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ABSTRACT 

This study focuses on applying the RheoTack method to assess the detaching behavior of transdermal 

therapeutic systems (𝑇𝑇𝑆), which represent skin-applied medications comprising a drug-loaded 

pressure-sensitive adhesive (𝑃𝑆𝐴) and a flexible backing layer. The RheoTack method provides detailed 

force-retraction displacement-curves (𝐹 − ℎ-curves) that reveal the influence of chemical structure 

and resin content on 𝑃𝑆𝐴 deformation and fibril formation. To compare various rod geometries (flat 

rods with diameters of 5 mm and 8 mm, and a spherically rounded rod with a contact area of 5 mm2), 

the force-retraction displacement curves were normalized to account for the effective contact areas. 

The flat and spherical rods led to completely different 𝐹 − ℎ-curves as well as different failure and tack 

behaviors. Furthermore, the adhesion formation between the 𝑇𝑇𝑆 with flexible backing layers and 

rods during the dwell phase occurs in a different manner compared with rigid plates, particularly for 

flat rods, where maximum compression stresses occur at the edges and not uniformly over the cross-

section. Measurements of 𝐹 − ℎ-curves were performed with retraction speeds of 0.01, 0.1, and 1 

mm/s. The increase in retraction speed increased the stiffness from 250 to 1200 N/m for non-amine-

compatible 𝑃𝑆𝐴 measured with a rod of 8 mm. RheoTack measurements were performed with a dwell 

time of 1 s, which is consistent with ASTM D2949. However, the 𝑇𝑇𝑆 was in the adhesion-establishing 

compression phase for 3 s at 1 mm/s and for 30 s at 0.01 mm/s. Thus, the approach to follow 𝐴𝑆𝑇𝑀 

D2949 has to be reconsidered for testing 𝑇𝑇𝑆 materials. 
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1. Introduction 

Transdermal therapeutic systems (𝑇𝑇𝑆) are modern medication treatments for severe pain, 

Parkinson’s disease, and Alzheimer’s disease. 𝑇𝑇𝑆 can be divided into matrix- and reservoir-type 



systems [1]. The matrix type (Fig. 1) consists of a drug-in-adhesive polymer matrix positioned between 

a flexible protective backing layer and release liner [2,3]. The reservoir type features a protective 

backing layer, liquid or gel-like drug reservoir, semi-permeable, rate-controlling membrane, and 

contact adhesive layer [1]. 

Polymer-based pressure-sensitive adhesives (𝑃𝑆𝐴𝑠) are commonly used because they adhere well to 

the human skin with minimal pressure and can be removed without leaving any residue. During the 

application period of a few hours to seven days [2-4], they release a continuous, low-concentration 

drug flux through the skin [5]. These conditions pose a significant challenge for 𝑃𝑆𝐴𝑠 as they must also 

resist sweat, cutaneous sebum, and daily skin movements. 

The outer layer of a 𝑇𝑇𝑆 is a thin, flexible, and protective backing film composed of polyethylene, 

polyvinyl chloride, polyethylene tere-phthalate, polyurethane, or elastomers, which prevents 

undesired contact with the drug and enhances drug permeation by reducing sweat evaporation 

through its occlusive properties [3,6]. The drugs are either embedded in a reservoir patch as a solution, 

suspension, or gel on a semipermeable membrane, or dissolved in the 𝑃𝑆𝐴 of the matrix-type 𝑇𝑇𝑆 

[1,3]. Drugs formulated for patch delivery typically have molecular weights < 500 Da and melting 

points < 250 °C. Currently, 20-30 drug molecules are commercially available [2,3,6]. The semi-

permeable membrane controls drug release through the adhesive contact layer and skin [6]. 

Typical skin-contact 𝑃𝑆𝐴𝑠 used for 𝑇𝑇𝑆 include acrylates, polyisobutylenes, and silicones. Additionally, 

𝑃𝑆𝐴 should minimize skin irritation, and easy trauma-free removal is essential [2]. Silicones, in 

particular, exhibit low toxicity, low chemical reactivity with both drugs and skin, and strong adhesion 

to low-surface-energy materials such as human skin [7]. 

 

 

 

 

 

 

 

 

 

Fig. 1. Structure of a Transdermal Therapeutic System (𝑇𝑇𝑆). 

 

Silicone-based 𝑃𝑆𝐴 consists of a viscoelastic polymer fluid and a solid-like resin component cross-

linked in a “bodying process” via a polycondensation reaction [4,7,8]. The chosen resin content has 

significant effects on the viscoelastic properties in terms of the complex moduli [4,9,10], complex 

viscosity, flowability, and wettability. A higher resin content reduces the flow of 𝑃𝑆𝐴 molecules into 

pores and the roughness of the skin surface, leading to a smaller contact area, less mechanical 

anchoring of the molecules, and less adhesion. Fang and Karyu reported that an increasing cross-linking 

degree within acrylic latexes and copolymers causes a decrease in deformation and flow-ability, 

resulting in weakened bonding to the substrate and, therefore, lower tack values [11,12]. 



A decrease in resin content increases the tack values in terms of the maximum force or stress of 

silicone-based 𝑃𝑆𝐴 [13] and acrylate-based 𝑃𝑆𝐴 [14]. Lindner et al. [15] reported a similar behavior 

for a model acrylic 𝑃𝑆𝐴, found an increase in the maximum force or stress values when the co-

monomer content of acrylic acid was increased from 2 to 8 %. For a rubber stybelite ester-based 𝑃𝑆𝐴, 

Hammond [16] measured larger probe tack values when the resin content was reduced from 90 to 0 

%. Thus, the flow and tack properties of 𝑃𝑆𝐴 can be tailored by adding a softener (reduction in 

viscosity) or filler-like resin (increase in viscosity) to meet the requirements of a given application. The 

increase in both stiffness and viscosity can be explained by the reinforcing effect of fillers having a 

larger stiffness than that of the polymer [17]. Second, the resin can increase the cross-linking density 

of 𝑃𝑆𝐴 via further chemical reactions, leading to higher molecular weights [13]. 

In addition to the 𝑃𝑆𝐴 composition, the testing conditions also affected the tack behavior. Owing to 

the viscoelastic nature of PSA, an increasing retraction speed leads to the stiffening of acrylate-based 

and silicone-based 𝑃𝑆𝐴 [14,18-20]. At high retraction speeds, the tack values were small and reached 

a maximum at low retraction speeds because the recoiling and relaxation of macromolecules 

dominated the deformation-induced orientation. The increase in compression and dwell times 

establishes better adhesion of the 𝑃𝑆𝐴 to substrates or rods [21]. The tack values increase until they 

reach the 𝑃𝑆𝐴 substrate-specific tack maximum [22,23]. 

Previous tack evaluation methods were conducted using custom-designed setups [14,24-26], 

commercial texture analyzers [27], and rheometers [28-32]. The testing procedures used in these 

studies did not comply with 𝐴𝑆𝑇𝑀 D2979 [33] and varied in contact speed, contact pressure, dwell 

time, and retraction speed. 

Additionally, these methods utilize non-deformable supports (e.g., glass or metal plates) to measure 

force-displacement curves and observe cavitation and fibrillation during detachment [14,24,25]. While 

all the previously mentioned testing methods record force-displacement curves [14,24-27,29-32], this 

represents an improvement compared to the single-point measurement defined in 𝐴𝑆𝑇𝑀 D2979 [33]. 

Flexible or soft supports, such as the backing layer of a 𝑇𝑇𝑆, have not been taken into account so far. 

Both spherical [18,20,23,34-36] and flat rods [12,14,19,21,37-39] have been used in tack experiments. 

The shape of a spherical rod causes good alignment to the adhesive surface, which leads to well-

defined crack propagation during detaching, although this geometry induces a non-uniform stress field 

in the bulk [20,40]. Creton and Cicotti [40] reported that spherical rods are more widespread in the 

adhesion testing of non-fibrillating rubbers, where the plastic region at a crack tip is much smaller than 

the contact radius of the rod. Flat rods are used for highly viscoelastic and soft adhesives, where the 

peeling of an adhesive strip is much larger than the adhesive layer itself and is not an intrinsic property 

of the fracture surface or interface [40]. Flat rods establish an almost uniform stress field in the 

adhesive layer, easing the analysis, but are sensitive to slight differences in the bulk or interfacial 

properties [16,18,29]. 

If the radius of a spherical indenter is large compared to the thickness of the adhesive layer, 

detachment occurs under tension across the contact area, and the entire thickness of the 𝑃𝑆𝐴 layer 

contributes to detachment [34]. Creton and Lakrout [41] as well as Takahashi et al. [18] used rigid 

metal or glass plates as substrates. 

Depending on the chosen parameters (temperature, retraction speed, resin content, etc.), several 

researchers [14,15,18,19,27,42,43] have reported the occurrence of cavitation and fibrillation during 

tack tests as a phenomenon similar to crazing in glassy polymers. Deblieck et al. [44] reported that 

crazing in glassy polymers is initiated by the formation of microvoids or cavitation at local stress 

concentrations owing to heterogeneities in the molecular network. A further increase in the applied 



stress leads to the growth of microvoids perpendicular to the first principal stress, which can be 

temporarily stopped by fibril formation. Estevez et al. [45] reported that a plastic zone develops at the 

crack tips during the growth of a void to a craze-providing material because of the shear flow to form 

fibrils and enable their length growth. This stabilizes the lateral size of the craze as the external 

deformation is compensated for by fibril growth and elongation. At slow deformation rates, fibrils can 

elongate more because of the lower flow resistance and orderly alignment of macromolecules [46]. 

With increasing deformation rate, fibril elongation is limited because of the strain hardening of the 

fibrils until fibril fracture occurs [37]. At high deformation rates, the process of fibril formation cannot 

be initiated, and microvoid formation immediately leads to unstable crack growth. Furthermore, Basu 

et al. [47] used the entanglement density (or cross-linking density) in a polymer as a measure of the 

maximum stretchability of the fibrils. A lower entanglement density makes a polymer more prone to 

crazing, with longer and slender fibrils. 

The scope of this study was to investigate the effects of 𝑃𝑆𝐴 composition in terms of chemical 

structure and resin content, as well as the effects of rod geometry on establishing adhesion under 

compression during dwell time. The retraction speed-dependent detaching behavior of 𝑇𝑇𝑆 using the 

RheoTack method [19] provides much more information about the established adhesion states in 

terms of force-retraction displacement-curves and visual observation of the deformation structures 

compared to the tack test according to 𝐴𝑆𝑇𝑀 D2979. Thus, the scope of this study was to investigate 

the effects of 𝑃𝑆𝐴 composition in terms of chemical structure and resin content, as well as the effects 

of rod geometry on the detaching behavior to ease the development of tailormade 𝑇𝑇𝑆. 

 

2. Experimental 

2.1. Materials 

Four commercially available silicone-based 𝑃𝑆𝐴 −  𝐵𝐼𝑂 − 𝑃𝑆𝐴 7-4201 (Biomedical Pressure-Sensitive 

Adhesive, medium tack), 𝐵𝐼𝑂 − 𝑃𝑆𝐴 7-4301 (high tack), 𝐵𝐼𝑂 − 𝑃𝑆𝐴 7-4501 (medium tack), 𝐵𝐼𝑂 −

𝑃𝑆𝐴 7-4601 (high tack) - were supplied by DuPont and Dow Healthcare Solutions, all with a branched 

structure [48-51]. These 𝐵𝐼𝑂 − 𝑃𝑆𝐴𝑠 were mixed at different ratios to produce 3 amine-compatible 

(𝐴𝐶) 𝑃𝑆𝐴 and 3 nonamine-compatible (𝑁𝐴𝐶) 𝑃𝑆𝐴 with different resin contents, 𝑣𝐹 and chemical 

structures (Table 1). 𝑁𝐴𝐶 𝑃𝑆𝐴 has functional 𝑂𝐻 end groups, whereas AC-PSA has functional CH3-end 

groups. 

From these six compounds, placebo transdermal therapeutic systems (𝑇𝑇𝑆 with a thickness of 150 𝜇m 

± 15 𝜇m) were manufactured in a coating box on a release liner and laminated with a transparent 

poly-ester/ethylene-vinyl acetate backing layer (3 M ScotchpackTM 9732) [52] with a thickness of 50 

𝜇m ± 2 𝜇m, longitudinal storage modulus of 3807 ± 55 MPa, and transversal storage modulus of 4592 

± 95 MPa. The storage moduli of the backing layer were measured using dynamic mechanical analysis 

(DMA Artemis E, NETZSCH, Selb, Germany) in the tension mode at 30 °C with an amplitude of 25 𝜇m 

at a frequency of 1 Hz. As the backing layer is provided as a roll, the sample “longitudinal” is prepared 

in roll direction, whereas “transversal” indicates that the sample preparation is rectangular in the roll 

direction. 

 

2.2. Methods 

RheoTack measurements were performed at room temperature using a rheometer (Haake MARS III, 

Thermo Fisher Scientific, Waltham, MA, USA) with three differently positioned synchronized cameras 



as optical observation units and an exchangeable temperature module plate (𝑇𝑀𝑃) as a sample holder 

(Thermo Electron, Karlsruhe, Germany). In principle, RheoTack can be implemented in all commercially 

available rotational rheometers, which allows the measurement of normal forces. The measurements 

were performed six times in the following manner. 

 

 The samples were punched out from a 𝑇𝑇𝑆 sheet with a diameter of 20 mm. After removing 

the release liner, the 𝑃𝑆𝐴 with the backing layers was fixed in a 𝑇𝑀𝑃 with an inner diameter 

of 12 mm. Then, it was mounted on the rheometer with the 𝑃𝑆𝐴 side pointing toward the rod. 

 Then, the rod is moved towards the PSA to establish contact with a compression force of 0.2 

N for a dwell time of 1 s. 

 The retraction experiment started with retraction speeds vretmct of 0.01, 0.1, and 1 mm/s, 

and force-retraction displacement curves were recorded. Assuming homogeneous 

deformation of a 150 𝜇m thick 𝑃𝑆𝐴 film yields strain rates of 0.067, 0.67 and 6.7 1/s. 

 All diagrams were rescaled with respect to retraction displacement to confirm that ℎ =  0 

coincided with 𝐹 =  0 in the retraction curve. 

 

Three rod geometries were chosen (Table 2) to investigate their effects on the detaching behavior. 

Surface roughness was measured using a digital microscope (Keyence VHX-7000, Keyence, Osaka, 

Japan). The rod geometries lead to different contact areas between the PSA and rod, and 

consequently, different measured forces. 

Chiche et al. [43] found that the surface roughness Ra strongly affects the debonding stresses of acrylic-

based 𝑃𝑆𝐴 as long as 𝑅𝑎 remains smaller than 0.060 𝜇m. At larger 𝑅𝑎 values, the debonding stresses 

became constant. As the surface roughness of 𝑃5, 𝑃8 and 𝑅5 range between 0.24 and 0.75 𝜇m, Table 

2, their roughness is clearly above 0.060 𝜇m allowing for comparison. 

 

Table 1 Composition of 𝑃𝑆𝐴 having different resin contents. 

 

 

 

 

 

 

 

  



Table 2 Rod geometries - dimensions and surface roughness; grid distance is 5 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A compression force of 0.2 N was applied in accordance with 𝐴𝑆𝑇𝑀 D2979 [33]. However, the 

compression stresses generated by the rods during the dwell phase varied because of the different 

contact areas: 4 kPa (𝑃8), 10 kPa (𝑃5), and 64 kPa (𝑅5). This leads to different adhesion states as well 

as different displacements at the end of the dwell time hdwell because of the mechanical properties 

of the 𝑇𝑇𝑆 (𝑃𝑆𝐴 and backing layer), Table 3. The increase in the 𝑃𝑆𝐴 shear moduli with resin content 

leads to a decrease in hdwell. 

The use of rods with diameters of 8 mm and 5 mm leads to gaps between the TMP and rods of 2 mm 

and 3.5 mm, respectively, which changes the geometry of the experimental conditions, as shown by 

the different inclination angles of the 𝑇𝑇𝑆 in the gap in Fig. 2. 

In Fig. 3, a force-retraction displacement-curve is shown to illustrate the determination of all evaluated 

RheoTack parameters: 𝑃𝑆𝐴 stiffness S, force at beginning fibril formation 𝐹𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏, retraction 

displacement at beginning fibril formation ℎ𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏, activation energy of fibril formation 𝐸𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏, 

maximum force 𝐹𝑚𝑎𝑥 and retraction displacement at maximum force ℎ𝑚𝑎𝑥, and adhesion energy 𝐸𝑎𝑑ℎ. 

RheoTack parameters were determined for each force-retraction displacement curve to calculate the 

mean values and standard deviations (𝑆𝑇𝐷). In the diagrams, the data are shown as mean curves and 

the error bars represent the scatter among the measurements. 

Plate-plate-oscillatory shear tests were performed on a Haake MARS III, Thermo Fisher Scientific, 

Waltham, MA, USA) in controlled strain mode to determine storage moduli 𝐺’, loss moduli 𝐺’’ and loss 

factor tan (𝛿) of the 𝑃𝑆𝐴 between — 5 °C and 80 °C. As the RheoTack measurements were performed 

at 23 ° C, it is relevant to interpret the composition dependent effects on the temperature difference 



on the maxima of 𝐺’’ and tan(𝛿). Samples with a diameter of 20 mm were punched out from the 𝑃𝑆𝐴 

produced between the two release liners. 

 

Table 3 Resin content dependent storage moduli 𝐺’ and displacements at the end of the dwell time ℎ𝑑𝑤𝑒𝑙𝑙 of 𝐴𝐶 − 𝑇𝑇𝑆 and 

𝑁𝐴𝐶 − 𝑇𝑇𝑆. 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Initial geometrical situations of the rods 𝑃8, 𝑃5, and 𝑅5 with displacements at the end of the dwell time and 

corresponding inclination angles of the 𝑇𝑇𝑆 in the gap for 𝑁𝐴𝐶 − 𝑇𝑇𝑆 with 𝑣𝐹  = 49.1 %. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Example of a force-retraction displacement-curve with the indication of deformation phases and RheoTack 

parameters. 

 

To achieve a thickness of approximately 450 𝜇m, three PSA layers were piled onto the lower plate at 

room temperature after removing the release liners. To confirm good adhesion between layers and 

plates, the sample was compressed with an axial force of 5 N for 15 s. Then, the axial force was set to 

zero, the sample was cooled to the starting temperature of — 5 °C and settled for of 5 min. 𝑃𝑆𝐴 was 

heated to 80 °C at a rate of 2 K/min, a strain amplitude of 1 %, and a frequency of 1 Hz. 

 

3. Results and discussion 

Both the chemical structure and resin content significantly affected the force-retraction displacement-

curves (𝐹 − ℎ curves) of the RheoTack measurements. 𝐴𝐶 − 𝑇𝑇𝑆 with CH3-endgroups has a smaller 

maximum force 𝐹𝑚𝑎𝑥 and adhesion energy 𝐸𝑎𝑑ℎ than the corresponding 𝑁𝐴𝐶 − 𝑇𝑇𝑆 with 𝑂𝐻 end 

groups, Fig. 4. For 𝐴𝐶 − 𝑃𝑆𝐴, the 𝐹𝑚𝑎𝑥 is increased from 0.4 to 5 N, and 𝐸𝑎𝑑ℎ is increased from 74 to 

4600 𝜇J, whereas for 𝑁𝐴𝐶 − 𝑃𝑆𝐴 𝐹𝑚𝑎𝑥 is increased from 1.3 to 7.3 N and 𝐸𝑎𝑑ℎfrom 340 to 10,200 𝜇J, 

respectively. Thus, 𝑁𝐴𝐶 − 𝑃𝑆𝐴 is more effective than 𝐴𝐶 − 𝑃𝑆𝐴 for a given resin content and exhibits 

better flow and wetting behavior on metal surfaces. The macromolecules of 𝑁𝐴𝐶 − 𝑃𝑆𝐴 flow faster 

in the pores and surface roughness, providing more contact area during dwell time. Furthermore, the 

𝑂𝐻 end groups of 𝑁𝐴𝐶 − 𝑃𝑆𝐴 establish more polar interactions with metal substrates, which 

increases the adhesion energy. 

 



The retraction displacement at maximum force ℎ𝑚𝑎𝑥 of 𝐴𝐶 − 𝑃𝑆𝐴 are increased from 0.2 to 1 mm 

and of 𝑁𝐴𝐶 − 𝑃𝑆𝐴 from 0.4 to 2.1 mm, respectively. This indicates that decreasing the resin content 

shifts the start of fibril fracture to larger deformations and significantly enhances fibril stretchability. 

With increasing resin content, 𝑆 of 𝐴𝐶 − 𝑃𝑆𝐴 is increased from 0.4 to 1.3 N/mm, and for 𝑁𝐴𝐶 − 𝑃𝑆𝐴 

𝑆 is only moderately increased from 0.4 N/mm to 0.6 N/mm, Table 4 and Fig. 5. Below a resin content 

of 50 %, both PSA had identical stiffness within the accuracy of the measurements. Furthermore, this 

resin content dependency indicates the presence of a transition towards more solid-like behavior 

above 𝑣𝐹 = 51 % for 𝐴𝐶 − 𝑃𝑆𝐴 and above 𝑣𝐹 = 54 % for NAC-PSA, Fig. 5. Because of the viscoelastic 

character of 𝑃𝑆𝐴, one can expect that this transition behavior shifts to smaller resin contents for larger 

retraction speeds. 

All 𝐹 − ℎ-curves show little scatter in the compression phase, as well as in the stretching and fibrillation 

phases prior to 𝐹𝑚𝑎𝑥. In the detaching phase, after exceeding 𝐹𝑚𝑎𝑥, the first fibrils break, and with 

ongoing retraction, the rate of fibril fracture increases and the force decreases. Because fibril fracturing 

is a stochastic process, the scatter in the 𝐹 − ℎ-curves increases significantly. 

The chosen rod geometry significantly affects the retraction speed dependent 𝐹 − ℎ-curves of all 𝑃𝑆𝐴, 

Figs. 6 and 7. Qualitatively, the shapes of the 𝐹 − ℎ-curves of a given 𝑃𝑆𝐴 are identical for 𝑃5 and 𝑃8 

at the three retraction speeds but differ in the tack-relevant properties, such as 𝐹𝑚𝑎𝑥 and 𝐸𝑎𝑑ℎ in the 

range of 200 % to 500 %, and not around 250 %, as expected from the ratios of the cross-sections. 

Thus, the deviations must be attributed to the differences in the adhesion states resulting from the 

geometrical conditions, Fig. 2. The corresponding effects on fibril formation and detachment 

processes, depending on the PSA composition, are considered later in more detail. 

At retraction speeds of 1 mm/min with 𝑃5, 𝐴𝐶 − 𝑃𝑆𝐴 with resin contents of 51.6 % and 54.2 %, as 

well as 𝑁𝐴𝐶 − 𝑃𝑆𝐴 with a resin content of 54.2 %, established such low adhesions that they detached 

immediately when undergoing tensile loading. For 𝑃8, this behavior was only observed for 𝐴𝐶 − 𝑃𝑆𝐴 

with a resin content of 54.2 %. Thus, the determination of the tack properties is limited to lower resin 

contents if 𝑃5 and 𝑃8 are used at a retraction speed of 1 mm/min. 

With increasing resin content, 𝑆 of 𝐴𝐶 − 𝑃𝑆𝐴 measured with P5 and P8 are increased by a factor 4 to 

5, whereas 𝐹𝑠𝑡𝑎𝑟𝑡 fib , ℎ𝑠𝑡𝑎𝑟𝑡 fib , 𝐸𝑠𝑡𝑎𝑟𝑡 fib , and ℎ𝑚𝑎𝑥 are decreased to 1/4 or 1/5. A much higher 

decrease to 1/10 or 1/ 100 is observed for tack-relevant quantities, such as 𝐹𝑚𝑎𝑥 and 𝐸𝑎𝑑ℎ., Tables 4 

and 5. The decrease of RheoTack parameters of 𝑁𝐴𝐶 − 𝑃𝑆𝐴 differs to those of 𝐴𝐶 − 𝑃𝑆𝐴 as ℎ𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏 

and ℎ𝑚𝑎𝑥 are decreased to 1/4 or 1/5, whereas 𝐹𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏, 𝐸𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏, and the tack-relevant quantities 

as 𝐹𝑚𝑎𝑥 and 𝐸𝑎𝑑ℎ. decreased to 1/5 or 1/50, Tables 4 and 5. This shows that the 𝑃𝑆𝐴 properties change 

significantly if the resin content is varied in the range of 49.1 % to 54.2 %. 

 



Fig. 4. Effects of chemical composition and resin content on 𝐹 − ℎ curves of 𝐴𝐶 − 𝑇𝑇𝑆 (a) and 𝑁𝐴𝐶 − 𝑇𝑇𝑆 (b) for vretract 

 

Table 4 RheoTack quantities evaluated for rod 𝑃8. 

 

 

The shapes of 𝐹 − ℎ-curves measured with 𝑅5 differed significantly from those measured with 𝑃5 and 

𝑃8, except for the retraction speed of 1 mm/min. During the dwell time, sufficient adhesion was 

established to allow the measurement of 𝐹 − ℎ-curves at all three retraction speeds. 𝐹𝑜𝑟 𝐴𝐶 − 𝑃𝑆𝐴, 

the force does not decrease continuously during the detaching phase after exceeding 𝐹𝑚𝑎𝑥 but 

stabilizes on a plateau after a sharp force drop, as shown in Fig. 6. In the case of 𝑁𝐴𝐶 − 𝑃𝑆𝐴, a second 

force maximum occurred, Fig. 7. 

With increasing resin content, stiffness was increased by a factor 4 at 0.01 mm/s, and a factor 2 at 0.1 

mm/s and 1 mm/s for 𝐴𝐶 − 𝑃𝑆𝐴, Table 6. If one compares 𝐹𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏, ℎ𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏, 𝐸𝑠𝑡𝑎𝑟𝑡 𝑓𝑖𝑏, 𝐹𝑚𝑎𝑥, and 

ℎ𝑚𝑎𝑥 of 𝑅5 to those of 𝑃5 and 𝑃8, they can be considered constant with respect to 𝑆𝑇𝐷 whereas 𝐹𝑚𝑎𝑥 

and 𝐸𝑎𝑑ℎ decreased one half, Table 6. For “softer” 𝑁𝐴𝐶 − 𝑃𝑆𝐴 only 𝐸𝑎𝑑ℎ exhibits a decrease to one 

half and the other RheoTack quantities can be considered constant with respect to 𝑆𝑇𝐷, Table 6. 



 

These results show significant changes in the 𝑃𝑆𝐴 properties and the 𝐹 − ℎ-curves for resin content 

variations in the range of 49.1 % to 54.2 %. The 𝐹 − ℎ-curves reveal a strongly retraction speed-

dependent detaching behavior that is affected by the conditions during the compression phase. The 

displacements at the end of the dwell time ℎ𝑑𝑤𝑒𝑙𝑙, Table 3, decreased with increasing resin content 

due to higher 𝑃𝑆𝐴 stiffness. Furthermore, a smaller ℎ𝑑𝑤𝑒𝑙𝑙 leads to smaller contact areas between the 

𝑃𝑆𝐴 and rod 𝑅5 but larger contact pressures. However, it lasts longer to enter the stretching and 

fibrillation phases for larger ℎ𝑑𝑤𝑒𝑙𝑙. The compression phase becomes longer, and more time is available 

to establish adhesion. The total retraction speed-dependent compression time significantly exceeded 

a dwell time of 1 s, Table 7. Thus, the test conditions were not identical among 𝑃8, 𝑃5, and 𝑅5, 

although a dwell time of 1 s was chosen, as required in 𝐴𝑆𝑇𝑀 D2979 [33]. To obtain identical 

compression times, it would be best to always retract at a constant speed until 𝐹 =  0 and then switch 

to the desired retraction speed. 

Obviously, the effective contact areas between the 𝑃𝑆𝐴 and rods, as well as the gap widths, differ due 

to the geometries of the rods. Thus, the inclination angles of the 𝑇𝑇𝑆 in the gap and the angles at the 

contact line of the 𝑃𝑆𝐴 to the rods are retraction displacement dependent and differ for the given 

retraction displacements, Fig. 8. This has consequences for the transferred loads and stresses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Resin content dependent stiffnesses of 𝐴𝐶 − 𝑇𝑇𝑆 and 𝑁𝐴𝐶 − 𝑇𝑇𝑆 for 𝑣𝑟𝑒𝑡𝑟𝑎𝑐𝑡 = 0.1 mm/s and rod 𝑃8. 

 

The stretching pattern and buckling of the 𝑇𝑇𝑆 as a non-stiff sample were observed on the 𝑇𝑀𝑃 as 

well as in the gap. This means that at a certain retraction displacement, the shear strengths of the 𝑃𝑆𝐴 

between the 𝑇𝑀𝑃 and backing layer are exceeded, and the 𝑇𝑇𝑆 is sliding towards the gap, Fig. 8. 

Initially, the contact areas of 𝑃𝑆𝐴 and 𝑇𝑀𝑃 were identical. As the load is transferred from the rod to 

the 𝑇𝑀𝑃, the shear strengths of the 𝑃𝑆𝐴 are achieved at lower retraction displacements for 𝑃8 than 



those for 𝑃5 and 𝑅5. Fig. 8 also shows that after fibril formation, further retraction leads to elongation 

of fibrils rather than an increase in the angle of the 𝑇𝑇𝑆 in the gap. 

Fig. 6. Retraction speed dependent 𝐹 − ℎ-curves of 𝐴𝐶 − 𝑇𝑇𝑆 having resin contents of 𝑣𝐹  = 54.2 %, 51.6 % and 49.1 % 

using 𝑃5, 𝑃8 and 𝑅5. 

 

At a certain retraction displacement, depending on the rod geometry, the inclined 𝑇𝑇𝑆 in the gap 

introduces stresses along the contact line of the 𝑃𝑆𝐴 to the rod that exceed the shear strength of the 

𝑃𝑆𝐴. Shear flow-induced failure starts along the contact line and propagates towards the interior of 

the 𝑃𝑆𝐴. This failure involves several steps [40]. 

If the stresses exceed the shear strength of the 𝑃𝑆𝐴, nanoscale cavitation is formed, which dissipates 

deformation energy to surface energy. Owing to the large curvature, the stresses are concentrated 

along the cavitation equators. 𝑃𝑆𝐴 now has two options: 

 

 propagation of a crack perpendicular to an external load, leading to either catastrophic 

cohesive failure or debonding from the rod; 

 reduction of curvature and stress concentration by lengthening cavitations with subsequent 

formation of fibrils. 

 

For 𝑃5 and 𝑃8 both failure types were observed. Their development depends on the resin content and 

retraction speed. The first fibril formation was observed along the circumferences of 𝑃8 and 𝑃5 as dot-



like structures, as shown in Fig. 8. Simultaneously, the contact area was reduced by partial debonding 

of the 𝑃𝑆𝐴 from the rods in the order of 20 to 30 % of the cross-section visible as the blank oval area 

in Fig. 8. 

Fig. 7. Retraction speed dependent 𝐹 − ℎ-curves of 𝑁𝐴𝐶 − 𝑇𝑇𝑆 having resin contents of 𝑉𝐹  = 54.2 %, 51.6 % and 49.1 % 

using 𝑃5, 𝑃8 and 𝑅5. 

 

Table 5 RheoTack parameters evaluated for rod 𝑃5. 

 



Table 6 RheoTack quantities evaluated for rod 𝑅5. 

 

 

Table 7 Retraction speed dependent compression times. 

 

 

 

 

 

 

 

When the first fibrils were formed, the inclination of 𝑇𝑇𝑆 did not change significantly. Continuing 

retraction led to further elongation and thinning of fibrils along the circumference until the first fibrils 

started to break. This occurred close to Fmax. This scenario then walks towards the inner contact areas 

until the 𝑃𝑆𝐴 and rod are separated. Thus, Fmax represents a measure of fibril strength, which is 

governed by the retraction speed and resin content-dependent PSA moduli, fibril orientation and 

stretchability, 𝑃𝑆𝐴 flowability, stress relaxation, disentangling, and strain-hardening processes 

[34,53,54]. 

If the load transferred from the rod to the 𝑇𝑀𝑃 exceeds the critical force, which is the case for P5 and 

P8, the shear strengths of the 𝑃𝑆𝐴 are achieved. Further rod retraction leads to shear flow in the 𝑃𝑆𝐴, 

and the backing layer slides towards the gap. The higher the transferred load, the more the 𝑇𝑇𝑆 is 

shifted. Thus, hmax increased to reach 𝐹𝑚𝑎𝑥. 

For 𝑅5, only the second option, 2, is observed, Fig. 8. During the dwell time, the spherical surface of 

𝑅5 indented the 𝑃𝑆𝐴, similar to a hardness test with maximum stress in the center. Owing to the small 

compression force, the surface of 𝑅5 only had partial contact with the 𝑃𝑆𝐴. The contact area to the 

𝑃𝑆𝐴 has a diameter between 2 and 2.5 mm depending on the resin content. This small contact area 

confirms that the tensile forces during the detaching phase remain small enough that the shear 



strength of 𝑃𝑆𝐴 is not achieved at the interface to the 𝑇𝑀𝑃. The backing layer did not slide towards 

the gap, and 𝑇𝑇𝑆 did not show a stretching pattern in the gap. 

If 𝐹 =  0 is achieved during retraction, the areas of the 𝑃𝑆𝐴 along the contact circumference already 

experience tensile stresses, whereas the center areas are still under compression stress. Catastrophic 

crack propagation cannot occur under these conditions. Failure began with fibril formation along the 

contact circumference. At 𝐹𝑚𝑎𝑥 the fibrils along the circumference started to break, and the force 

decreased rapidly. Subsequently, the more centrally located fibrils were stretched, which partly led to 

a force plateau or a second force maximum. The detaching of the 𝑃𝑆𝐴 walks due to successive fibril 

stretching and breaking towards the center in an orderly manner until complete separation of 𝑃𝑆𝐴 

and 𝑅5. This failure behavior explains the moderate force decrease after the force drop for 𝐴𝐶 − 𝑃𝑆𝐴 

and the occurrence of a second maximum force for 𝑁𝐴𝐶 − 𝑃𝑆𝐴 during the detaching phase. This 

second maximum can be explained by the polar 𝑂𝐻 end groups of 𝑁𝐴𝐶 − 𝑃𝑆𝐴, which increase the 

interaction of the polymer molecules and reinforce the strain hardening of the fibrils. 

The inclination angle of the 𝑇𝑇𝑆 in the gap increased with ongoing retraction. Trigonometric evaluation 

provided inclination angles 𝛼 = 51°, 𝛽 = 26°, and 𝛾 = 13° for 𝑃8, 𝑃5, and 𝑅5 at ℎ𝑚𝑎𝑥. However, visual 

observation showed less inclined 𝑇𝑇𝑆 in the gap with angles 𝛼 = 36°, 𝛽 = 17°, and 𝛾 = 1° and long 

vertical fibrils connecting the 𝑃𝑆𝐴 and rod. At ℎ𝑚𝑎𝑥 the corresponding fibrils had lengths of 1 mm, 0.6 

mm, and 0.57 mm, respectively. The compression stresses required to establish adhesion differ with 

respect to the rod geometry, as well as the compression times, Table 7, which depend on the resin 

content. This means that retraction starts from different adhesion states between the 𝑃𝑆𝐴 and rod. In 

the RheoTack experiment, the 50 𝜇m thick backing layer of the 𝑇𝑇𝑆 represented a flexible support. 

This flexibility also affects the establishment of adhesion between the 𝑃𝑆𝐴 and rods. 

The consideration of the cross-sectional stress and 𝑃𝑆𝐴 thickness in both the dwell and detaching 

phases at Fmax shows completely different stress and thickness situations for flat and spherical rods, 

Fig. 9. 

Flat rods such as 𝑃5 and 𝑃8 have initial contact with the PSA over the complete cross-section if ℎ =

 0, and the 𝑃𝑆𝐴 sticks to the rod. However, with increasing compression force, the compression 

stresses mainly increase along the rod edge, as the bending of the backing layer compresses the 𝑃𝑆𝐴 

in a thin circumferential stripe. The inclination of the 𝑇𝑇𝑆 in the gap causes a clamping effect that 

generates a small flow of 𝑃𝑆𝐴 towards the center, forming a rampart. The stresses in the middle of 

the flat rods were significantly lower than those at the edges. The consequence is an inhomogeneous 

cross-sectional stress field with high compression stresses along a circumferential stripe and more or 

less compression stress-free center areas, Fig. 9a. This contrasts with the commonly used rigid metal 

or glass substrates, which affirm a uniform cross-sectional stress field. This means that more adhesion 

is established during the dwell phase for 𝑃8 than for 𝑃5 because of the larger inclinations of the 𝑇𝑇𝑆 

in the gap and higher compression stresses along the circumference of P8. Thus, P8 transfers more 

force to the 𝑇𝑀𝑃, leading to more 𝑇𝑇𝑆 sliding towards the gap and larger 𝐹𝑚𝑎𝑥 and ℎ𝑚𝑎𝑥. 

The spherically rounded rod 𝑅5 had an initial center contact with the 𝑃𝑆𝐴. The flexible 𝑇𝑇𝑆 bevels at 

approximately 𝑅5, and the compression force increases until the inclination of the 𝑇𝑇𝑆 in the gap 

coincides with the tangent of the rod sphere. This generates an inhomogeneous stress field with 

maximum stresses in the center area and decreasing stresses towards the contact line, Fig. 9b. The 

inhomogeneous stress field has a shape similar to that generated by rigid substrates, but at a lower 

stress level [55]. The 𝑃𝑆𝐴 experienced more compression for rigid supports than for beveled backing 

layers. 



If the retraction reaches ℎ =  0, increasing tensile stresses are introduced into the 𝑃𝑆𝐴 for all the rods. 

At this moment, the backing layer bends upward in the gap, and the tensile stresses at the border of 

the contact area become higher than in the center owing to the notch effect, creating an 

inhomogeneous cross-sectional stress field, Fig. 9c. Further retraction leads to cavitation and 

subsequent fibril formation. Simultaneously, the 𝑃𝑆𝐴 partially debonds from the flat rods in more 

central areas because the small pressures in the center area during the dwell phase established only 

little adhesion. During the ongoing retraction, the fibrils at the edges are stretched until they start to 

break if 𝐹𝑚𝑎𝑥 is reached. This is the start for fibrils stretching towards the rod center and subsequent 

fibril fracture until complete failure of the 𝑃𝑆𝐴. The spherically rounded rod R5 also generates an 

inhomogeneous cross-sectional stress field, Fig. 9d, with the start of fibril stretching and breakage at 

the border of the contact area. As the center of the contact area experienced maximum compression 

stress in the dwell phase, the adhesion increased continuously from the border to the center. 

Spontaneous debonding is not possible, and fibril stretching and breakage walk towards the center. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Detaching situation at ℎ𝑚𝑎𝑥 for rods 𝑃8, 𝑃5, and 𝑅5 and corresponding pictures showing the deformation states 

from bottom perspective - stretching patterns of the 𝑇𝑇𝑆 on the 𝑇𝑀𝑃 and in the gap for 𝑃5 and 𝑃8, oval debonded areas, 

dot-like areas with fibrils and shifted 𝑇𝑇𝑆 shift on 𝑇𝑀𝑃; from side and top perspective - stretched fibrils, and 𝑇𝑇𝑆 

inclination in the gap; 𝑁𝐴𝐶 − 𝑃𝑆𝐴 with vf = 49.1 %, 𝑣𝑟𝑒𝑡𝑟𝑎𝑐𝑡 = 0.01 mm/min.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Cross-sectional stress and thickness considerations of the 𝑃𝑆𝐴 for rods 𝑃5 (𝑃8) and 𝑅5 in dwell phase with 

ompression stresses, and in detaching phase with tensile stresses. 

 

In addition to the effects of establishing adhesion during the compression phase, the rod geometry 

affected the measured magnitude of the transferred forces, Figs. 6 and 7. To facilitate a direct 

comparison, it seems reasonable to normalize the forces of 𝑃8 and 𝑅5 with respect to the cross-section 

of P5. If the forces are corrected using the following normalization factors: 

 

 

with the cross-sections of rods 𝐴𝑃5, AP8 and 𝐴𝑅5 one obtains a correspondence with 𝐴𝑆𝑇𝑀 D2979 

[33]. 

In Fig. 10 normalized force-retraction displacement-curves are shown for 𝐴𝐶 − 𝑃𝑆𝐴 and 𝑁𝐴𝐶 − 𝑃𝑆𝐴 

with 𝑣𝐹 = 49.1 %. The normalized force-retraction displacement curves have comparable 𝐹𝑚𝑎𝑥 values 

for 𝑃5 and 𝑃8 at given retraction speeds and increased hmax for 𝑃8. The range of retraction 

displacements beyond hstartfib is increased for 𝑃8, showing that fibril formation and elongation occur 

over a longer time period and with lower rates as the 𝑇𝑇𝑆 is shifted towards the gap. Furthermore, 

the effects of the polar 𝑂𝐻-end groups on adhesion were clearly visible for 𝑁𝐴𝐶 − 𝑃𝑆𝐴, as both ℎ𝑚𝑎𝑥 



and 𝐹𝑚𝑎𝑥 were larger for 𝑃8. The determination of the contact area 𝑅5 − 𝑃𝑆𝐴 is somewhat uncertain, 

as the diameter of the contact area is between 2 and 2.5 mm due to optical monitoring. Thus, the 

normalized forces in Fig. 10 at 𝑅5 were probably slightly overestimated with a diameter of 2 mm. 

However, the force-retraction displacement-curves exhibit similar or slightly larger 𝐹𝑚𝑎𝑥 values than 

those of 𝑃5 and 𝑃8, and a significantly faster force increase. 

Both 𝑁𝐴𝐶 − 𝑃𝑆𝐴 and 𝐴𝐶 − 𝑃𝑆𝐴 responded in a pronounced viscoelastic manner, as shown by the 

retraction-rate-dependent properties, 𝑆, 𝐹𝑚𝑎𝑥 and 𝐸𝑎𝑑ℎ (Tables 4, 5 and 6). Silicone-based polymers 

and rubbers have glass transition temperatures 𝑇g ranging —123 °C to —138 °C, respectively [56,57]. 

As the RheoTack measurements were performed at ambient temperature (23 °C), approximately 150 

°C above 𝑇g, the question arises if there are further dispersion regimes of the 𝑃𝑆𝐴 around 23 °C, which 

can partly be attributed to phase transitions of the resin component. 

𝐷𝑀𝐴 measurements using the plate-plate-arrangement clearly confirm this because they exhibit 

shallow and broad loss modulus (𝐺”) peaks with maxima between 0 °C and 23 °C and tan𝛿 peaks with 

maxima between 40 °C and 80 °C, Fig. 11. This is an indication of complex 𝑃𝑆𝐴 morphology. 

The half widths of the peaks are on the order of 100 °C, indicating that the dispersion process is not a 

typical glass transition. Thus, both 𝐴𝐶 − 𝑃𝑆𝐴 and 𝑁𝐴𝐶 − 𝑃𝑆𝐴 operate in the transition regime [58]. 

This explains the high rate dependent detaching behavior, as well as the rather non-sticky behavior of 

the 𝑃𝑆𝐴 with 𝑣𝐹 = 54.2 %, as the 𝐺” maximum is above the measuring temperature. The manufacturer 

stated that these transitions arise from the resin components. Furthermore, the tan(𝛿) peaks are 

shifted by 60 °C to 70 C° to higher temperatures compared to the 𝐺” peaks, a further statement that 

this is not a glass transition of a homopolymer, with shifts of typically 15 °C to 25 °C. 

 

Fig. 10. Contact area normalized retraction speed dependent 𝐹 − ℎ-curves of 𝐴𝐶 −  𝑇𝑇𝑆 (top) and 𝑁𝐴𝐶 − 𝑇𝑇𝑆 (bottom) 

with a resin content of 49.1 % investigated on 𝑃5, 𝑃8 and 𝑅5. 

 

  



4. Conclusion 

The potential of the RheoTack method was demonstrated by the investigating of the detaching 

behavior of silicone-based pressure-sensitive adhesives (𝑃𝑆𝐴) for transdermal therapeutic systems 

(𝑇𝑇𝑆) containing non-amine-compatible and amine-compatible 𝑃𝑆𝐴 at practicerelevant resin contents 

between 49.1 % and 54.2 %. The analysis considered three retraction speeds and three rod geometries: 

 

 retraction speeds: 0.01, 0.1 and 1 mm/s 

 flat rod (𝐷 = 8 mm), flat rod (𝐷 = 5 mm), and spherical rod (𝐷 = 5 mm). 

 

The findings can be summarized as follows: 

 rod geometry directly impacts the force-retraction displacement curves and the corresponding 

RheoTack quantities owing to the characteristic stress and strain distributions in the 

compression and tensile phases; 

 the normalization of forces on contact crosssections improves comparability and provides 

deeper insights into the deformation and failure mechanisms; 

 the spherical rod produces distinct failure and detachment behavior compared to flat rods due 

to differences in stress and strain distributions; 

 stress distribution in the PSA under the rod is essential for understanding the established 

adhesion states and requires further detailed stress simulation analyses, especially for flexible 

substrates. 



Fig. 11. Temperature and resin content dependent loss moduli 𝐺” and loss factor tan(𝛿) of 𝐴𝐶 − 𝑃𝑆𝐴 and 𝑁𝐴𝐶 − 𝑃𝑆𝐴. 

 

Impact of flexible backing layer: 

 flexible backing layer as a support affects the established adhesion states during the 

compression phase for all the rod geometries tested; 

 flexible backing layer alters adhesion and detachment behavior due to additional deformation 

processes: o bending of the transdermal therapeutic system (𝑇𝑇𝑆) at the rod edges, causing 

peeling with shear stress and fibril formation o sliding of the 𝑇𝑇𝑆 underneath the testing 

module;  

 

This influence must be considered when evaluating force-retraction displacement curves to determine 

the failure criteria for fibril formation and detachment. 

Reevaluation of dwell time and testing standards: 

 the application of dwell conditions according to 𝐴𝑆𝑇𝑀 D2979 no longer ensures comparability 

with previous probe tack measurements; 

 in retraction speed-dependent measurements, the real dwell time consists of the total 

compression stress duration and depends on the retraction speed and rod geometry; 



 the effects of dwell time and dwell pressure on adhesion and detaching behaviors require 

further study to establish a new procedure to confirm the comparability of well-defined initial 

adhesion states in RheoTack measurements. 

 

This study confirmed that RheoTack is a powerful tool for the development of tailor-made 𝑃𝑆𝐴 

formulations for specific applications. 
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