattox, 2002; Xu et al., 2021; Yu et al., 2024) 
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1.4 The Scientific Impact 

A gradual decline in the ability to focus on close objects with age, called presbyopia, is 

becoming increasingly apparent in the ageing society. The progression of presbyopia is 

currently assessed using the residual subjective amplitude of accommodation (AoA), de-

spite the well-known limitations in reproducibility, examiner dependence, and lack of 

methodological standardization. Reducing known limitations and improving the reliabil-

ity of AoA is not only relevant for clinical diagnostics but also for its potential role in 

studies investigating the electrophysiological basis of accommodation. Early studies from 

the 1960s and 1970s reported the presence of accommodation-related biopotentials pre-

sumably emitted by the ciliary muscle. However, these investigations lacked sufficient 

methodology, and no substantial research activity followed in the decades since. As a 

result, these signals remain poorly characterized, and their potential functional relevance 

is largely unexplored. 

Since the ciliary muscle remains active with age, even when lens elasticity declines, these 

neuromuscular signals are hypothesized to be suitable as control inputs for adaptive visual 

aids aimed at restoring the natural accommodation. Current treatments for presbyopia 

offer compensation, but not restoration of the dynamic focusing mechanism. 

To advance beyond these constraints, this doctoral thesis presents the development of a 

motorized, examiner-independent system for measuring the subjective AoA, aimed at re-

ducing known limitations and enabling consistent stimulus control. In parallel, ciliary 

muscle biopotentials were recorded non-invasively using contact lens electrodes during 

controlled accommodation, with subsequent analysis of signal characteristics and corre-

lation with refractive changes measured via eccentric infrared photorefraction. To im-

prove signal quality at the anatomical source and to avoid external artifacts, a bipolar 

intraocular ring electrode was designed and fabricated using microsystem technologies. 

In addition, the encapsulation process of the implant, consisting of electronics and battery, 

was optimized to allow the implant unit to be mechanically flexible for implantation on 

the eyeball. The implant was validated in a non-human primate model, including simu-

lated long-term stability of the Parylene C encapsulation and impedance monitoring to 

assess functional integrity under physiological conditions. Beyond that, in an ongoing 

study in presbyopes, these signals, measured via a contact lens electrode, shall be utilized 
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as an input to restore the natural accommodation-reflex loop by a tunable lens. In conclu-

sion, this doctoral thesis is structured around the following scientific inquiries: 

- Does a newly developed measurement system for determining the amplitude of 

accommodation have higher reliability compared to conventional subjective 

measurement methods? 

- Are neuromuscular biopotentials from the ciliary muscle, measured on the ocular 

surface during accommodation with a contact lens electrode, distinctly measura-

ble and characterizable? 

- Are these electrical neuromuscular signals also detectable in vivo in the form of 

an implant using a new type of bipolar ring electrode? 

- Are neuromuscular signals from the ciliary muscle still present in individuals with 

presbyopia? 

- Can the natural accommodation-reflex loop be reestablished through a tunable 

lens, provided that neuromuscular signals from the ciliary muscle can be detected 

and used as a control input?   
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2. Results 

2.1 Publication – Motorized Push-Up Ruler 

Schumayer, S., Laukhuf, J., & Straßer, T. (2025). Comparing a Novel Motorized Push-

Up Ruler with Conventional Subjective Methods for Measuring the Amplitude of Ac-

commodation. Current Eye Research, 1–9. doi:10.1080/02713683.2025.2531524 
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2.2  Publication – Contact Lens Electrode 

Schumayer, S., Sigdel, B., Jarboui, M. A., Zrenner, E., Bucher, V., Straßer, T., & Wagner, 

S. (2025). Non-invasive measuring of biopotentials of the ciliary muscle during accom-

modation in emmetropes. Scientific Reports, 15(1), 19389. doi:10.1038/s41598-025-

04165-3 
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2.3  Publication – Ring Electrode 

Schumayer, S., Zahrani, E. G., Azarhoushang, B., Bucher, V., & Straßer, T. (2025). De-

sign and In Vivo Evaluation of an Intraocular Electrode for Ciliary Muscle Biopotential 

Measurement in a Non-Human Primate Model of Human Accommodation. Biosensors, 

15(4), 247. doi: 10.3390/bios15040247 
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2.4 Unpublished Results 

This chapter presents findings that have not yet been published, including preliminary 

results. It contains approaches that are of interest for future research on this topic. 

2.4.1 Tunable Spectacles in Presbyopes 

Schumayer, S., Sigdel, B., Nikolaidou, A., Wolfram, L., Wagner, S., Zrenner, E., Bucher, 

V., & Straßer, T. (2025). Preserved ciliary muscle biopotentials enable artificial lens con-

trol and near vision recovery in long-term presbyopia (Abstract P2-15). In Abstracts of 

the 62nd annual symposium of the International Society for Clinical Electrophysiology 

of Vision (ISCEV 2025), Utrecht, the Netherlands. Documenta Ophthalmologica, 

150(Suppl 1), 5–51. doi:10.1007/s10633-025-10031-4 

 
The abstract “Design and In Vivo Evaluation of an Intraocular Electrode for Ciliary Mus-

cle Biopotential Measurement in a Non-Human Primate Model of Human Accommoda-

tion“ (P2-15) was presented as a poster at the annual International Society for Clinical 

Electro-physiology of Vision (ISCEV) Congress 2025 and is published in Documenta 

Ophthalmologica (Schumayer, Sigdel, Nikolaidou, et al., 2025). It is based on the prelim-

inary results of a study investigating the applicability of electrical biopotentials of the 

ciliary muscle in presbyopes to adjust a spectacle-mounted tunable lens to the partici-

pants’ required refraction. Figure 4 is intended to enhance comprehension. The study fol-

lows the tenets of the Declaration of Helsinki and was approved by the Ethics Committee 

of the Medical Faculty of the University of Tuebingen (394/2024BO1). 
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Figure 4 - Measurement setup and results for presbyopes: (a) Schematic of the experi-
mental setup: (a1) Tunable lens (red arrow) mounted in a modified universal trial 

frame; (a2) near target (3.0 D) and (a3) far target (5 m) with a sample illustration of a 

four-letter word stimulus; (a4) semi-transparent mirror assuring a stable visual axis 
during the change of the targets. (b) The custom-made contact lens electrode. (c) Meas-

urement results of the visual acuity (VA): The near (orange) and far (black) VA ac-
cording to the presented letter sizes of the male and the female (lower charts) partici-

pant are shown according to the letter size presented, with the tunable lens turned off 

(0 D) and on (right). Red squares indicate incorrect (≥ 1 letter misread), and blue dots 
indicate correct responses. The dashed lines represent the maximum attainable VA for 

near and far accommodation. 

male participant 

female participant 

(a) (b) 

(c) 
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2.4.2 Towards a novel closed-loop accommodating contact lens 

Another approach towards a biomimetic visual aid is a contact lens electrode combined 

with a tunable lens. Since the size of the electronics currently poses a major limitation, a 

hybrid design, where the electronics are separated from the scleral lens itself, represents 

a first step towards this concept. 

For this purpose, a (3.2 x 3.2 mm) pocket was milled into a custom-made polymethyl 

methacrylate (PMMA) scleral lens, 20 mm in diameter. Two 140 µm gold wires coated 

with PFA were used to electrically connect the scleral lens by a electrical conductive 

adhesive (EPO-TEK® MED H20S; Epoxy Technology Inc.; Billerica; MA; USA). The 

variable lens (TLens® Silver Premium; poLight ASA; Tønsberg; Norway) was fixed to 

the scleral lens (Figure 5a) using epoxy (MED-OG198-55; Epoxy Technology Inc.; 

Billerica; MA; USA). Due to the complex three-dimensional surface of the scleral lens, 

pad printing (pad hardness: 3–4 Shore) was used to apply the conductive traces between 

the peripheral gold wires and the tunable lens in the center (cf. Figure 5b). Therefore, an 

electrically conductive ink (CRSN2419; SunChemical; Parsippany-Troy Hills; NJ; USA), 

which was diluted with 40% thinner by weight (HM additive A; SunChemical; Parsip-

pany-Troy Hills; NJ; USA), was utilized. The pad print cliché used for this process was 

produced via SLA 3D printing. 

                      

Figure 5 - Tunable contact lens: (a) Side view of the scleral lens profile with the pocket 
and the inserted tunable lens. (b) The tunable lens and the pad-printed conductor paths. 

(c) Conducted via gold wires, the tunable lens can be switched on (left) and off, chang-
ing the refractive power (cf. blue plus sign in 5 cm distance) in correlation to the applied 

voltage.  

(c) 

(a) (b) 



 Results 

63 

 

Connected to the evaluation kit (TLens® Eval Kit Ver3; polight ASA; Tønsberg; Nor-

way), the lens can be tuned according to the applied voltage, allowing the refractive power 

to be adjusted accordingly (cf. Figure 5c). 

Although the integration of individual electronic components remains a limitation for a 

fully functional smart contact lens electrode, the feasibility of integrating a tunable lens 

into a scleral contact lens has been demonstrated.  

2.4.3 Implant 

Due to its complexity, the implant was developed in cooperation. The electronics (Kal-

tenstadler et al., 2024) and the software (Sigdel, unpublished data, 2025) are described 

elsewhere. As part of this work, the ring electrode, in 2.3 Publication – Ring Electrode 

and the partial encapsulation of the implant were developed (see Figure 6a). Furthermore, 

accelerated aging to evaluate the implants' encapsulation in simulated conditions, as well 

as recording the energy demand at elevated temperature, was investigated. 

The implant is powered by a CR1025 battery (Renata SA; Itingen; Swiss). The battery is 

spot-welded (UB25; AMADA Weld Tech GmbH; Puchheim; Germany) with two PFA-

coated gold wires (A-M Systems, Inc.; Carlsborg; WA; USA). The exploratively devel-

oped welding program first fixates the respective gold wire to the corresponding pole of 

the battery (10 ms, 0.12 V) before it is then firmly welded (38 ms, 1.1 V). Three welding 

points are placed on the stripped ends of each wire and, after cleaning with an isopropanol 

(IPA)-soaked Q-tip, these are then additionally bonded with silver conductive adhesive 

(EPO-TEK MED-H20S; Epoxy Technology Inc; Billerica; MA; USA) to obtain a double 

redundancy. While the conductive glue needs heat to be crosslinked, the adhesive was 

cured at 65°C for at least five hours in a climate chamber (MKF115 E1.3; Binder GmbH; 

Tuttlingen; Germany).  

The PCB is cleaned mechanically with a fine brush for at least two minutes using IPA. 

This is followed by low-temperature soldering (solder wire: F-SW32, 1.0 mm, L-Sb60Pb) 

at 290°C, attaching the battery ends and the reference electrode to the PCB. The solder 

joints are then cleaned with a Q-tip soaked in IPA before the battery-PCB construct is 

ultrasonically cleaned for two minutes at 35°C in IPA. This is followed by soldering the 

ring electrode connections to the PCB, which are afterwards also cleaned with a Q-tip 
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soaked in IPA. The smartphone app (nRF Connect for Mobile version 4.29.1; Nordic 

Semiconductor; Trondheim; Norway) is then used to verify whether a Bluetooth connec-

tion to the implant can be established before the implant is placed on a holder in the 

parylene machine (Labcoater 300; Plasma Parylene Systems GmbH; Rosenheim; Ger-

many) together with a 100 silicon wafer for layer thickness measurement. The ring elec-

trode itself is covered with two silicone pads. According to the coating protocol (Figure 

6b), the coating process is preceded by an argon plasma cleaning (300 W, 5 min) at a base 

pressure of 2.5 Pa before silane (3‑Methacryloxypropyltrimethoxysilane, CAS 2530-85-

0; abcr GmbH; Karlsruhe; German) is added to the coating chamber as an adhesion pro-

moter. Polymerization starts at a set pressure of 3.5 Pa and ends self-limiting when the 

pressure difference to the set pressure is 1.5 Pa. For repositioning and layer thickness 

measurement using a spectrometer (NanoCalc-XR; Ocean Optics Deutschland GmbH; 

Ostfildern; Germany), the vacuum is broken before the second Parylene C coating. The 

battery is then dip-coated with epoxy (Epo-Tek MED-302-3M; Epoxy Technology Inc; 

Billerica; MA; USA), placed on a silicone mat and cured for three hours at 60°C in the 

climate chamber. This process is repeated before the reference electrode is stripped from 

the Parylene C layer by heat. This is followed by covering the legs of the H-shaped im-

plant, both on the back and the front, using a UV-curing epoxy (Med-OG198-66-UV; 

Epoxy Technology Inc; Billerica; MA; USA), shown schematically in Figure 6a. The 

surfaces are cleaned using a Q-tip soaked in IPA before the implant is checked for func-

tion using Bluetooth and fixed on a magnetic fixture in order to switch it off using a reed 

contact. The holder with the implant is double sterile packed (sterilization bag 57 x 130 

mm, 90 x 170 mm, Medi Pack GmbH; Mönchengladbach; Germany). 
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Parameters Values 

Base Pressure 2.5 [Pa] 

Ar-Plasma Power 300 [W]  
Ar-Plasma Duration 7 [min] 

Setpoint Pressure 3.5 [Pa] 
Pressure Differential 1.5 [Pa] 

Estimated Coating Rate 600 [nm/g] 

Figure 6 - The intraocular implant: (a) Left-hand side the epoxy-parylene encapsulated 
lithium battery (diameter 10 mm) connected by a parylene-teflon coated gold wire with 

a total diameter of 150 µm. In the center, the flexible printed circuit board (PCB) is 
connected to the ring electrode (right-hand side). The PCB is also shown as a schematic 

to illustrate the partial coatings. (b) The parameter used for the Parylene C coating, 

before the encapsulated PCB with the ring electrode is placed in a beaker filled with 
PBS (c), to simulate a body-like environment, connected to a LabVIEW-controlled 

constant voltage source. (d) The long-term measurement, where every 30 s the current 
(A) was measured while the voltage was kept constant at 3.0 V. The color coding im-

plies that a rising temperature let to a rising consumption, which is expressed by the 

function represented in the plot-in-plot. (e) After the long-term measurement, simulated 
698 days in vivo, the encapsulation failed. Using galvanic treatment, the leakage could 

be found under the microscope in the form of copper depositions at a resistance.  
 

To evaluate the long-term stability of implant, an accelerated aging test was conducted in 

a biosimilar environment following ISO 10993-13:2010-11 guidelines and is described 

in detail in (Schumayer, Zahrani, et al., 2025). Testing conditions, including phosphate-

buffered saline, where the PCB with ring electrode was placed (Figure 6c), and elevated 

temperatures, were selected to simulate an accelerated physiological exposure during the 

(d) 

(c) 

(e) 

(a) (b) 
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implantation period. For this, the working current of the implant was detected via an elec-

trometer (6517B; Keithley Instruments; Solon; OH; USA) under a constant DC voltage 

of 3.0 V using a program written in LabVIEW (version: 13.0f2; National Instruments; 

Austin; TY; USA) (cf. Figure 6d). The measurement was considered finished once the 

self-defined breakdown current (10 x Irated) of 5.0 e-5 A was exceeded. A temperature-

current dependence in ultra-low-energy mode could be determined with the following 

function: 

Current (µA) = -1,857 + 0,171*x + 0,004*(x - 41)², for x in °C (1) 

 

After exceeding the breakdown current (simulated 698 days in vivo), the implant, as cath-

ode, was coated by electroplating in a copper solution (Cu(II) acetate monohydrate; Carl 

Roth GmbH + Co. KG; Karlsruhe; Germany) to visually highlight the breakdown point 

of the coating (cf. Figure 6e). For this purpose, a DC voltage source (6080; PeakTech 

Prüf- und Messtechnik GmbH; Ahrensburg; Germany) was connected in series to a mul-

timeter (VC150-1; Voltcraft - Conrad Electronics SE; Hirschau; Germany) and a voltage 

of 2.0 V was set at a current of 200 mA. After 15 min coating time, the PCB was rinsed 

with IPA and inspected under a microscope (VHX-700F; Keyence; Osaka; Japan). 

All required manufacturing steps and test protocols for the assembly, coating, and elec-

trical characterization of the implant were successfully implemented and documented. 

The key functionality was reviewed at each step of the process and verified.  
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3. Discussion 

Due to the scope of this interdisciplinary doctoral thesis, the discussion is initially orga-

nized into subchapters addressing the individual topics, followed at the end by an inte-

grative discussion and the resulting conclusions. 

3.1 Motorized Push-up Test 

In the presented work 2.1 Publication – Motorized Push-Up Ruler, the reliability of a new 

motorized push-up method for determining the amplitude of accommodation (AoA) was 

compared with conventional subjective measurement methods (Schumayer, Laukhuf and 

Straßer, 2025). 

While society is rapidly aging, many countries face an economic necessity to keep older 

workers in the workforce for social and sustainable terms (World Health Organization, 

2015). In this context of a population where older individuals are remaining in the work-

force, presbyopia is increasingly coming into focus. Therefore, the progression of pres-

byopia can be determined with subjective and objective methods. While subjective meth-

ods evaluate the patient's functional experience, objective methods provide clinical data 

to optimize optical performance and adjust treatment (Wolffsohn, Berkow, et al., 2024). 

Although objective methods measure refraction more precisely, these methods require 

trained personnel, expensive equipment, and a considerable amount of time to perform 

the measurement. The described novel motorized accommodation ruler (MAR) is in-

tended to reduce known limitations of common subjective methods, such as a varying 

focus target speed and examiner-related latencies (Burns et al., 2020; Salvador‐Roger et 

al., 2025), which was proven in the study. The measurements carried out there have 

shown that MAR is more consistent and reliable compared to the other methods investi-

gated. Furthermore, participants rated the novel subjective method as significantly easier 

to use and showed significantly more confidence in the reliability of the measurement. 

Nevertheless, the MAR, as well as the methodology of measuring the AoA with push-up 

techniques, still has room for improvement. While no speed at which the focus target is 

moved towards the participant has yet been defined as a standard, the suggested 2 cm/s 

could be a point of reference. This linear speed is based on the self-defined criteria, taking 

the reaction time of the participants into consideration. Simultaneously, as the target 
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moves towards the participants' near point, the target size could be linearly decreased to 

prevent the claimed overestimation of the push-up method (Atchison, Capper and 

McCabe, 1994). Because the MAR is operated solely by the participants, it was occasion-

ally observed during studies and preliminary investigations that the participants were in-

clined to bring the target closer again after near adaptation. Therefore, the next MAR 

generation should lock the trigger button after the first release and ignore further activa-

tion to capture the first distance at which blur was perceived. 

While the focus of the mentioned study was on the reliability of the new motorized ver-

sion compared to conventional ones, emmetropes were considered as the study popula-

tion. It will certainly be interesting for future research to see how presbyopes cope with 

the MAR and how the device proves itself in everyday clinical practice. Beyond the ob-

vious use case to determine the residual AoA in presbyopes, the MAR could be utilized 

in children in the future, as the AoA parameter is also used for determine binocular ac-

commodation insufficiency (Hussaindeen and Murali, 2020; Franco et al., 2022). 

3.2 Non-invasive biopotentials of the ciliary muscle 

Despite known approaches to detect the accommodation-dependent biopotentials from 

previous work (Schubert, 1955; Alpern, Ellen and Goldsmith, 1958; Jacobson et al., 

1958; Hagiwara and Ishikawa, 1962; Clouse M.M, 2017), interest in this field has de-

clined over the years. Perhaps this was because the measuring electrodes were not very 

comfortable, as bulky contact lens electrodes made of oxygen-impermeable materials and 

invasive needle electrodes were used (Alpern, Ellen and Goldsmith, 1958; Jacobson et 

al., 1958; Hagiwara and Ishikawa, 1962). Another reason may have been that there was 

no obvious use for these neuromuscular signals. However, it was not until the work “Re-

cording and Processing of Tissue-Specific Ocular Electrical Biosignals for Applications 

in Biomedical Devices” in the research group of Prof. Zrenner at the Institute of Ophthal-

mic Research at the University of Tübingen that these electrical signals of the ciliary 

muscle were addressed again (Clouse M.M, 2017). Based on this work, scleral contact 

lens electrodes were developed for a comparatively high wearing comfort (Schumayer et 

al., 2022). To achieve such a comfort, gold wires with a diameter of 140 µm are bonded 

into the contact lens so no rigid geometries extend from the lens surface. 
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In the study 2.2 Publication – Contact Lens Electrode, these new contact lens electrodes 

were used to record biopotentials of the ciliary muscle in 12 emmetropes along with their 

actual refractive changes (Schumayer, Sigdel, Jarboui, et al., 2025). This revealed that all 

near targets showed significant differences in both biopotentials and refractive changes 

compared to the far target when the participants shifted their gaze towards the near targets. 

Although the signals were highly variable between participants, the accommodation-re-

lated signals were compared to confounding biopotentials triggered by eye movement, 

blinking, or pupil constriction and showed a unique sigmoidal-like signal characteristic. 

Similar to the measurement findings of Clouse M.M (2017), and contrary to the measure-

ment results on two emmetropes of Alpern et al. (1958), the measurement results indi-

cated that the amplitude heights with the focal target show a saturation with increased 

accommodation effort. Temporary paralysis of the ciliary muscle, known as cycloplegia 

and caused by drugs like atropine and cyclopentolate (Mutti et al., 1994), still allowed 

the detection of accommodation-related signals during shifts in focus (Hagiwara and Ishi-

kawa, 1962; Clouse M.M, 2017). These findings were also observed in the contact lens 

electrode study, where the characteristic biopotential remained measurable in three out of 

five participants despite the administration of cyclopentolate. Taken together, these find-

ings suggest that at least a portion of the measured signals are of neurological origin. 

Further support for this assumption comes from the observed saturation of the biopoten-

tials despite increasing stimulus intensity. Action potentials of neurons have a constant 

amplitude, which, based on the “all-or-none” principle, encode information through fre-

quency and temporal patterns (Kandel et al., 2000). In contrast, the amplitude of synaptic 

potentials on the postsynaptic muscular side varies with the amount, duration, and acti-

vation of the neurotransmitter (Kandel et al., 2000). Any future development of a visual 

aid that utilizes these neuromuscular biopotentials of accommodation should take these 

points into account when determining a control variable. The aforementioned intrasubject 

variability and the observed saturation of the amplitude level despite increasing stimulus 

indicate that the signal curve and its derivation alone are insufficient as a control variable. 

Furthermore, blink-related signal curves tend to interfere most with accommodation sig-

nals and should therefore be carefully considered. Any system using these ocular biopo-

tentials to steer a tunable lens would benefit from applying a bandpass filter, such as a 
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Butterworth filter, to suppress known confounding signals. Preliminary (q.v. 2.4.1 Tuna-

ble Spectacles in Presbyopes) results of such a system relying on accommodation-related 

signals while filtering confounding signals are promising. The system, based on a com-

bined supervised machine learning and decision algorithm, relies on the assumption that 

the neurological feedback loop can be closed via a tunable lens. Accordingly, the brain 

controls the ciliary muscle, and thereby accommodation-related biopotentials are emitted 

until the refractive power of the tunable lens compensates for the detected defocus. Initial 

evaluations in presbyopes demonstrated an improvement in near visual acuity approxi-

mating that of young adults in their early twenties. However, at this point, it must be noted 

that the final results and analysis of the study are still pending. Nonetheless, while the 

principle is working, the setbacks and limitations must also be acknowledged. For in-

stance, before the study started, adhesion problems of the electrode material at the contact 

lens electrodes, manufactured utilizing PVD, occurred. By micro-roughening the concave 

electrode surface before the actual deposition process, this issue could be solved (Vafaiee 

et al., 2019). Another issue of the scleral lens is its large diameter of 20 mm and the rigid 

structure. While a large diameter allows a self-centering in the eye and a greater spacing 

between the two electrodes, resulting in higher biopotential amplitudes (Schumayer et al., 

2022), it also makes insertion into the eye more difficult. The wearing of the rigid contact 

lens electrode was not a problem for any of the participants, while the insertion and re-

moval process was tolerated to varying degrees. Another compromise was the lens geom-

etry with a base curve of 8.1 mm. Because the corneo-scleral junction and anterior sclera 

profile varies between individuals (Van Der Worp, 2015), the concave side of the scleral 

contact lens, mainly defined by the base curve, could be personalized to optimize electri-

cal conduction between the electrode surface and the eye and thus improve signal quality. 

With the future in mind, one concept to correct presbyopia would be via a smart contact 

lens electrode that measures the accommodation-related biosignals to adjust a tunable 

lens integrated into the contact lens (c.f. Figure 5) according to the wearer's desired re-

fraction. However, to place all the electrical components, the available construction area 

on the lens is limited, and of the shelf electronic parts are an additional compromise in 

size. Beyond that, the construction area is further constrained, as the cornea relies on 

avascular oxygen diffusion to remain transparent (Beebe, 2008). Therefore, certain areas 

of the oxygen-permeable lens surface must remain free of components and coatings. To 
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still accommodate all the necessary electronic components, a hybrid version seems to be 

a first step towards a fully functional smart contact lens electrode. Such a hybrid version 

could provide a certain proportion of the components to be fixed to the temple outside the 

eye using a patch. For a fully integrated system, an energy carrier would have to be used 

that fulfills both the form factor and the possibility of recharging. Furthermore, it would 

have to provide sufficient power to ensure that the contact lens does not have to be con-

stantly removed, recharged, and reinserted. In order to minimize the number of electrical 

components required on the circular construction surface, an application-specific inte-

grated circuit (ASIC) in the form of a chip needs to be developed. When using hard lenses, 

the necessary components, such as the ASIC, could be accommodated in pockets that are 

cut into the convex side of the lens using a five-axis milling machine or a laser to save 

space. This manufacturing step would need a lot of attention, as the oxygen-permable 

polymer is brittle during manufacture. However, the lens materials for such smart appli-

cations, commonly described in research like PMMA (Tremblay et al., 2013; Khaldi et 

al., 2020; Bailey et al., 2022; Pielot et al., 2025) or PET (Lingley et al., 2011), are not 

oxygen permeable and thus no alternatives. The pocket placed components could be elec-

trically conducted via Ink-jet printing. This process allows to apply conductive ink di-

rectly into the geometric body, but requires expensive equipment. Pad printing, on the 

other hand, is an indirect printing process, in which a soft silicone mold transfers the ink 

from a printing plate to a component, transferring two-dimensional patterns onto three-

dimensional bodies (c.f. Figure 5b). The hermetic encapsulation of partial areas by a 5 µm 

Parylene layer on the convex side of the lens would guarantee electrical safety while 

maintaining oxygen permeability. Concluding, the hybrid approach described here with 

pockets for the individual electronic components seems to be feasible and could pave the 

way towards a fully closed system like a smart contact lens. 

3.3 Intraocular Implant  

The philosophy of the implant is that it can be implanted in presbyopes who would have 

received an intraocular lens (IOL) after a cataract surgery. Usually, before undergoing 

surgery, where the crystalline lens is removed, the patient can choose between a monofo-

cal or a multifocal IOL. However, the latter often leads to a higher risk in contrast sensi-
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tivity, glare or halo effects (Khandelwal et al., 2019; Schallhorn et al., 2021). This cir-

cumstance is caused by the simultaneous projection of multiple focal planes onto the ret-

ina, which can reduce the amount of light available for each image and lead to overlapping 

visual impressions. This is why they tend to be a niche product (Bellucci, 2013), whereas 

monofocal IOLs are the most common (Boyd and Lipsky, 2019). Due to their fixed focal 

distance, monofocal IOLs have the drawback that they can only cover the entire visual 

range in combination with spectacles. In addition, there are also accommodating IOLs 

that utilize different approaches such as shifting lenses or gel-based designs to actively 

vary dioptric power, but these still face challenges as none have yet been able to achieve 

three diopters or more (Varssano, 2024). According to Schor, at least five diopters are 

required to correct presbyopia (Schor, 2012). This shortcoming shall be closed in the long 

term with the approach presented here. By continuously detecting the accommodation-

dependent biopotentials and the resulting control of a tunable lens, the neurological feed-

back loop of accommodation could be closed. It was shown that the neuromuscular sig-

nals from the ciliary muscle in vivo can be recorded using needle electrodes (Jacobson et 

al., 1958). While the previous contact lens study (Schumayer, Sigdel, Jarboui, et al., 

2025) indicated accommodation-related biopotential signal characteristics, the question 

remains regarding the influence of blinks, for instance, on intraocular electrical conduc-

tion. In comparison with needle electrodes, a more practical approach for recording the 

ciliary muscles’ biopotentials is presented in 2.3 Publication – Ring Electrode and can be 

implanted additionally during IOL surgery. By positioning the ring electrode directly in 

the sulcus, anterior to the ciliary body and posterior to the iris, it is possible to record 

accommodation-dependent biopotentials. While the in vivo signal characteristics will be 

described elsewhere (Sigdel, unpublished data, 2025), this approach demonstrated that 

artifacts caused by blinkers are not present in a non-human primate. Due to the complex-

ity of implanting the ring electrode into the sulcus via a 2 mm incision at the limbus, the 

geometry of the ring electrode was revised to better withstand torsion and bending 

stresses. In the future, it will be interesting to investigate whether a modified circular 

segment (e.g., 120°) is also sufficient as the electrode geometry to measure the ciliary 

muscles’ signals reliably. These segments are usually used as a supplement to conven-

tional capsular tension rings (Weber and Cionni, 2015) and would simplify implantation. 
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While currently the inner and outer surface of the ring electrode serve as electrode sur-

faces, it also raises the question of whether one electrode surface is sufficient. Utilizing 

only one electrode surface would simplify the manufacturing process of the ring elec-

trode, as a ring made of solid metallic material, such as gold, could be used instead of a 

coated polymer. Another advantage of this suggestion would be that the contacting, which 

is currently carried out precisely by hand, could be replaced by spot welding. Another 

approach to simplify the surgery procedure would be to use shape memory materials like 

alloys (Kim et al., 2023) or polymers (Xia et al., 2021). Thereby, a self-positioning of the 

electrode along the ciliary sulcus would theoretically be possible. Since thermal shape 

memory materials, for instance, require high temperatures for form-imprint, the so-called 

transition temperature, they show a flexible behavior at room temperature, which subse-

quently changes back to the imprinted form after reaching a certain temperature 

(e.g., body temperature). While these improvements in geometry and materials of the 

electrode could simplify the surgery procedure, another approach would be to use a cap-

sular tension ring applicator, as these are commonly utilized. The applicator has a can-

nula-like tip, similar to a syringe, leading only to a minimal incision. The capsular tension 

ring is advanced through the applicators’ cannula and unfolds at the intended location like 

the capsular bag or the ciliary sulcus. 

Due to the arrangement of the implant’s three main components (battery, PCB, electrode) 

on and in the eye, a partial and flexible encapsulation of the electronics is required. The 

transmission of the measured values via Bluetooth makes metallic encapsulation unsuit-

able due to electromagnetic shielding. Ceramic, being brittle, is also unsuitable for an 

implant that is implanted in a curved state. An appropriate material was found by using 

Parylene C, a flexible and biocompatible polymer with a low moisture vapor transmis-

sion, withstanding harsh conditions of the body and common sterilization procedures such 

as the ethylene oxide sterilization process. Previous tests in the field of accelerated aging 

at 60°C preceded the use of the double Parylene layer. Here, it could be verified that the 

encapsulation will not fail within a simulated lifetime of two years. Therefore, the implant 

was coated two times (2 x 10 µm) to ensure redundancy, preventing imperfections such 

as pinholes that can cause implant failure. Furthermore, critical geometries of the implant 

and the entire battery were primarily coated with silicone. However, the first surgery in a 

non-human primate showed that the metallic surgical instruments punctured the 
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Parylene C coating, which led to an implant failure. Retrospective examination showed a 

pitting corrosion at the battery that might have been triggered during the surgery by push-

ing the battery behind the bulbus. Therefore, the whole battery and PCB, except the PCB’s 

flexible bridge, as shown in Figure 6a, were covered with epoxy from then on. To further 

reduce the risk of failure due to a punctured encapsulation, an instruction for the physi-

cians was written to raise awareness where and how the implant is to be handled. 

Already, the preliminary laboratory tests indicated that the power consumption of the 

implant shows a temperature-specific dependency. This circumstance must be taken into 

account for further estimations on the energy requirements of the implant. The initially 

used stacked (2x 1.55 V) silver oxide batteries (V319; Varta AG; Ellwangen; Germany) 

proved to be unreliable under high power loads resulting from, among others, Bluetooth 

events. As recommended for biomedical purposes (Takeuchi et al., 2009; Newaskar and 

Patil, 2021), the primary non-rechargeable lithium battery (CR1025; Renata AG; Itingen; 

Swiss) was selected due to its high energy density, the predictable discharge curve, and 

the ability to provide high energy rapidly (Root, 2013). While rechargeable batteries have 

not yet been considered due to their additional need for charging electronics and increased 

operational complexity, this is something that needs to be addressed in the future in order 

to be able to operate the implant ideally for decades. Additionally, such a power supply 

would be beneficial as it could be charged inductively, similar to the subretinal alpha-

IMS implant (Alpha IMS; Retina Implant AG; Reutlingen; Germany) (Stingl et al., 2013), 

or that of a cochlear implant (Zeng et al., 2008; Macherey and Carlyon, 2014). While 

these systems rely on an implanted inductive charging system behind the ear, another 

approach would be to place the inductive coil outside on the bulb, like the Argus® II 

retinal Prosthesis (Second Sight Medical Products, Inc.; Sylmar; CA; USA) (Luo and da 

Cruz, 2016).  

In the future, in addition to the energy supply, the encapsulation and implementation of a 

tunable lens should be addressed. One approach to improve encapsulation is multi-layer 

organic-inorganic systems. By combining the excellent properties of ceramics in terms of 

hermeticity and the mechanical flexibility of polymers, both the brittle behavior of ce-

ramics and the relative water vapor permeability of polymers could be compensated for. 

A favorable ceramics nanolaminates combination is Al2O3/TiO2, as it has already proven 
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its long-term stability in a simulated body-like environment (Passlack et al., 2023). Ad-

ditionally, by adding a polymer for flexibility, a multilayer system including Parylene C 

and Al2O3/TiO2 is favorable (Kirsten et al., 2013; Nanbakhsh et al., 2025). The literature 

describes that Al2O3/Parylene C has a 4.6 to 10 times longer lifetime compared to a 

Parylene C coating due to the excellent moisture barrier of aluminum oxide (Minnikanti 

et al., 2014; Xie et al., 2015). Unfortunately, Al2O3 does not resist biodegradation in a 

body-like environment, which could be compensated by the use of TiO2 and its good 

chemical stability (Mario and Morales, 2015). The resulting multilayer system consisting 

of Parylene C, TiO2, and Al2O3 could ensure a flexible and long-term encapsulation. In 

addition, a partial outer epoxy layer provides proven protection against the effects of me-

chanical forces.  

3.4 Integrative Discussion & Conclusion 

In light of the economic (Frick et al., 2015; Berdahl et al., 2020; Ma et al., 2022) and 

individual (Berdahl et al., 2020; Markoulli et al., 2024) impact of uncorrected presbyopia, 

various approaches are being developed to restore vision and improve patients’ quality of 

life. However, all these vision treatments have their merits and limitations, influence nor-

mal vision, and do not restore the natural accommodation. For this reason, this interdis-

ciplinary work explores advancements in accommodating visual aids by integrating inno-

vations in measurement tools and different approaches to bioelectric potential detection. 

The long-term goal is to develop a closed-loop, biomimetic visual aid like a smart contact 

lens or an intraocular implant. While a contact lens may be more suitable in the early 

stages of presbyopia, insertion becomes increasingly difficult as motor skills decline with 

age (Seidler et al., 2010). This suggests that an implant may be a more appropriate solu-

tion in advanced age or could serve as a replacement for the crystalline lens in cataract 

treatment. Therefore, the progression of presbyopia as well as the efficiency of the pres-

byopic correction has to be determined. One approach is to determine the presbyope's 

near point of clear vision, also known as Amplitude of Accommodation (AoA) via the 

subjective push-up method. While clinically common, this method has some sources of 

errors caused by the operation, examiner, and displacement, for example (Burns et al., 

2020). Therefore, a motorized push-up version with a constant travel speed of the visual 
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target and operated by the participant themselves was developed. By measuring 26 em-

metropes, it was shown that the known limitation of the examiner (Burns et al., 2020) can 

be reduced while simultaneously improving the subject's credibility of the measurement 

device. For this reason, the motorized accommodation ruler was also utilized in the con-

tact lens electrode study to determine the AoA of the 24 emmetropes. This study aimed 

to non-invasively investigate the accommodation-related, electrical signals associated 

with ciliary muscle and confounding signals, in relation to the actual refractive changes 

measured using an eccentric infrared Photorefractor. Parallel to the non-invasive ap-

proach, an in vivo measurement was conducted to verify whether the biopotentials could 

be measured via an implant. While the flexible printed circuit board (Kaltenstadler et al., 

2024) and the software (Sigdel, unpublished data, 2025) were developed in separate re-

search efforts, the design of the ring electrode and the encapsulation of the implant were 

developed within the scope of this project. Inspired by conventional capsular tension 

rings, the geometry of the ring electrode was modified to meet the specific requirements 

of biopotential recordings. Meanwhile, the ring electrode manufacturing process com-

bined microsystem technologies such as laser application and thin film coating. The urge 

for the PCB’s flexibility to fixate it directly on the bulbus with the simultaneous mechan-

ical stability to withstand the surgery procedure and sterilization process challenged the 

encapsulation development. Therefore, the encapsulated implant but also the ring elec-

trode were tested via accelerated aging to confirm that they could withstand the body’s 

harsh environment for at least half a year. Thereafter, the implant was tested in a non-

human primate and showed the expected biopotential signal curve known from the con-

tact lens electrode study. Summarizing, the accommodation-related neuromuscular sig-

nals are non-invasively but also invasively measurable. The next step includes utilizing 

these biopotentials to steer a tunable lens into the needed refraction, thus closing the dy-

namic feedback-loop of accommodation. Although dynamic closed-loop accommodation 

represents the ideal treatment for presbyopia, no current treatments are based on this prin-

ciple (Chang et al., 2021). As a first step towards such an approach, a spectacle-mounted 

tunable lens was steered according to the non-invasively measured biopotentials of the 

ciliary muscle in presbyopes (q.v. 2.4.1 Tunable Spectacles in Presbyopes). Although 

these are only preliminary results, they confirm the effect of the natural feedback loop 
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(Toates, 1972) in which the ciliary muscle is activated according to the perceived blur-

ring. These were the first experiments to record ciliary muscle signals via contact lens 

electrodes to control tunable lenses and restore accommodation in presbyopes. 

 

To conclude, the biopotentials of the ciliary muscle could be measured non-invasively in 

12 emmetropes using a scleral contact lens electrode and invasively in cynomolgus mon-

keys via an intraocular implant and a novel ring electrode. The contact lens electrode 

study showed that the accommodation-related biopotentials of the ciliary muscle are dif-

ferentiable compared to expected confounding signals. Furthermore, the study revealed 

that the electrical signal of the ciliary muscle has at least some neurological component, 

as the characteristic signals could still be measured in three out of five participants despite 

temporarily paralyzing the intraocular muscles. In the premeasurements of the contact 

lens electrode study, the newly developed motorized accommodation ruler was used due 

to its superiority over conventional push-up rulers for determining the amplitude of ac-

commodation. Additionally, the motorized ruler is used in the study involving presbyopic 

individuals to determine their residual accommodation ability. This study, Tunable Spec-

tacles in Presbyopes, though still ongoing, shows promising results, suggesting that it is 

possible to restore the natural accommodation reflex by using biopotentials from the cil-

iary muscle as a control input for a tunable lens.  
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4. Summary 

The focus shift from far to near, called accommodation, is controlled by a contraction of 

the ciliary muscle, leading to a change in the curvature of the crystalline lens. This con-

traction leads to changes in electrical potentials, which are recorded as neuromuscular 

biosignals. While the ciliary muscle stays functional throughout life, the crystalline lens 

gets stiffer, leading to a decline in the ability to change its shape and to focus on near 

objects. This condition, called “Presbyopia”, starts during the mid-forties and progresses 

with age. Current vision treatments, like progressive lenses, contact lenses, and intraocu-

lar lenses, as well as pharmaceutical treatments, have their merits and limitations, but 

none of them restore natural accommodation. To this day, the subjective amplitude of 

accommodation (AoA) is used not only to monitor the progress of presbyopia and help 

opticians assess subjective visual perception, but also in ongoing research investigating 

the related accommodative-biopotentials. Even though the limitations of subjective meas-

urement methods to determine the AoA are known, they are still applied in daily clinical 

practice because of their ease and speed of the procedure. Within the scope of the work 

“Comparing a Novel Motorized Push-Up Ruler with Conventional Subjective Methods 

for Measuring the Amplitude of Accommodation”, an improved, motorized push-up ruler 

was developed and compared against the clinical standards push-up and push-down meth-

ods. Additionally, the volunteers were asked about their satisfaction with the ease of use, 

and their confidence in the measurement reliability. The findings showed that the motor-

ized version was superior in reliability without compromising precision, reducing known 

examiner limitations of the standard subjective procedures. Besides that, the subjective 

impression showed that the participants were more convinced by the motorized push-up 

ruler. Therefore, the motorized ruler was utilized in the contact lens electrode study “Non-

invasive measuring of biopotentials of the ciliary muscle during accommodation in em-

metropes” in 12 participants, in which the biopotentials of the ciliary muscle during ac-

commodation were characterized. Even though accommodation-related biopotentials and 

artifacts characteristics are essential for the adaptive control of an artificial lens in the 

future, previous studies have only demonstrated their presence without providing a de-

tailed characterization of these signals and artifacts. By comparing these biopotentials 

with refractive measurements using eccentric infrared photorefraction during a controlled 

change in focus, it was possible to characterize accommodation-related biopotentials and 
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related artifacts such as blinking or eye movements. An intraocular measurement of the 

signals, taken directly at the origin, is expected to be less influenced by artifacts. For this 

reason, a novel approach to detecting ciliary muscle biopotentials is to use a ring electrode 

implant. In the manuscript “Design and In Vivo Evaluation of an Intraocular Electrode 

for Ciliary Muscle Biopotential Measurement in a Non-Human Primate Model of Human 

Accommodation” the consecutive steps from the conception phase towards testing, first 

in a simulated, and subsequently in an in vivo model are presented. The manufacturing 

included femto-laser cutting and physical vapor coating. The long-term stability was as-

sessed via accelerated aging at 60°C in phosphate-buffered saline solution together with 

an electrical impedance measurement to detect possible electrical shifts over time. This 

is the first work measuring biopotentials of the ciliary muscle via a wireless intraocular 

implant. 

The ring electrode implant and the contact lens electrode pave the way towards new pres-

byopia treatments. They enable the control of tunable lenses and thereby restore natural 

accommodation through neuromuscular signals of the ciliary muscle, as indicated by the 

preliminary results of the study “Preserved Ciliary Muscle Biopotentials Enable Artificial 

Lens Control and Near Vision Recovery in Long-Term Presbyopia”. In parallel, the mo-

torized AoA measurement helps to improve the study and clinical quality of subjective 

measurement methods. Overall, this work enhances our understanding of accommodation 

by focusing on the electrical biopotentials of the ciliary muscle, which have been poorly 

investigated to date. The findings hold promising potential for the development of new 

visual aids that enable more natural focusing. 
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5. Zusammenfassung der Dissertation 

Der Fokuswechsel von fern zu nah, genannt Akkommodation, wird durch eine Kontrak-

tion des Ziliarmuskels gesteuert, was zu einer Anpassung der Krümmung der Augenlinse 

führt. Die beschriebene Kontraktion führt zu Veränderungen des elektrischen Potenzials, 

die als neuromuskuläre Biosignale aufgezeichnet werden. Während der Ziliarmuskel über 

das ganze Leben funktionsfähig bleibt, wird die Linse steifer, was zu einer nachlassenden 

Nahsehschärfe führt. Dieser als „Presbyopie“ oder „Alterssichtigkeit“ bezeichnete Zu-

stand beginnt mit Mitte vierzig und schreitet mit der Zeit voran. Aktuelle Sehhilfen wie 

Gleitsicht- und Kontaktlinsen oder Intraokularlinsen, aber auch pharmazeutische Behand-

lungen haben alle ihre Vor- und Nachteile, aber keine kann die natürliche Akkommoda-

tion wiederherstellen. Bis heute wird die subjektive Akkommodationsbreite nicht nur zur 

Verlaufsbeobachtung der Presbyopie und zur Unterstützung von Optiker und Optikerin-

nen bei der Beurteilung der subjektiven visuellen Wahrnehmung verwendet, sondern 

auch in der laufenden Forschung zur Untersuchung der damit verbundenen akkommoda-

tiven Biopotenziale. Obwohl die Limitationen der subjektiven Messmethoden zur Be-

stimmung der Akkommodationsbreite bekannt sind, werden sie aufgrund ihrer Einfach-

heit und Schnelligkeit in der täglichen klinischen Praxis immer noch angewendet. Im 

Rahmen der Arbeit „Comparing a Novel Motorized Push-Up Ruler with Conventional 

Subjective Methods for Measuring the Amplitude of Accommodation“ wurde ein verbes-

serter, motorisierter Push-Up Stab entwickelt und mit den klinischen Standards Push-Up 

und Push-Down Methoden verglichen. Dazu wurde die Akkommodationsbreite von 26 

normalsichtige Probanden mit den drei Messmethoden in randomisierter Reihenfolge ge-

messen. Zusätzlich wurden die Freiwilligen zu ihrer Zufriedenheit hinsichtlich der Be-

nutzerfreundlichkeit und dem Vertrauen in die Zuverlässigkeit der jeweiligen Messme-

thode befragt. Die Ergebnisse zeigen, dass die motorisierte Version in Bezug auf die Zu-

verlässigkeit überlegen ist, ohne die Präzision zu beeinträchtigen, wodurch die bekannten 

Limitationen der subjektiven Standardverfahren verringert wurden. Zusätzlich zeigte der 

subjektive Eindruck der Teilnehmenden, dass sie von der motorisierten Version stärker 

überzeugt waren. Daher wurde der motorisierte Akkommodationsmessstab auch in der 

Kontaktlinsen-Elektrodenstudie „Non-invasive measuring of biopotentials of the ciliary 

muscle during accommodation in emmetropes“ mit 12 Teilnehmern eingesetzt. Obwohl 

die akkommodationsbedingten Biopotenziale und die Eigenschaften der Artefakte für die 
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adaptive Steuerung einer variablen Linse in Zukunft essentiell sind, haben frühere Studien 

ihr Vorhandensein nur nachgewiesen, ohne eine detaillierte Charakterisierung dieser Sig-

nale zu liefern. Durch den Vergleich dieser Biopotenziale mit Refraktionsmessungen mit-

tels exzentrischer Infrarot-Photorefraktion während eines kontrollierten Fokuswechsels 

war es möglich, akkommodationsbedingte Biopotenziale und damit verbundene Arte-

fakte wie Blinzeln oder Augenbewegungen zu beschreiben. Die intraokulare Messung der 

Signale direkt am Ursprung, dem Ziliarmuskel, sollte weniger durch Artefakte beeinflusst 

sein. Aus diesem Grund wurde ein weiterer neuartiger Ansatz zur Erfassung der Ziliar-

muskelbiopotenziale über ein Ringelektrodenimplantat entwickelt. In dem Manuskript 

„Design and In Vivo Evaluation of an Intraocular Electrode for Ciliary Muscle Biopo-

tential Measurement in a Non-Human Primate Model of Human Accommodation“ wer-

den die einzelnen Schritte von der Konzeptionsphase bis zur Erprobung in einem simu-

lierten, und später in einem präklinischen in vivo Modell beschrieben. Während die Her-

stellung das Schneiden mittels Femtosekundenlaser und physikalisches Aufdampfen um-

fasste, wurde die Langzeitstabilität für ein Jahr durch beschleunigte Alterung bei 60°C in 

phosphatgepufferter Kochsalzlösung bewertet. Gleichzeitig erfolgte eine elektrische Im-

pedanzmessung, um mögliche elektrische Veränderungen im Laufe der Zeit zu erfassen. 

Dies ist die erste Arbeit, bei der Biopotenziale des Ziliarmuskels über ein drahtloses int-

raokulares Implantat gemessen wurden. 

Das Ringelektrodenimplantat und die Kontaktlinsenelektrode ebnen den Weg für neue 

Behandlungsmethoden der Presbyopie. Sie ermöglichen die Verwendung neuroelektri-

scher Signale des Ziliarmuskels zur Steuerung von adaptiven Linsen und damit die Wie-

derherstellung der natürlichen Akkommodation, wie die vorläufigen Ergebnisse der Stu-

die „Preserved Ciliary Muscle Biopotentials Enable Artificial Lens Control and Near 

Vision Recovery in Long-Term Presbyopia” belegen. Begleitend dazu trägt die motori-

sierte AoA-Messung dazu bei, die Forschungs- und klinische Qualität subjektiver Mess-

methoden zu verbessern. Insgesamt verhilft diese Arbeit zu einem besseren Verständnis 

der Akkommodation, wobei der Schwerpunkt auf den bisher kaum untersuchten elektri-

schen Biopotenzialen des Ziliarmuskels während der Akkommodation liegt. Sie eröffnet 

vielversprechende Aussichten für neue Sehhilfen, die eine natürlichere Fokussierung er-

möglichen.  
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