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Significance 

 Medical-grade wearable devices  
require mounting strategies that 
ensure stable skin contact for 
accurate, long-term 
measurements while allowing 
gentle removal to avoid skin 
damage. Suction-based mounting 
is an attractive adhesive-free 
approach, but its mechanics have 
remained unclear. This work 
establishes fully explicit analytical 
models for both cone and 
ring-shaped suction cups, 
yielding direct relations among 
deformation, force, geometry, 
and material properties. The 
resulting scaling laws reveal the 
governing design principles of 
suction attachment and provide 
a quantitative framework for 
optimizing suction-based 
interfaces in wearable biomedical 
devices. 

Stable mounting is a central requirement for skin-interfaced wearable biomedical devices,  
because accurate and long-term measurements with clinical utility typically demand 
intimate contact with the skin, whereas practical use also requires gentle removal to 
minimize skin irritation and damage. Existing mounting strategies often struggle to 
satisfy these competing requirements simultaneously, especially under prolonged wear 
or in the presence of sweat and moisture. Suction-based mounting has recently emerged 
as a promising alternative because it can provide strong, reversible, and adhesive-free 
attachment, yet its underlying mechanics remain insufficiently understood. Here, we 
establish analytical models for the deformation and force of suction cups in a fully 
explicit form, covering both the cone suction cup and an optimized ring suction cup 
design. Unlike previous approaches that rely on indirect quantities such as the pressure 
difference and contact radius, which are not available before experiments and there-
fore cannot serve as controllable design variables, the present framework yields direct 
relations between suction performance and geometry parameters, material properties, 
and loading conditions, including the maximum push down displacement and the 
subsequent pull up displacement. The resulting formulas agree closely with accurate 
numerical solutions and lead to compact scaling laws that clearly identify how geometry  
and material parameters govern suction performance. These results provide a quanti-
tative and physically transparent foundation for the design of suction-based mounting 
strategies in wearable devices. 

wearable devices |   | |   | mounting strategy  suction cup  pull up force analytical model 

 Wearable biomedical devices are increasingly important as integrated platforms for con­
tinuous monitoring and point-of-care diagnostics, enabled by compact form factors, soft 
mechanics, and wireless operation (1, 2). Physiological sensing is the most representative 
application, including conventional biophysical and biomechanical readouts (such as 
temperature, photoplethysmography, electrocardiography, and body motions) (3, 4), sweat  
biochemistry (5, 6), cardiovascular monitoring such as blood pressure (7, 8) and tissue 
characterization (9–11) etc. Across these diverse use cases, reliable device performance 
depends critically on a stable mounting strategy. The interface must maintain intimate 
and conformal contact with the skin to support accurate and long-term measurements, 
while also allowing gentle removal to minimize irritation or damage, particularly for 
neonatal and pediatric populations, whose skin is more vulnerable (12, 13). 

E xisting mounting strategies for skin-mounted devices can be organized into two broad  
classes: adhesive interfaces and mechanically fixed, adhesive-free interfaces as shown in 
Fig. 1 . (14). Adhesive approaches rely on chemical adhesion, providing robust fixation 
across a wide range of users, but prolonged wear may compromise the skin barrier, and 
adhesive performance can degrade in hot, humid, or sweating conditions (15). Our pre­
vious work (16) introduced a thermal switchable adhesive by reducing the adhesion for 
harmless removal, but it is only for single-time use. Adhesive-free approaches instead use 
mechanical means to secure the device, including elastic bands (8), textile meshes (17), 
and suction-based fixtures (18, 19). Elastic bands are widely used because they are simple 
and broadly compatible with many body locations, but the sustained compression required  
for intimate coupling can alter local cutaneous perfusion and microcirculatory activity 
(20). On the other hand, textile- or mesh-assisted mounting offers excellent breathability, 
comfort, and suitability for long-term wear, but its performance depends strongly on 
garment fit and contact pressure, which can lead to variable skin coupling and increased 
motion artifacts (21). 

 Among these options, suction-based mounting strategies are particularly attractive 
because they offer simple construction, strong attachment, harmless removal, and repeat­
able application without chemical adhesives (18). In our recent work (22), we introduced D
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Fig. 1.     Schematic illustration of different mounting methods, including adhesive interfaces and adhesive-free interfaces (with elastic band or suction cup). 

this concept on a skin-interfaced platform that secures a sealed 
chamber to the skin for monitoring epidermal molecular flux. 
This mode of attachment may be especially advantageous in moist  
environments, including sweating or water exposure, where liquid  
at the interface can help suppress air leakage and preserve sealing. 
Although this suction cup approach has been widely used and 
accepted in daily life, as far as we know, current studies are mostly 
limited to experimental or numerical studies (18, 23–28) with no 
detailed analytical modeling on its mechanics deformation. The 
empirical equation 2

F = ΔP × ˜R
c  is still widely used to estimate   

the  detachment  force  of  suction  cups,  where  the  pressure  difference  
Δ P     between the inside and outside suction cup and the contact 
radius Rc  (Fig. 2 B) are indirect variables, i.e., they are unknown 
before measured in experiments, thereby cannot be controlled/ 
optimized in terms of the geometry and material properties.          

 In this paper, we establish a mechanics framework for suction-based  
skin mounting and derive analytical solutions for the deformation  
and pull up forces of suction cups. A cone suction cup is first ana­
lyzed as a simple baseline geometry to illustrate the analytical pro­
cedure and the form of the solution. Building on this foundation,  
we then develop the model for an optimized ring suction cup, which  
represents the primary design of interest for practical wearable  
devices (22) because its geometry can substantially enhance the pull  
up force. A modified ideal gas law is used during pull up. The ana­
lytical solutions clearly show the dependence of each geometry and  
material parameters, providing quantitative design guidelines for  
suction-based mounting strategies in wearable devices. 

Results and Discussion 

Cone Suction Cup. The schematic diagram in Fig. 2A shows the 
basic axisymmetric geometry (cone shape) of a cone suction 
cup placed on a rigid flat surface. Its axisymmetric cross-section 
(Fig. 2B) has radius R and angle ̃  . The suction cup has frictionless  
and nonadhesive surface contact after a relatively large push 
down displacement w0 at its top, and its contact radius Rc  is to be
determined (Fig. 2B). 

 The suction cup is modeled as elastic thin plate and the 
Kirchhoff–Love plate theory (29) is used to relate the axisymmetric  
deflection w     of the suction cup to the pressure  p, 

D∇4 w = p, [1] 

  where the plate bending stiffness  D = Eh3

12 1−˜2( )     is related to the 

Young’s modulus  E , Poisson’s ratio ˜    , and plate thickness h. The 
present analytical model neglects transverse shear deformation, 
membrane stretching, shell-curvature effects, material nonlinearity  

at large strain, and possible local instabilities such as wrinkling or 
buckling. This approximation is validated by the finite element 
analysis (FEA) in SI A ppendix, Supplementary Note 5. 

  

 

 For the contact region  Rc ,  R             , the deflection is simply
w  = (R − r) tan ˜    , i.e., the vertical distance from the suction cup 
to the rigid flat surface at its bottom. This yields a vanishing 
second-order derivative  w 11 = 0 in the entir   e contact region. 

˜ )

˜ 
 For the noncontact region  0, Rc  , the pressure p is zero. The

boundary conditions for Eq. 1 in the polar coordinate  r are 
w (0) = w     )o slope w 1

0 and zer (0)) = 0
of deflection 

˜ ˜     at the center, and  continuity 
w Rc = R −R tanc  

˜ )
˜and slope w1 R = − tancc  ˜

at the boundary (i.e., the interface with the contact region). The 
deflection is then completely solved as (SI A ppendix, Supplementary  
Note 1) 

2r r 
w0 − tan ̃  lnwpush down = 

R Rc c ˙ ˆ°˜ ˛ ˝ r2 
+ w0 − R −R tan ̃c R2 

c 

r 
2 ln − 1 .

Rc 

[2]
 

  Continuity of bending moment  11 M = −r  D w +˜ 1 w 1
 r 

)˜ 
(29)

across the interface  r = R c then gives w"" 
˜
Rc 
)
= 0, which yields 

the contact radius Rc  during push down 
  

Rw0 c 
= R − .

tan ˜ 4 [3] 

i.e., Rc  decr   eases as the deflection  w0  incr  eases, and the range of 
w 0  for sur  face contact should be 

˜ ]
3  R tan ̃ , R tan ̃  
4 . Fig. 2 C illus­

trates the normalized profiles (   ∗  (R−r) tan ˜ − w vs.  ∗  rz = r =
R tan ˜  )R

during push down of the suction cup for the undeformed (w  = 00 ) 
and normalized push down displacement  w ∗ w

= 0 =
0

 0.75 R tan ˜  
and 0.95. Fig. 2 D shows linear dependence of the normalized 
contact radius  r ∗ R

= c   on the push do  wn displacement  w ∗c R 0 in Eq. 3. 
The volume of the air trapped between the suction cup and 

rigid flat surface is 

R 
V = 2˜ ˜ 

c 
[(R − r) tan ° −w]rdr .

0 
 [4] 

  At the maximum push down displacement  w0_max, substitution 
of wpush down in Eq. 2 into the above integral gives 

˛ ˝3˜ ° 4 w0_max 
V = ˜ tan ° R − .w0_max 

3 tan ° 
 [5]
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Fig. 2.     Cone suction cup. (A) Schematic illustration of a cone suction cup, with (B) its axisymmetric geometry parameters at undeformed and deformed 
configurations. (C) The cross-sectional profile z* during push down and pull up. (D) normalized contact radius ∗

r
c

   during push down and pull up. (E) Normalized 
pull up force F* for both numerical (num.) and analytical (ana.) solutions. 

 After the deflection reaches its maximum  w0_max the suction 
cup is pulled up (Fig.  2B), i.e., w0     decreases. The gas inside suction  ) ) )
cup satisfies the ideal gas law P0V

˜
w0_max = 

˜
P
 

V
˜ 

0 −ΔP  w0 
during pull up (25, 27), where  P0     is the atmosphere pressure inside  ) )
the suction cup before pull up,  V

˜
w      is giv

˜ 
0_max en in Eq. 5, V w0 

is the volume of suction cup during pull up obtained from Eq. 4  
though its deflection w during pull up r   emains to be determined. 
The pressure drop  ΔP  inside the suction cup is then obtained as   

˜ ˛˝ 
V w0_max 

ΔP = ˜P0 1 − ° ˛ ,
V w0

(
 [6]

  where ˜ = 1    corresponds to the ideal gas law, which, however, 
could lead to a nonphysical decrease of the contact radius during 
pull up, as shown in SI  Appendix, Fig.  S1 and Supplementary Note 2.  
Therefore,  ̃     is introduced to ensure an increase of the contact 
radius during pull up. The maximum value of  ̃  is chosen thereby 
providing an upper-bound estimate of the maximum pull up force  
(SI A ppendix, Supplementary N ote 2˜ )).

 For the noncontact region  0, Rc      during pull up, the deflection  
is the sum of Eq. 2 (for push down) and the additional term due 
to the pressure difference  ΔP , 

˜ 
ΔP r 

r 2 r 2 − R2 −2R2ln .wpull up = wpush down + c c 64D Rc 

)
[7]
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)
  Its substitution into the integral in Eq. 4 gives  V

˜ 
w0 , which 

together with modified ideal gas law in E 6
condition of bending moment w'' 

˜
R
 ) q.  and continuity 
c  = 0 across the interface, 

yield an algebraic equation for the contact radius Rc  in SI A ppendix,
Supplementary Note 2. Fig. 2 C also shows the profile ( z  ∗~ r  ∗) dur­
ing pull up of the suction cup for the normalized maximum push 
down displacement  w ∗ w

= 0_max = 0.95
0_max R tan ˜     . At the same dis­

placement w ∗ = 0.75
0     , the contact radius for pull up is much

smaller than that for push down, reflecting the effect of gas law 
inside the suction cup. This is confirmed in Fig. 2 D that the curve  
for pull up is much lower than push down. 

 Force equilibrium of the noncontact regi
the pull up force  F  2 R Q

˜
R
 on of suc) tion cup gives 

= + 2˜ ˜ Δpull up c r c  Rc P , where 
 D d Q 2= − ∇r w

dr pull up    is the shear force during pull up. The pull 
up force is obtained approximately in SI A ppendix, Supplementary 
Note 2 as

  √
2˜D tan ° 1 1 

1− ˛ .Fpull up ≈ ∗ R 1 − w ˛
0 

[8]
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F or 

˜ ° ˛3  2 1−w∗

λ = 0_max˝ ˙3 ≪ 1
∗1−w
0 

    , which implies large push down 

(    w∗    
0_

 close to 1)
max

 and moderate pull up   ∗ <w ∗(w
0
  0_max ). Further 

simplification by keeping only the lead term gives Fpull up ≈  ˜
 

2˜D tan ° 1 ∗− w 
0° ˛3  R ∗ 2 1−w 

0_max 

for 

e  )3  √ 2 1−w∗
4 max

λ 0_
=  m ≪ 1

∗ 3  
1−w

0

. Fig. 2 E  

shows that the normalized pull up force  
RF

 ∗  pull 
F

up 
=

2˜D tan ° vs. pull
up displacement w∗

0
  obtained from Eq. 8 agrees very well with the 

accurate (but numerical) solution (SI A ppendix, Supplementary 
Note 2). The pull up force increases rapidly with the maximum 
push down displacement w  ∗

0_max     = 0.85, 0.9, and 0.95, and it is 
orders of magnitude larger than the force during push down.  

 

  
 

 
 

Ring Suction Cup.  The ring suction cup, which is the representative  
geometry used for our recent skin-interfaced wearable device  
(illustrated in SI  Appendix, Fig.  S6) (22), is studied in order  
to further increase the pull up force. The schematic diagram  
in Fig.  3A shows the basic axisymmetric geometry of a ring  
suction cup placed on a rigid flat surface. Its axisymmetric  
cross-section (Fig. 3B) is an isosceles trapezoid with top radius  
R1  , bottom radius R2  , angle ˜  , and large rotation axis radius  
ρ0 ≫ R1 ,R2  , in order to maximize the pull up force. Its top  
surface (radius R1  ) attached to a rigid platform is pushed down  
by a uniform displacement w0  . The suction cup has nonadhesive  
surface contact after a relatively large w0  and haws the same  

contact radius Rc   on the outer and inner parts (Fig. 3B) to be ˜ )
determined. The analysis of outer ˜0+ R ,1  ̃ 0+ R2   and inner  ˜ )
˜0− R ,2  ̃ 0− R1   parts is essentially the same for ρ0 ≫  R1 ,R2 

therefore only the outer part contact radius Rc  is determined in 
the following. 

 

 

 

F or the outer contact region  ̃
 
˜ +R ,0 c  ̃ 0 +R2 , the deflection )

is simply w  = 
˜ 
˜0 +R2 − r tan °    , i.e., the vertical distance from 

the suction cup to the rigid flat surface at its bottom. This yields 
a vanishing second-order derivative  w 11 = 0 in the contact r   egion. )
For the outer noncontact region  ̃

 
˜0 +R ,1  ̃ 0 +Rc  , the pressure )

 p in Eq. 1 is zero. The boundary conditions are  
˜ 

) w ˜0 +R1 = w0

and zero slope  w 1
˜ 
˜0 +R1 = 0    , and continuity of deflection ) ) )

w  ̃ ˜0 +Rc = 
˜
R
 

tan '
˜ 

tan2 −Rc   ° and slope w ˜0 +Rc  = −  ° 
at the interface with the outer contact region. The deflection is 
then completely solved in SI A ppendix, Supplementary Note 3 as 

˜ ˛ ˝° ˛3R1 + R x −R1c w0 +2 w0 − R2 − tan ̃wpush down = 
2 R −R1c˜ ° ˛ ˝° ˛2R1 +2R x −R1c

−3 w0 − R2 − tan ̃  , 
3 Rc −R1 [9]

  where x =  ̃ 0    . Continuity condition of bending moment )r −
w  11

˜ 
˜0 +R = 0c     across the interface yields the contact radius  Rc 

during push down 

Fig. 3.     Ring suction cup study. (A) Schematic illustration of a ring suction cup, with (B) its axisymmetric geometry parameters at undeformed and deformed 
configurations. (C) The cross-sectional profile z* during push down and pull up. (D) normalized contact radius ∗

r
c

   during push down and pull up. (E) Normalized 
pull up force F* for both numerical (num.) and analytical (ana.) solutions. 
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Fig. 4.     The pull up force for ring suction cup vs. (A) 4 

R  ; (B) 
˜
Dtan˜ ∗

1

°
R −R 

˛°
1−w

2 1 
0

 
˛
.   

  
 

 

 

R = 3R2 − 2R1 − 3 
w0

.c 
tan ˜ 

 [10]

 The range of  w0   for sur̋face contact should be ˜ 
  2 R2−R tan ,  R
3 2−R tan1 1  ̃  ̃    
( ˛ ( ˛ 

. For R1 = 0.25
−R2  R1 

(i.e.,

 R1 = 0.8) 
R2 

and ∗ =
0

 ˜0 ˜ = 10
R2 

, Fig. 3 C illustrates the normalized 

profiles (  ( ˜ +R −r) tan ° − ∗ w
z

r − ̃
= 0 2 r ∗ = 0

(R 1) tan2−R  ° vs. )
R2 − R1 

 during push 
down of the suction cup for the undeformed ( w  ∗ =

0  0), and nor­
malized push down displacement  w = = 0.75

0
 ∗ w0

 (R2−  ˜R1) tan  and

0.95 (FEA validation in SI A ppendix, Supplementary Note 5). 
Fig. 3 D shows linear dependence of the normalized contact radius  
r  ∗ R − 

= c R1
c R2 − R1 

  on the push do  wn displacement  w ∗
0

in Eq. 10 for the 
outer and inner parts separately. At the maximum push down 
displacement w0_max    , the volume (for the initial trapezoid cross 
section) is 

˛ ˝˜ w0_max 
V = ̃ °0tan ̨  R2 −R1 −w0_max 

tan ̨˛ ˝w0_max 
3R2 +R1 −3 . 

tan ̨  

)

[11]

 After the deflection r eaches its maximum  w0_max the suction 
cup is pulled up (Fig. 3 B), i.e., w0     decreases. The modified ideal ˜ 
gas law P = V  (w0_max )Δ ˜P 1− 0  V (w0) 

]
in Eq. 6 holds, where  ̃  is deter­

mined in SI A ppendix˜ , Supplementar) y Note 4. For the outer non­
contact region  ˜ ,0 + R1  ̃ 0 +Rc      during pull up, the deflection is 
the sum of Eq. 9 (for push down) and the additional term due to 
the pressure difference  ΔP , 

˜ΔP 2˜ 2 
wpull up = wpush down + 

24D
x −R1 x −Rc .

) )
[12] 

 I ntegration of deflection in Eq. 12  and 
w  ρ0 −R1 < r <ρ0 +R1 

)˜  
= w0 gives V

˜
w0

)
 , which together with 

modified ideal gas law in Eq. 6 and continuity condition of ˜ )
 bending moment w 11 ˜ 00 +Rc  =  acr   oss the interface, yield an 
algebraic equation for the contact radius Rc  in SI A ppendix,
Supplementary Note 4. Fig. 3 C also shows the profile ( z  ∗~ r  ∗) dur­
ing pull up of the suction cup for the normalized maximum push 
down displacement w .  ∗ w

= 0_max = 0.95
0_max (R2−R1) tan ˜  At the same

displacement w∗
0
 = 0.75      , the contact radius for pull up is much 

smaller than that for push down, reflecting the effect of gas law 
inside the suction cup. This is confirmed in Fig. 3 D that the curve  
for pull up is much lower than push down. 

 Force equilibrium of the noncontact region of suction cup  ) )
gives the pull up force  =  0+pull up  2˜ °  Rc Qr _ ° + +outer  0 Rc  F

˜ ˜
) )

2
˜ ˜ 

˜ ° 40 − Rc Qr_inner ° 0 − Rc + ˜°0Rc ΔP , where Q =r 

D d 2− ∇ w
dr pull up     is the shear force during pull up. The pull up  

force is obtained approximately in SI  Appendix, Supplementary  
Note 4 as 

     

Fpull up ≈ 

⎧ ⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ 

√ 4 
8 1−w λ R2 − R1 0 

 √  64πρ0D tan θ 1 3 λ2 3 ∗ R1 1 −  3 + 
λ2 2∗9 R2 −R1 1− w

0  

 
∗ 8D tan θ 1 

for 1−w > 3 
0_max 9P0 R2 −R1 .         3 λ2 8D tan θ ∗ +2 44πρ0P0 R1 1− R2 − R1 1−w

02 9P0  
8D tan θ 1∗ 3for 1−w <

0_max 9P0 R2 −R1 

 

 

 

 

 

  

 
 

[13]

 for 

˜ ° ˛3 
2 1

∗−w

 0_max 
λ= ˝ 

∗
˙ ≪ 3 1 

1−w
0 

. For 
R

= 1 0.25
− 2  R R1   ∗  ˜0 10˜ = =

0 R
 

 
, 

2
and

Fig. 3 E shows that the normalized pull up force F  ∗ =
Fpull up 

tan
°0 2˜ D  ˛

2
  (R2−R1)

    vs. pull up displacement w∗
0
 obtained from  

Eq. 13 agrees reasonably well with the accurate (but numerical) 
solution (SI A ppendix, Supplementary Note 4). For the maximum 
push down displacement w ∗

0_max     = 0.85, 0.9, and 0.95, the pull 
up force increases and saturates rapidly as  w0    decreases, and it is 
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orders of magnitude larger than the force during push down. 
Compared with the cone suction cup, the ring geometry intro­
duces additional design freedom through the rotation axis radius 
 ̃ 0 and the platform width    R1    , enabling a much larger pull up force. 

 The pull up force increases monotonically with the maximum 
push down displacement  w0_max    . At its limit  w ∗ → 1

0_max , the pull 
up force is 

      

    ˜ ˝˙˛ ˝˛8D tan ̨ ∗R1 +2 4 R2 −R1 1 −w .Fpull up ≈ 4˜°0P0 09P0 

√

[14] 
  which agrees very well with the accurate (but numerical) solution  
(SI A ppendix, Supplementary Note 4) in Fig. 4  for the baseline values  
D  = 1.71 × 10−6 N ∙m, ˜  = 50 mm, tan ° =0  0.25, R1 = 1 mm, 
R ∗ ∗ −R =4mm,w =0.99 02 1 =     

0_
 

max
 and w    0

. Eq. 14 shows that   
the rotation axis radius  ̃ 0 increases the circumferential length of  
the  suction interface, leading to linear scaling of the pull up force with  
 ̃ 0. The parameter R1     controls the width of the flat platform and con­
tributes to the effective area where the pressure difference acts such  
that the pull up force increases almost linearly with  R1for fixed R2 − R1
(Fig. 4 A). The wall width R2 − R1 determines the contact radius   
R c  through Eq. 10 and increases the force along with other para­˜ 

4 ( ˛° ˛ 
D tan ˜ R − w∗

2  R 11 −
0 meters through a combination of 

(Fig. 4 B).  These results indicate that enlarging  ̃ 0 and R1 provides 
the most direct route to increasing the pull up force, whereas increas­
ing R 2 − R1     offers an additional but weaker contribution. A more  
general case with smaller w ∗

0_max is discussed in SI A ppendix,
Supplementary Note 4. It should be pointed out that the above equa­
tion does not give the detachment force at which the suction cup  
detaches from the bottom surface as this force depends on the  
roughness, material, and small defects causing micro gas leakage  
channels (25, 30). 

    
          

     

      

           
     

     

     

            

     

     

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 
 

 

  
 

  

 

The pr esent analytical model is validated by the finite element
analysis for a deformable substrate (

 
SI A ppendix, Fig.  S5 and 

Supplementary Note 5). 

Conclusions 

I n summary, this work presents analytical models for the deforma­
tion and force of suction cups, spanning both the cone geometry  
and an optimized ring design, and thereby provides a systematic  
physical understanding of the push down and pull up processes. In  
contrast to previous studies, the analysis is carried out in a fully  
explicit form, without relying on indirect variables such as pressure  
difference  ΔP and contact radius    Rc  that cannot be contr   olled/ 
optimized. The formulae obtained agree well with the accurate  
numerical solutions, clearly reveal the roles of key geometric and  
material parameters in governing suction performance, and provide  
a quantitative foundation for the design and application of suc­
tion-based mounting strategies in wearable devices.  

Materials and Methods 

Finite Element Analysis. Finite element analysis was performed using the com-
mercial software ABAQUS to examine the deformation of the ring suction cup 
during the push down process. The suction cup was modeled with axisymmetric 
shell elements (SAX1), with geometric nonlinearity enabled. Contact between the  
suction cup and the underlying substrate was modeled using hard normal contact  
and frictionless or penalty tangential contact. The substrate was modeled either as  
a rigid flat platform or as a deformable skin layer, depending on the simulation 
case.  A prescribed vertical displacement was applied to the top surface of the 
suction cup. All materials were modeled as linear elastic. Mid-surface deformation  
profiles were extracted from the finite element results and compared with the 
analytical solutions. For strain analysis, strains at different shell section points,  
including the mid-surface and outer surfaces, were output. 

Data, Materials, and Software Availability.  All study data are included in the 
article and/or SI Appendix. 
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