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Esm Methods  

Animals 

We used 14 Tokay geckos (Gekko geckos) in our experiments with seven of them purchased from 

Guangyuan Ltd (Honghe, Yunnan, China) participating in the first experiment at NUAA, China, and the other 

seven purchased from East Bay Vivarium (Berkeley, CA, USA). Animals were housed in separate cages with 

half-day illumination (7am–7pm) at 25-28°C before and after the experiments. The humidity was 30%-40%. In 

addition to enough daily water supply, they were fed with crickets and vitamin-mineral supplement every three 

days. The tests done at NUAA were approved by Jiangsu Association for Laboratory Animal Science and the 

Jiangsu Forestry Department (Approved File No. 2019-152). The tests conducted at UCB were approved by 

the Animal Care and Use Committee as mandated by the US Animal Welfare Act and Public Health Service 

Policy (IACUC_AUP-2017-03-9711). No animals injured in any experiments. 

Experiment protocol 

To test our hypothesis of adjustable distributed control among toes of geckos, we carried out a series of 

experiments that involved varying motion direction, the slipperiness of substrates, and the available area of 

the substrates. All experiments were conducted in closed rooms at 24±2°C with a humidity of 30%-40%. While 

testing animals, at most three trials were conducted with an individual every two days, with at least one-hour 

rest between trials. A dust removal film and a darkened box were placed at the start and the end of the 

substrate, respectively, to help the animals clean their toe pads before running and to induce them to traverse 

the track to the shelter. Two lateral baffles were utilized to prevent animals from moving obliquely or falling. 

The tracks were gently cleaned by using cotton yarn as necessary. 

Specifically, we designed 5 experiments. The experiment (1) was done at NUAA, China, and the 

experiments (2-5) were performed at UCB, USA, with the same 7 individuals. 

(1) Measurement of reaction force and contact area. To discover the relationship between the alignment 

of distributed toes and the reaction force, we, in particular, studied the contact area of toes and the reaction 

force at corresponding feet of upward climbing geckos. As shown in figure 1b, we built a track that consists of 

seven aligned distributed test units. Each test units is a planer type structure that includes an acrylic sheet 

(150mm×35mm×3mm) and two three-dimensional force sensors [1]. Light strips were connected to the lateral 

sides of the acrylic sheet to form Frustrated Total Internal Reflection (FTIR)[2], highlighting the contact regions 

of toes. When geckos climbed the track within the aisle constrained by baffles, we collected their contact images 

and force trough synchronized high-speed camera (1280pixels×1024pixels, 500 fps, I-speed 3, Olympus, Japan) 

and DAQ module (PXI6052e, National Instruments, TX, USA). The reaction force was measured in the 
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coordinate system defined in figure 1b. To match the definition of toe orientation (figure 1d), positive lateral wall-

reaction forces (Fx) correspond to forces where feet pull inward toward the trunk. Considering that the 

contribution of left and right feet of vertically climbing geckos are equal [1,3,4], we collected force and contact 

area data from contralateral feet (top left and bottom right). 

(2) Wall-running in orthogonal directions. To show how the distributed control among toes functions to 

deal with changing loads, we set up a single vertical clear acrylic track (figure 1a, 600mm×180mm×5mm) 

which was also enhanced with FTIR (figure 1e1). We at first orientated the track horizontally and ran geckos 

sideways. We studied the alignment of toes, including their orientation and contact area, by recording images 

of contact ventrally with a high-speed camera at 600fps (figure 1a, high-speed camera #1, Highspec1, Fastec, 

CA, USA) with a resolution of 1280pixels×480pixels. We also set the track upward and ran the same 

individuals vertically as our control. 

(3) Sideways wall- running on surfaces with slipperiness. To see how geckos distribute control 

among toes during perturbations, we challenged wall-running geckos with slippery sections of the track. As 

shown in figure 1e2&e3, a slippery patch (80mm×130mm×0.1mm) and a sequence of vertical, discrete, 

slippery strips made of Teflon film (water contact angle of 109.1°) were pasted to the track used in experiment 

2 to induce challenges to toe contact. The width (w) and gaps (D) of the slippery strips were 5mm and 10mm, 

respectively, thus preventing the toes on the strips from generating adhesion, while the other toes located in 

the gaps could adhere to the acrylic board. When geckos ran sideways over such adhesion-resisted surfaces, 

we recorded their motion and toe contact with a high-speed camera (1280pixels×600pixels, 600fps, figure 1a, 

high-speed camera #1, Highspec1, Fastec, CA, USA) ventrally. In this experiment, we used the results from 

sideways wall-running without slipperiness (experiment 2) as our control. 

(4) Sideways wall-running on area-reduced substrates. We reduced the available area of the 

substrate by replacing the rear part of the acrylic board in experiment 2 with acrylic rods with variable spacing 

(figure 1e4) and ran geckos sideways to determine how the distributed toes function to secure footholds on 

the area-reduced substrate. The diameter (d) of rods ranged from 6.4mm to 12.7mm, whereas the distance 

(D) between rods correspondingly decreased from 6.3mm to 0mm. By doing this, sideways wall-running 

geckos might have decreasing opportunities to attach with the decreasing of rod diameter. The rods were 

aligned with the flat part of the track (figure 1e4). When geckos traversed these area-reduced substrates 

sideways, two synchronized high-speed cameras were placed in front of and above the track (figure 1a, high-

speed cameras #2 & 3, Highspec1, Fastec, CA, USA) to record their toe behaviours at 600fps 

(1280pixels×480pixels).  

(5) Estimation of attachment on rods. Since the sideways wall-running geckos were prone to grasp the 

vertical rods in the experiment (4), we estimated the attachment capability of feet with multiple toes on rods in 

this experiment. Following the methods described by Gillies et al. [5], we measured the attachment force of 

feet on rods when pulling the front feet of same individuals across and along acrylic rods (figure 1f) whose 

diameters varied from 6.4mm to 38mm. While recording the force with force sensors at a sample rate of 

500Hz, a high-speed camera (figure 1f, 600pixels×600pixels, Highspec1, Fastec, CA, USA) was used to 

monitor the operation from the top at 100fps. Following Gillies et al. [5], before and after each trial, we pulled 

the same feet on a flat acrylic surface and measured the attachments force as its control. If the animal chose 

to let go or the maximum force on the flat surface was smaller than 7N, we discarded the trail. 
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Trial selection and data processing 

(1) Trial selection of running experiments. In the running tests (except running on the continuous slippery 

substrate), only those trials in which the animals successfully crossed without touching baffles, turning 

significantly, or stopping midway, were accepted. We collected trials of constant average velocity. If the velocity 

fluctuations of the centre of mass changed by more than±20%, the trials were rejected. Finally, at least seven 

available running trials were obtained for each individual. In the running with slippery strips, we collected about 

16 trials from each individual. Notably, in a trial, the gecko sometimes contacts the substrate more than one 

time. Thus, the total data number is larger than the trial number. 

(2) Trial selection of pulling experiments. We rejected the pulling trials in which the feet were pulled 

faster than 5mm/s, as determined by image processing because the force could be affected by pulling speed 

[6]. If active abductions were observed, the trail was also discarded. We collected about eight trials for each foot 

on each rod. 

(3) Data processing. The data were processed with MATLAB 2018 (The MathWorks, Inc., Mass., USA). 

The orientation of toes was determined by calculating the angles between toes and the upward direction for all 

cases (figure 1c&d). The contact area at each toe was calculated by estimating the area of bright spots in video 

images [2]. When computing the contact area of toes, we excluded the contacts at the roots of toes where there 

are no adhesive hairs. In experiments (2-4), the contact area was normalized using the weight of individuals. In 

the experiment (5), we assessed the attachment capabilities of feet by dividing the maximum force on rods with 

the maximum force of the same feet on the flat control surface. 

Statistics  

We conducted statistical analyses with SPSS19 (IBM Inc., NY, USA). We applied general univariate 

linear model analysis and linear regression analysis to determine the relationship between foot force and 

resultant foot contact. ANOVA tests with Scheffe method for post hoc contrast analyses were also applied to 

show the difference in the orientation and contact area of toes between our experimental group and the 

control group. While carrying out the statistical analysis, the individuals were included as a random effect. A 

significance level of 0.05 was used for all statistical tests. When there were several P values reported at the 

same time and all of them were smaller than 0.05 or larger than 0.05, we reported the one at the edge. Unless 

clearly stated, the statistic method ‘ANOVA’ was omitted while reporting the F, d.f., and P values. While 

carrying out the statistical analysis, the individuals were treated as a random effect. A significance level of 

0.05 was used for all statistical tests. 

Esm Results  

Gaits characteristics 

As shown in figure S1, when geckos climbed upward and ran sideways on our acrylic tracks, they used 

trotting gaits. A pair of feet (e.g. the top left and bottom right feet for upward climbing geckos) interact with the 

substrate at almost the same time to exert forces on the environment. While the contralateral set of feet (e.g., 

the top right and bottom left feet) swing forward synchronously in parallel with the contact. Therefore, we 

considered the contact at diagonal feet together when estimating adhering at mid-stance in experiment 2&3.  
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Figure S1. Geckos climbed vertically (a) and sideways (b) on walls in trotting gaits. The cyan dots indicate feet in contact 

with the substrate while the dark bars indicate the stance phases of corresponding feet. 

Toes realign when relative load orientation is altered 

Balancing the gravity is the priority of animals that manoeuvre on vertical walls [3,4]. To determine how 

the distributed control among the multiple toes of gecko functions against gravity, we quantified the orientation 

and contact area of each toe at the mid-stance of sideways wall-running geckos, with those from same 

individuals in upward climbing as control (figure 3a&b, Table S1, Movie S1).  

Upward control. The orientation and contact of toes at left and right feet were symmetric when geckos 

climbed upward with diagonal gaits at for-aft velocities of 0.84±0.16m/s. The top feet negotiated the substrate 

mainly through the middle three toes that pointed upward (the toes span containing the second, third and 

fourth toes ranges from ~-8.5° to ~64°), utilizing ~5.45mm2 setae to adhere (figure 3a1&a2, Table S1). 

Whereas, the bottom feet depended on the first three toes, and located them in an 80° sector that centred at 

the second toes (about 19.5°), to touch the substrate with ~5.32mm2 of setal area. However, the bottom feet 

scarcely used the fourth toes which were more perpendicular to trunks (~106°), or the fifth toes, which almost 

downward mirrored the first ones (figure 3a3&a4, Table S1). 

Sideways wall-running. While running sideways on vertical walls at speeds of 0.90±0.16m/s, geckos 

realigned their toes, resulting in toes at top feet generating much larger contact than toes at bottom feet (figure 

3b, Table S1). (i) The third and fifth toes at top front feet were symmetrically placed relative to the fourth ones 

(5.9±8.6°, 3.97±1.70mm2) to use of 3.69±1.84mm2 and 2.33±1.44mm2 of setal area, respectively (figure 3b2, 

Table S1). (ii) At the top hind feet, geckos aligned the third toes near vertical (4.9±9.0°; 4.03±2.09mm2) and 

reoriented the neighbouring fourth toes along 44.4±8.0° to adhere with 3.87±2.31mm2 of setal area (figure 

3b1, Tables S1). However, (iii) the bottom front feet primarily depended on the first toes that were 

approximately upward oriented (-11.4±11.9°; 1.59±0.72mm2)( figure 3b4, Table S1), whereas (iv) the bottom 

hind feet utilized 1.40±0.77mm2, and 0.92±0.55mm2 of setae at the first (-56.5±8.9°) and the fifth (69.7±10.6°) 



 

5 

toes in more than 69% of the trials (96.9%, and 69.9% respectively)(figure 3b3, Table S1). (v) The downward 

pointed toes at the bottom feet may contact the substrate with the root parts of the foot to provide repulsive 

forces that help to balance the turnover moments [3,7] but rarely contacted the substrate with setae. 

Table S1. Summary (Mean±S.D.) of the orientation and effective contact area of toes in upward and sideways wall-

running geckos. The data was measured at mid-stances. Sideways: TF, top front; BF, bottom front; TH, top hind; BH, 

bottom hind. Upward TL, top left; TR, top right; BL, bottom left; BR, bottom right. ‘O’ indicates the angle (°) of toes defined 

in figure 1c&d, and ‘A’ shows the contact area (mm2) at each toe. See figure1 for the definitions of feet and toes. 

Motion Feet T1 T2 T3 T4 T5 

Sideways 

TF 
O 130.9±8.4 81.7±7.7 49.5±7.9 5.9±8.6 -39.9±9.6 
A 0.83±0.53 1.14±0.77 3.69±1.84 3.97±1.70 2.33±1.44 

BF 
O -11.5±11.9 57.8±10.1 103.3±10.7 158.1±11.4 223.1±11.4 
A 1.59±0.72 0.53±0.41 0.34±0.28 0.15±0.11 0.28±0.21 

TH 
O  -49.2±9.4 -18.8±8.4 4.9±9.0 44.4±8.0 104.7±11.6 
A 0.52±0.27 0.63±0.34 4.03±2.09 3.87±2.31 1.36±0.76 

BH 
O -56.5±8.9 -96.9±11.0 -138.2±10.7 -196.8±13.5 69.7±10.6 
A 1.40±0.77 0.64±0.52 0.27±0.16 0.25±0.15 0.92±0.55 

Upward 

TL 
O  -56.2±13 -9.4±11.7 23.7±10.7 63.7±10.7 117.2±12.1 
A 0.76±0.44 1.21±0.78 2.59±1.21 1.61±1.06 0.89±0.63 

TR 
O  -59.5±13.3 -8.3±9.9 22.2±9.8 59.8±10.5 113.2±12.2 
A 0.59±0.38 1.30±0.72 2.61±1.25 1.57±0.97 1.05±0.67 

BL 
O  -21.9±10.5 19.3±13.8 53.3±15.0 105.2±16.2 -161.5±14.5 
A 2.50±1.56 1.43±1.04 1.30±1.03 0.37±0.24 0.33±0.22 

BR 
O  -22.5±11.2 19.5±14.0 53.2±14.0 107.7±16.7 -158.4±12.9 
A 2.79±1.33 1.36±0.95 1.26±1.06 0.43±0.35 0.41±0.25 

Toes adjust to resist slippery strip perturbations 

To discover how geckos secure footholds on low friction substrates, we challenged them with a series of 

slippery strips (wide for 5mm, with gaps of 10mm) as they moved sideways along a FITR enhanced acrylic 

wall (figure 1a&e3). Surprisingly, we did not find a reduction in speed (ANOVA, F(1,164.06)=0.83, P=0.37) or 

failed foot attachment, even though some toes were obstructed by the slipperiness (Movie S3), implying that 

no significant force loss occurred. We digitized the orientation and contact area of their toes at mid-stance and 

classified the results, as shown in figure S2. Compared with sideways wall-running without slipperiness, the 

failure of toes here always resulted in obvious adjustment at other toes (Table S2). 

Top front feet. (i) Sideways wall-running geckos made use of 3.10mm2 (47.2% trials) and 5.54mm2 of 

setae at the second (84.4±11.2°) and fourth toes (11.4±11.1°) of the top font feet if the third toes were 

inoperative (figure S2b1, Table S2), (ii) but strengthened the attachment of the third (46.3±10.7°) and fifth toes 

(-36.0±9.2°) by increasing their setal contact area to 5.95mm2 and 4.22mm2 once the fourth toes treaded on a 

slippery strip (figure S2b2, Table S2). (iii) The top font feet relied on the third (2.66±1.70mm2), and fourth 

(5.78±2.31mm2) which were aligned along 44.3±7.9° and 3.6±9.8°, respectively when the fifth toes were 

inoperative (figure S2b3, Table S2), (iv) and further intensified the contribution of the realigned fourth toes 

(11.5±12.1°; △A=3.9mm2) if the contact of the third toes decreased to zero (figure S2b4, Table S2). 

Top hind feet. figure S2a exemplifies the distributed control among toes to secure the footholds of top 

hind feet. (i) When the third toes showed no contact, the second (-19.9±11.6°; △A=1.74mm2, 64.6% trials) 

and fourth toes (39.9±7.9°; △A=1.99mm2) increased their contributions (figure S2a1, Table S2). (ii) If 

malfunction occurred at the fifth toes, the contact at the third toes (10.7±10.4°) was lessened to 2.96mm2, 

whereas that at the fourth toes (45.0±10.1°) was increased by 0.52mm2 (figure S2a3, Table S2). (iii) Top hind 

feet enhanced the fifth (104.4±15.5°; △A=1.34mm2) and third toes (7.5±10.2°; △A=2.35mm2) once the fourth 

toes were obstructed by the slipperiness (figure S2a2, Table S2), (iv) and reoriented the third toes along 
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20.3±10.1° to make use of 6.33mm2 of setal arrays if the fifth toes were further reduced (figure S2a4, Table 

S2). 

Bottom feet. The distributed control among toes also performed particular roles at bottom feet of sideway 

wall-running geckos (figure S2c&d) as they provided minor forces balancing gravity (figure S2d, and [7]). (i) 

Geckos aligned the first toes at their bottom front feet closer to the upward direction if the second toes failed 

(figure S2d1), (ii) but increased the contact region of the second toes (47.8±11.0°; △A=0.85mm2) when the 

first toes alternatively failed (figure S2d2, Table S1). (iv) The first digits at the bottom hind feet were aligned at 

52.5±12.2° to contribute 1.67±1.06mm2 of setae once the fifth toes had no contact (figure S2c1). (iv) In 

comparison, the bottom hind feet of sideways wall-running geckos relied on the fifth toes at these feet to 

generate force in the direction of 58.63±11.09° through 1.42±0.83mm2 of setae when the first toes could not 

adhere (figure S2c2). 

 

Figure S2. The orientation and contact area of toes at each foot of geckos that traversed the vertical substrate had 

discrete slippery strips sideways. While running over the slippery strips, some toes were disabled by the substrate 

slipperiness, while others attached well. The loss of function and alignment of toes were classified according to the feet 

observed in our experiment, including toes at top hind feet (a), top front feet (b), bottom hind feet (c) and bottom front feet 

(d). The unfilled toe shape indicates that toe lost function. The percentages represent the frequency of the contact of each 

toe. N means the number of individuals and n means the number of trials. 
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Table S2. Summary of the orientation and effective contact area of toes at feet of sideways wall-running geckos that 

traverse slippery strips. ‘O’ indicates the orientation angle of toes defined in figure 1c&d and ‘A’ shows the contact area at 

each toe. △A means the difference between the contact area of toes at geckos running with slippery strips and that of 

corresponding toes at geckos running without slipperiness. Bold texts and numbers represent the control data from 

sideways running with no slippery strips. The blanks show the inoperativeness of toes. 

Feet Disabled figure Item T1 T2 T3 T4 T5 

TF 

None 
figure 
3b2 

O 130.9±8.4 81.7±7.7 49.5±7.9 5.9±8.6 -39.9±9.6 
A 0.83±0.53 1.14±0.77 3.69±1.84 3.97±1.70 2.33±1.44 

T3 
figure 
S2b1 

O 133.8±11.0 84.4±11.2 48.2±14.3 11.4±11.1 -32.3±9.0 
A 1.28±0.37 3.10±1.09 — 5.54±1.46 2.3±1.14 
△A 0.45 1.96 — 1.57 -0.03 

T4 
figure 
S2b2 

O 130.3±12.7 81.4±11.7 46.3±10.7 4.1±10.9 -36.0±9.2 
A 0.55±0.39 1.41±1.08 5.95±2.88 — 4.22±2.20 
△A -0.28 0.27 2.26 — 1.89 

T5 
figure 
S2b3 

O 130.3±11.5 77.9±10.2 44.3±7.9 3.6±9.8 -37.7±10.7 
A  0.64±0.44 1.03±0.59 2.66±1.70 5.78±2.31 — 
△A -0.19 -0.11 -1.03 1.81 — 

T3 &T5 
figure 
S2b4 

O 131.3±13.1 82.8±12.2 47.5±9.9 11.5±12.1 -35.4±9.9 
A 1.08±0.53 2.18±0.99 — 7.87±2.56 — 
△A 0.25 1.04 — 3.9 — 

BF 

None 
figure 
3b4 

O  -11.4±11.9 57.8±10.1 103.3±10.7 158.1±11.4 223.1±11.4 
A 1.59±0.72 0.53±0.41 0.34±0.28 0.15±0.11 0.28±0.21 

T1 
figure 
S2d2 

O -13.4±8.3 47.8±11.0 102.0±12.5 158.5±10.4 225.8±8.8 
A — 1.38±0.85 0.25±0.18 0 0.25±0.12 
△A — 0.85 -0.09 -0.15 -0.03 

T2 
figure 
S2d1 

O -4±10.4 58.5±11.3 106.1±12.1 162.5±11.9 223.5±12.3 
A 1.65±0.9 — 0.28±0.17 0.3±0.13 0.11±0.06 
△A 0.06 — -0.06 0.15 -0.17 

TH 

None 
figure 
3b1 

O -49.2±9.4 -18.8±8.4 4.9±9.0 44.4±8.0 104.7±11.6 
A 0.52±0.27 0.63±0.44 4.03±2.09 3.87±2.31 1.36±0.87 

T3 
figure 
S2a1 

O -51.2±14.5 -19.9±11.6 8.2±9.7 439.9±7.9 107.3±13.1 
A 0.67±0.43 2.37±1.36 — 5.86±2.16 1.14±0.89 
△A 0.15 1.74 — 1.99 -0.22 

T4 
figure 
S2a2 

O -51.4±12.0 -18.4±11.5 7.5±10.2 46.1±9.9 104.4±15.5 
A 0.71±0.39 0.84±0.39 6.38±2.43 — 2.70±1.23 
△A 0.19 0.21 2.35 — 1.34 

T5 
figure 
S2a3 

O -47.9±11.8 -15.2±13.1 10.7±10.4 45.0±10.1 111.1±14.5 
A 0.60±0.30 0.83±0.31 2.96±1.65 4.39±2.02 — 
△A 0.08 0.2 -1.07 0.52 — 

T4 & T5 
figure 
S2a4 

O -44.6±11.6 -9.7±10.5 20.3± 10.1 52.8±10.6 106.4±11.2 
A 0.62±0.09 0.75±0.39 6.33±1.73 — — 
△A 0.1 0.12 2.3 — — 

BH 

None 
figure 
3b3 

O -56.5±8.9 -96.9±11.0 -138.2±10.7 -196.8±13.5 69.7±10.6 
A 1.40±0.87 0.64±0.52 0.27±0.16 0.25±0.15 0.92±0.75 

T1 
figure 
S2c2 

O -61.2±9.7 -107.6±11.1 -146.6±13.8 -205.7±16.4 58.6±11.1 
A — 0.67±0.45 0.33±0.15 0.49±0.3 1.42±0.83 
△A — 0.03 0.06 0.24 0.5 

T5 
figure 
S2c1 

O -52.5±12.2 -93.8±14.2 -135.4±11.5 -191.1±16.8 72.9±12.2 
A  1.67±1.06 0.76±0.53 0.43±0.21 0.46±0.26 — 
△A 0.27 0.13 0.16 0.21 — 

Geckos exhibited diverse solutions with distributed toes while negotiating the slippery strips by adjusting 

the orientation and contact of toes, especially those toes neighbouring the inoperative ones. To determine the 

general principle of the adjustment, we computed the change of orientation and area of each toe and used 

blue vectors to represent the contact loss and red vectors to represent the adjustment at other toes, as shown 

in figure S3. Interestingly, these vectors almost form closed loops, indicating that the contact loss was very 

nearly compensated by other toes. The calculation of the resultant contact area (Table S3) once again 

illustrated that even though some toes failed to function due to the slipperiness, the vertical component of 

resultant contact area at each foot did not significantly reduce. Therefore, the loss in adhesion of those toes 

was effectively compensated by the distributed toes.  
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Figure S3. Typical results of geckos traversing slippery strips while sideways wall-running. Geckos realigned toes by 

changing orientation and contact of toes at top hind (a), top front (b), bottom hind (c) and bottom front (d) feet to secure 

footholds. The orange bars are the results for sideways running without slippery strip, whereas the tan bars represent the 

orientation and contact of toes when geckos traverse the slippery strips. The uncoloured toes mean theses critical toes 

were obstructed by the slippery strips. The blue arrows indicate the contact loss caused by the slipperiness of substrate 

and the red arrows indicate the adjustment made by geckos. The vector loops demonstrate how the contact loss was 

compensated by adjusting the contribution of other toes. 

 

Table S3. Comparisons between the vertical resultant contact area at each foot of geckos that ran without slippery strips 

and with slippery strips. Bold texts and numbers represent data from sideways running with no slippery strips. 

Feet Failed Toes Figures Min. (mm2) Max. (mm2) Mean (mm2) SD (mm2) 

TF None figure 3b2 2.67 13.42 7.94 2.12 
T3 figure S2b1 4.56 9.85 7.37 1.65 
T4 figure S2b2 2.69 15.58 7.72 3.17 
T5 figure S2b3 4.14 12.49 7.56 2.24 

T3&T5 figure S2b4 3.50 11.70 7.29 2.36 
BF None figure 3 b4 0.26 3.41 1.62 0.72 

T1 figure S2d2 0.19 1.99 0.88 0.55 
T2 figure S2d1 0.16 3.46 1.60 0.90 

TH None figure 3b1 2.53 11.41 6.33 1.88 
T3 figure S2a1 1.65 9.73 5.85 2.04 
T4 figure S2a2 2.68 10.03 6.09 2.23 
T5 figure S2a3 3.77 9.07 6.18 1.39 

T4&T5 figure S2a4 2.65 9.02 5.96 1.59 
BH None figure 3b3 0.09 2.72 0.89 0.54 

T1 figureS2c2 0.11 2.07 0.81 0.52 
T5 figureS2c1 0.04 2.34 0.93 0.63 
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Toes adapt to area-reduced, rough terrain 

We further studied the attachment of geckos when they ran sideways over a vertical substrate made of 

acrylic rods with diameters of 6.4mm, 9.5mm and 12.7mm (figure 1e4) by using two synchronized orthogonal 

high-speed cameras recording from top and front (figure 1a). 

While travelling the area-reduced terrains, geckos provided a diversity of solutions to achieve effective 

attachment by actively adjusting their digits (as shown in figure S4 and Movie S4). Geckos always contacted 

two or more rods on the aligned 12.7mm rods, with more than three toes touching the same rod, while the other 

toes contacted nearby rods (figure S4a&b). When we enlarged the gaps by decreasing the diameter of rods to 

9.5mm, toes have a higher probability of missing contact. The top front feet could grasp protrusions through 

bending toes to warp one rod (figure S4d1) or distributing toes to more than one rod (figure S4d2-d4). The top 

hind feet mainly functioned with the first two toes and last two toes on different rods, while the third ones touched 

randomly (figure S4c). If the gaps were 6.3mm and the rods were 6.4mm, the top front feet behaved similarly to 

the 9.5 strips (figure S4f), and the toes can wrap the rods thoroughly. The top hind feet could also grip a rod 

with all toes bent (figure S4e1) or grabbed more by distributing toes to two neighbouring rods (figure S4e2-e5), 

with the third toes sticking to either (figure S4e2&e4) or none (figure S4e3). In addition to bending toes for profile 

wrapping, as shown with yellow lines in figure S5, geckos can roll toes to fit the convexities and concavities 

(pink lines in figure S4). This could further enlarge the contact area of adhesive pads, resulting in more force.  

 

Figure S4. Geckos bend and roll toes for reliable attachment sideways wall-running over rods oriented 

perpendicularly to the direction of motion. The first row shows the configures of the toes at the top hind (a) and 

top front feet (b) of sideways wall-running geckos on the substrate made with 12.7mm rods. The second line 

(c&d) shows those on the substrate made with 9.5mm rods, whereas the third line (e&f) shows those on the 

substrate made with 6.4mm rods. The red lines indicate the interface between bent toes and rods profiles and 

the yellow lines indicate the interface between the rolled toes and rods profiles. 
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Statistical Results 

To test the hypothesis that contact area represents foot forces, we used linear regression analysis (Table 

S4) for the resultant contact area versus the measured frictional adhesive force at three phases in the stance, 

including the phases when the force reached the half of its peak (i), reached its peak (ii), and reduced to the 

half of its peak again (iii). We also used general univariate linear model analysis to see whether there were 

significant differences among different phases. To see how the toes were adjusted to cope with perturbations, 

we compared the orientation angle and contact area of each toe with the results from the same individuals in 

the control groups through ANOVA (Table S5, S6). We checked the normality of data through skewness and 

kurtosis with critical values of ±2 [8,9]. Once the Levene's test for equality of variances was significant, Welch 

and Brown-Forsythe tests were mixed in the ANOVA, and we reported the adjusted F values, adjusted 

degrees of freedom, and P values in this case. Otherwise, we reported the unadjusted F values, degrees of 

freedom, and P values. We also included post hoc tests (Scheffe method) while exploring the relative force of 

feet on rods (Table S7). 

 

Table S4 The statistical results involved in figure 2. LR means linear regression, and GLM means general linear model. 

Figures Items Statistic 

figure 2g LR for Ax vs. Fx F(1,104)=226.54, R2=0.68, P<0.001 
figure 2g LR for Ay vs. Fy F(1,104)=397.69, R2=0.79, P<0.001 
figure 2g GLM for x vs. y F(1,208)<0.001, P=0.99 
figure 2h LR for Ax vs. Fx F(1,104)=315.36, R2=0.75, P<0.001 
figure 2h LR for Ay vs. Fy F(1,104)=420.09, R2=0.80, P<0.001 
figure 2h GLM for x vs. y F(1,208)=0.17, P=0.68 
figure 2i LR for Ax vs. Fx F(1,104)=286.43, R2=0.74, P<0.001 
figure 2i LR for Ay vs. Fy F(1,104)=287.82, R2=0.74, P<0.001 
figure 2i GLM for x vs. y F(1,208)=0.13, P=0.71 
figure 2 GLM for g, h, i F(2,630)=2.77, P=0.06 
figure 2 LR for A and F (all data) F(1,634)=6862.21, R2=0.92,P<0.001 

 

 

Table S5 The ANOVA statistical results involved in figure 3.  

Figures Feet Statistics for orientation of toes Statistics for contact area of toes 

figure 3c2 Top Front 

T1, F(1,223.03)=140.75, P<0.001 
T2, F(1,226.94)=226.99, P<0.001 
T3, F(1,244.22)=229.54, P<0.001 
T4, F(1,257.29)=317.26, P<0.001 
T5, F(1,255.5)=98.75, P<0.001 

T1,F(1,133)=0.68, P=0.41 
T2,F(1,237)=0.51, P=0.48 
T3, F(1,269.32)=37.11, P<0.001 
T4, F(1,268.67)=200.87, P<0.001 
T5, F(1,230.55)=122.45, P<0.001 

figure 3c4 Bottom Front 

T1,F(1,295)=823.73, P<0.001 
T2,F(1,295)=417.52, P<0.001 
T3,F(1,295)=54.84, P<0.001 
T4,F(1,295)=42.93, P<0.001 
T5,F(1,295)=210.21, P<0.001 

T1,F(1,190.62)=174.93, P<0.001 
T2,F(1,202.67)=95.82, P<0.001 
T3,F(1,167.15)=373.19, P<0.001 
T4,F(1,74.54)=189.60, P<0.001 
T5,F(1,129.12)=105.83, P<0.001 

figure 3c1 Top Hind 

T1, F(1,296)=2948.46, P<0.001 
T2, F(1,223.93)=1476.93, P<0.001 
T3, F(1,221.37)=823.46, P<0.001 
T4, F(1,197.01)=372.38, P<0.001 
T5, F(1,265.45)=6.31, P=0.01 

T1, F(1,155.21)=185.26, P<0.001 
T2, F(1,168.37)=53.98, P<0.001 
T3, F(1,214.87)=167.98, P<0.001 
T4, F(1,165.80)=332.67, P<0.001 
T5, F(1,150.48)=139.27, P<0.001 

figure 3c3 Bottom Hind 

T1, F(1,266.06)=83.90, P<0.001 
T2, F(1,265.66)=71.15, P<0.001 
T3, F(1,261.94)=11.39, P=0.001 
T4, F(1,268.44)=0.22, P=0.64 
T5, F(1,285)=0.83, P=0.37 

T1, F(1,223.17)=102.45, P<0.001 
T2, F(1,173.40)=45.35, P<0.001 
T3, F(1,78.00)=58.63, P<0.001 
T4, F(1,39.82)=5.93, P=0.02 
T5, F(1,129.98)=34.22, P<0.001 
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Table S6 The ANOVA statistical results involved in figure5 and figure S3.  

Figures Feet Statistics for orientation of toes Statistics for contact area of toes 

figure 5b2, 
S3b2 

Top Front 
T3, F(1,143.76)=6.20, P=0.014 
T5, F(1,248)=9.57, P=0.002 

T3, F(1,131.34)=44.87, P<0.001 
T5, F(1,132.86)=53.41, P<0.001 

figure S3b1 Top Front 
T2, F(1,42.8)=1.94, P=0.17 
T4, F(1,44.88)=7.56, P=0.009 
T5, F(1,194)=19.10, P<0.001 

T2, F(1,18.29)=51.68, P<0.001  
T4, F(1,194)=26.54, P<0.001 
T5, F(1,190)=0.012, P=0.91 

figure S3b3 Top Front 
T2, F(1,60.47)=5.45, P=0.023 
T3, F(1,204)=15.72, P<0.001 
T4, F(1,204)=2.66, P=0.11 

T2, F(1,141)=0.36, P=0.55 
T3, F(1,199)=11.54, P=0.001 
T4, F(1,59.62)=24.49, P<0.001 

figure S3b4 Top Front 
T2, F(1,77.54)=0.47, P=0.49 
T4, F(1,82.02)=10.14, P=0.002 

T2, F(1,132)=17.41, P<0.001 
T4, F(1,79.14)=119.18, P<0.001 

figure S3a2 Top Hind 
T3, F(1,195)=2.36, P=0.13 
T5, F(1,195)=0.01, P=0.91 

T3, F(1,179)=36.04, P<0.001 
T5, F(1,48.01)=39.28, P<0.001 

figure S3a1 Top Hind 
T2, F(1, 160.83)=0.69, P=0.41 
T4, F(1, 255)=19.44, P<0.001 
T5, F(1, 255)=2.87, P=0.09 

T2, F(1, 74.07)=96.43, P<0.001 
T4, F(1, 249)=46.69, P<0.001 
T5, F(1, 72.50)=2.00, P=0.16 

figure S3a3 Top Hind 
T3, F(1, 202)=13.44, P<0.001 
T4, F(1, 62.2)=0.16, P=0.70 

T3, F(1, 186)=9.95, P=0.002 
T4, F(1,195)=1.82, P=0.18 

figure 5b1, 
S3a4 

Top Hind 
T2, F(1, 221)=46.69, P<0.001 
T3, F(1, 221)=125.90, P<0.001 

T2, F(1, 82)=0.61, P=0.44 
T3, F(1, 205)=60.14, P<0.001 

figure S3d2 Bottom Front T2, F(1, 229)=44.66, P<0.001 T2, F(1, 96.24)=59.69, P<0.001 
figure 5b4, 
S3d1 

Bottom Front T1, F(1, 272)=30.38, P<0.001 T1, F(1, 271)=0.41, P=0.52 

figure S3c2 Bottom Hind T5, F(1, 215)=102.06, P<0.001 T5, F(1, 168)=25.32, P<0.001 
figure 5b3, 
S3c1 

Bottom Hind T1, F(1, 226.07)=3.39, P=0.07 T1, F(1, 229.76)=10.10, P=0.002 

 

Table S7 The ANOVA statistical results involved in figure6.  

Figures Pulling Statistics  

figure 6b 

Across-rod 

All F(3,203)=225.31, P<0.001 
6.4 vs 12.7 P<0.001 
12.7 vs 25.4 vs 38 F(2,151)=0.74, P=0.48 
12.7 vs 25.4 P=0.99 
25.4 vs 38 P=0.70 

Along-rod 

All F(3,202)=144.14, P<0.001 
6.4 vs 12.7 P<0.001 
12.7 vs 25.4 P<0.001 
25.4 vs 38 P<0.001 

 

 

Esm Movies 

Movie S1. Comparison of toe orientation between vertically upward climbing and sideways wall-running. 

The toes of geckos realign when load (gravity) orientation is altered. Vertical climbing (left panel), vertical 

climbing rotated sideways for comparison (top panel), sideways wall-running (bottom panel). The blue and red 

squares highlight legs that function similarly against gravity. White arrows show the direction of gravity. 

Realtime video followed by slowing 20X. The frame rate was 600fps. 

 

Movie S2. Geckos adjust the alignment of toes to resist slipping during sideways wall-running. (a) 

Sideways wall-running gecko aligns all toes at a foot upward rapidly after touching low friction, slippery patch 

to resist sliding; and (b) Sideways wall-running gecko adjusts the orientation and contact area of particular 

toes to compensate for adhesion loss of toes that on slippery strips. White arrows show the direction of 

gravity. Realtime video followed by slowing 20X. The frame rate was 600fps. 
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Movie S3. Geckos sideways wall-run over area-reduced substrates made of discrete semi-circular, 

convex rods perpendicular to motion by taking advantage of the distributed control among toes. (a) Gecko 

traverses a substrate sideways made with 6.4mm rods (6.3mm gaps); (b) Gecko traverses a substrate 

sideways with 9.5mm rods (3.2mm gaps); and (c) Gecko traverses a substrate sideways with 12.7mm rods 

(0mm gaps). Top panel looks down from the top, while the bottom panel represents a side view of sideways 

wall-running. White arrows and the cross show the direction of gravity. Realtime video followed by slowing 

20X. The frame rate was 600fps. 

 

Movie S4. Estimation of the attachment potential of geckos feet by pulling them on rods that were used to 

construct the above area-reduced substrate. (a) Pulling a gecko’s font foot across a 12.7mm rod; and (b) 

Pulling a gecko’s font foot along a 12.7mm rod. The frame rate was 100fps. 
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