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Figure S1. Vibration modal analysis of the right-angle kinematic mirror mount assembly using conventional optical

cage systems. (a-f) The first six modes of the natural frequencies and corresponding mode shapes of the assembly.



Figure S2. Isometric projection of the three-dimensional ROCS microscope design. (a-d) Views from the front, back,

left, and right sides.
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Figure S3. ROCS microscope photos. a Front view perspective of the system. b Top view perspective of the system.
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Fig S4. Axial drift evaluation in conventional widefield fluorescence microscopy using the ROCS microscope for all
datasets, except for the one shown in Fig. 4b. The scatter plot shows the change in PSF size averaged across all
beads in a frame. The solid red line represents the mean change in PSF size across all frames while the dashed red
lines represent the bounds of the 95% confidence interval. The mean change in the PSF FWHM was 3.4 + 25.2 nm,
6.1 +5.2 nm, 8.2 + 7.4 nm and -4.1 nm % 8.6 nm, respectively (the panels are arranged in the order: top-left,

top-right, bottom-left, bottom-right).



AFWHM (nm)

o AFWHM point === 95% ClI lower bound
Mean AFWHM === 95% CI upper bound

o FWHM: full width at half-maximum
8k ° o o Cl: cogfidence interval
3 o o
b ° ® o o o oo o o
(@]
6j o OO o . O . o o
o °© © ° 0 o o o ©
5____0'__6_;_5_5___0_0___5__06_%___0 ________ O~ Too TTTTTTTTTTITT o o 7T
4? o o' g © % o ® © o
SN o o o) ° o 0 o © ° o %
I o © o © 00 o o
2bo o °& S ° 0o o L ® ° ° o) 9
-~ 00 O o) o ©0 o © o & 0 O 9]
[ O (e} O 0 O e} [e]
E® o o o 00 o o0 ©° © °af oo °% ©
3 o © ° 00 o © @ o
of o o %0 o o o 00 ) © o Co
o ® o ©
F o) ) o o e} o o o o
3 o o o
I o o O o o ¢}
o
_2, o o @] @) ee] OOO oo Op % o o
3 o o °o o
3 o o o o
_4, o [¢]
e ey ey ey ey e by e |
0 1000 2000 3000 4000 5000 6000 7000
Time (s)
L] FWHM: full width
at half-maximum
3,
2f °

Mean AFWHM (nm)

|
-
T

1
N




Fig. S5 Axial drift evaluation in conventional widefield fluorescence microscopy using the ROCS microscope with
autofocus. a A representative widefield image of the fluorescent beads. b Change in PSF size of the fluorescent
beads over 2 hours from a representative image series, as measured by the change in the FWHM of the Gaussian
fit. The mean change in the PSF FWHM was 1.9 * 2.7 nm. The scatter plot shows the change in PSF size averaged
across all beads in a frame. The solid red line represents the mean change in PSF size across all frames while the
dashed red lines represent the bounds of the 95% confidence interval. c Dot plot of mean changes in the PSF FWHM
of all five experimental repeats, showing an overall mean change of 0.7 £ 2.1 nm. The dots represent the mean

change from each experimental iteration while the central bar represents the overall mean change. The upper and

lower bars denote one standard deviation.
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Fig S6. Axial drift evaluation in conventional widefield fluorescence microscopy using the ROCS with autofocus for
all datasets, except for the one shown in Fig. S5b. The scatter plot shows the change in PSF size averaged across all
beads in a frame. The solid red line represents the mean change in PSF size across all frames while the dashed red
lines represent the bounds of the 95% confidence interval. The mean change in the PSF FWHM was -0.2 £ 1.8 nm,

0.2+3.1nm,-1.9+2.9 nmand 3.6 nm % 4.8 nm, respectively (from the top-left panel clockwise).
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Figure S7. Axial drift evaluation in conventional widefield fluorescence microscopy using an off-the-shelf
microscope without any active drift stabilization. a Representative time-lapse images of fluorescent beads acquired
over 5 minutes. Progressive changes in the PSF size of the fluorescent beads indicate axial drift. (b-f) The scatter
plot shows the change in PSF size averaged across all beads in a frame. The solid red line represents the mean
change in PSF size across all frames while the dashed red lines represent the bounds of the 95% confidence interval.
The mean change in the PSF FWHM was (from b to f) 130.2 + 105.4 nm, 74.2 + 76.3 nm, 152.3 + 119.7 nm, 159.7 +
127.8 nm and 224.6 + 180.7 nm, respectively. g Dot plot of mean changes in the PSF FWHM of all five experimental



repeats, showing an overall mean change of 148.3 + 54.3 nm. The dots represent the mean change from each

experimental iteration while the central bar represents the overall mean change. The upper and lower bars denote
one standard deviation.
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Figure S8. Drift trajectories of the fluorescent beads over 2 hours from all image series, except the one shown in

Fig.5a, acquired using the ROCS microscope (the panels are arranged in the order: top-left, top-right, bottom-left,
bottom-right).
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Figure S9. Dot plots of the absolute values of the drift along the x-axis and y-axis for the trajectories plotted in
Figure S8. The dots represent the drift trajectory points, the central bar represents the mean drift, and the upper
and lower bars represent one standard deviation. The mean drift was 1.1+ 0.7 nmand 2.1 + 1.0 nm, 3.2+ 2.3 nm
and 8.1 +3.2nm, 3.7 +£2.9 nmand 2.4 £ 0.9 nm, 3.5 + 3.4 nm and 6.5 + 2.1 nm, along the x-axis and y-axis,

respectively (the panels are arranged in the order: top-left, top-right, bottom-left, bottom-right).
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Figure S10. Lateral drift quantification in conventional widefield fluorescence microscopy using the ROCS
microscope with autofocus. a A representative widefield image of the fluorescent beads. b Drift trajectory of the
fluorescent beads over 2 hours from the representative image series. The scatter plot shows the positions of the
beads which were localized using a Gaussian fit in ThunderSTORM while the curves represent the drift trajectories

composed of the average drift of all beads as calculated from fiducial marker tracking. c Dot plot of the absolute



values of the drift along the x-axis and y-axis for the trajectory plotted in b. The dots represent the drift trajectory
points, the central bar represents the mean drift, and the upper and lower bars represent one standard deviation.
The mean drift was 7.1 + 2.4 nm and 5.5 + 4.0 nm along the x-axis and y-axis respectively. d Localization precision
histogram of fluorescent beads in the image series plotted in b. The mean localization precision was 5.7 £ 0.8 nm.
e Dot plot of the mean drifts from 5 experimental iterations. The mean drift from all iterations was 4.5 + 2.0 nm
along the x-axis and 5.2 + 1.7 nm along the y-axis. The dots represent the mean drifts from each experimental
iteration while the central bar represents the overall mean drift. The upper and lower bars denote one standard

deviation.
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Figure S11. Drift trajectories of the fluorescent beads over 2 hours from all image series, except the one shown in

Fig. S10b, acquired using the ROCS microscope with autofocus. The scatter plot shows the positions of the beads

which were localized using a Gaussian fit in ThunderSTORM while the curves represent the drift trajectories

composed of the average drift of all beads as calculated from fiducial marker tracking (the panels are arranged in

the order: top-left, top-right, bottom-left, bottom-right).
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Figure S12. Dot plots of the absolute values of the drift along the x-axis and y-axis for the trajectories plotted in
Figure S11. The dots represent the drift trajectory points, the central bar represents the mean drift, and the upper
and lower bars represent one standard deviation. The mean drift was 5.3 +3.9 nmand 2.1 +2.3nm, 4.8+ 2.0 nm
and 6.3 £2.0nm, 3.4+ 1.8 nmand 6.1 £5.1 nm, 1.7 + 1.3 nm and 5.7 + 3.4 nm, along the x-axis and y-axis,

respectively (the panels are arranged in the order: top-left, top-right, bottom-left, bottom-right).
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Figure S13. Lateral drift quantification in conventional widefield fluorescence microscopy using an off-the-shelf
microscope with active focal-plane stabilization. a A representative widefield image of the fluorescent beads. b
Drift trajectory of the fluorescent beads over 2 hours from the representative image series. The scatter plot shows
the positions of the beads which were localized using a Gaussian fit in ThunderSTORM while the curves represent

the drift trajectories composed of the average drift of all beads as calculated from fiducial marker tracking. ¢ Dot



plot of the absolute values of the drift along the x-axis and y-axis for the trajectory plotted in b. The dots represent
the drift trajectory points, the central bar represents the mean drift, and the upper and lower bars represent one
standard deviation. The mean drift was 119.7 + 23.1 nm and 363.8 + 93.7 nm along the x-axis and y-axis respectively.
d Localization precision histogram of fluorescent beads in the image series plotted in b. The mean localization
precision was 6.4 £ 2.3 nm. e Dot plot of the mean drifts from 5 experimental iterations. The mean drift from all
iterations was 148.3 + 119.8 nm along the x-axis and 259.4 + 124.1 nm along the y-axis. The dots represent the
mean drifts from each experimental iteration while the central bar represents the overall mean drift. The upper

and lower bars denote one standard deviation.
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Figure S14. Drift trajectories of the fluorescent beads over 2 hours from all image series, except the one shown in

Fig. S13b, acquired using an off-the-shelf microscope with active focal-plane stabilization. The scatter plot shows

the positions of the beads which were localized using a Gaussian fit in ThunderSTORM while the curves represent

the drift trajectories composed of the average drift of all beads as calculated from fiducial marker tracking (the

panels are arranged in the order: top-left, top-right, bottom-left, bottom-right).
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Figure S15. Dot plots of the absolute values of the drift along the x-axis and y-axis for the trajectories plotted in
Figure S14. The dots represent the drift trajectory points, the central bar represents the mean drift, and the upper
and lower bars represent one standard deviation. The mean drift was 326.3 + 166.5 nm and 385.0 + 143.1 nm,
206.2 £ 81.1 nm and 226.2 + 122.3 nm, 39.3 + 11.9 nm and 76.0 £ 22.5 nm, 50.1 + 20.2 nm and 245.8 + 79.4 nm,
along the x-axis and y-axis, respectively (the panels are arranged in the order: top-left, top-right, bottom-left,

bottom-right).
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Figure S16. The second iteration of STORM imaging of a-Tubulin-AF647 in the microtubule network in fixed Hela
cells using the ROCS-STORM system. a Widefield image. b STORM image without drift correction and c drift-
corrected STORM image using redundant cross-correlation (RCC). d and e Magnified view of the boxed area in b
and c. f Drift trajectory of the image series from STORM over about 15 minutes (33000 frames). The trajectory was

calculated using RCC with each circle representing the drift of one bin, i.e. the drift of one image subset relative to



the first subset. A total of 18 bins were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM
images with (c) and without (b) drift correction, demonstrating 88.6 nm and 81.9 nm resolution before and after
drift correction, respectively. A threshold of 0.143 was used. h Localization precision histogram of the image shown
in b. The mean localization precision was 14.5 + 6.1 nm. i Dot plot of the absolute values of drift from f. The mean
drift was 17.9 + 8.1 nm along the x-axis and 7.3 + 3.6 nm along the y-axis. The dots represent the drift data points

while the central bar represents the mean drift. The upper and lower bars denote one standard deviation.
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Figure S17. The third iteration of STORM imaging of a-Tubulin-AF647 in the microtubule network in fixed Hela cells



using the ROCS-STORM system. a Widefield image. b STORM image without drift correction and c drift-corrected
STORM image using redundant cross-correlation (RCC). d and e Magnified view of the boxed area in b and c. f Drift
trajectory of the image series from STORM over about 15 minutes (33000 frames). The trajectory was calculated
using RCC with each circle representing the drift of one bin, i.e. the drift of one image subset relative to the first
subset. A total of 18 bins were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM images
with (c) and without (b) drift correction, demonstrating 98.7 nm and 80.7 nm resolution before and after drift
correction, respectively. A threshold of 0.143 was used. h Localization precision histogram of the image shown in
b. The mean localization precision was 14.9 * 6.9 nm. i Dot plot of the absolute values of drift from f. The mean
drift was 9.2 £ 5.4 nm along the x-axis and 4.1 + 3.3 nm along the y-axis. The dots represent the drift data points

while the central bar represents the mean drift. The upper and lower bars denote one standard deviation.
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Figure S18. STORM imaging of a-Tubulin-AF647 in the microtubule network in fixed Hela cells using an off-the-shelf
microscope. a Widefield image. b STORM image without drift correction and c drift-corrected STORM image using
redundant cross-correlation (RCC). d and e Magnified view of the boxed area in b and c. f Drift trajectory of the
image series from STORM over about 15 minutes (33000 frames). The trajectory was calculated using RCC with
each circle representing the drift of one bin, i.e. the drift of one image subset relative to the first subset. A total of

21 bins were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM images with (c) and without



(b) drift correction, demonstrating 312.5 nm and 50.9 nm resolution before and after drift correction, respectively.
A threshold of 0.143 was used. h Localization precision histogram of the image shown in b. The mean localization
precision was 19.0 + 5.2 nm. i Dot plot of the mean drifts from three experimental iterations. The dots represent
the absolute values of drift data points and are colored according to their dataset. The central black bar represents
the mean drift of all three iterations while the upper and lower bars represent one standard deviation. The mean
drift of each dataset is represented by a different shape. The mean drift of the first dataset shown above was 37.5
+ 19.4 nm along the x-axis and 125.8 + 67.1 nm along the y-axis. The mean drift from all iterations was 143.6 +

124.0 nm along the x-axis and 93.7 + 60.0 nm along the y-axis.
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Figure S19. The second iteration of STORM imaging of a-Tubulin-AF647 in the microtubule network in fixed Hela
cells using an off-the-shelf microscope. a Widefield image. b STORM image without drift correction and c drift-
corrected STORM image using redundant cross-correlation (RCC). d and e Magnified view of the boxed area in b
and c. f Drift trajectory of the image series from STORM over about 15 minutes (33000 frames). The trajectory was
calculated using RCC with each circle representing the drift of one bin, i.e. the drift of one image subset relative to
the first subset. A total of 21 bins were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM
images with (c) and without (b) drift correction, demonstrating 511.7 nm and 136.5 nm resolution before and after

drift correction, respectively. A threshold of 0.143 was used. h Localization precision histogram of the image shown



in b. The mean localization precision was 19.2 + 4.8 nm. i Dot plot of the absolute values of drift from f. The mean
drift was 185.2 + 98.9 nm along the x-axis and 109.4 + 48.1 nm along the y-axis. The dots represent the drift data

points while the central bar represents the mean drift. The upper and lower bars denote one standard deviation.
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Figure S20. The third iteration of STORM imaging of a-Tubulin-AF647 in the microtubule network in fixed Hela cells

using an off-the-shelf microscope. a Widefield image. b STORM image without drift correction and c drift-corrected



STORM image using redundant cross-correlation (RCC). Scale bar: 5 um. d and e Magnified view of the boxed area
in b and c. Scale bar: 0.5 um. f Drift trajectory of the image series from STORM over about 15 minutes (33000
frames). The trajectory was calculated using RCC with each circle representing the drift of one bin, i.e. the drift of
one image subset relative to the first subset. A total of 24 bins were used. g Fourier ring correlation (FRC) resolution
evaluation of the STORM images with (c) and without (b) drift correction, demonstrating 560.8 nm and 139.2 nm
resolution before and after drift correction, respectively. A threshold of 0.143 was used. h Localization precision
histogram of the image shown in b. The mean localization precision was 15.8 + 6.1 nm. i Dot plot of the absolute
values of drift from f. The mean drift was 199.9 + 137.3 nm along the x-axis and 51.9 + 32.8 nm along the y-axis.
The dots represent the drift data points while the central bar represents the mean drift. The upper and lower bars

denote one standard deviation.
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Figure S21. The second iteration of STORM imaging of Nup96-SNAP-AF647 in fixed U20S cells using the ROCS-
STORM system. a Widefield image. b STORM image without drift correction and c drift-corrected STORM image
using redundant cross-correlation (RCC). Scale bar: 5 um. d and e Magnified view of the boxed area in b and c. Scale
bar: 0.5 um. f Drift trajectory of the image series from STORM over about 15 minutes (33000 frames). The trajectory
was calculated using RCC with each circle representing the drift of one bin, i.e. the drift of one image subset relative

to the first subset. A total of 17 bins were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM



images with (c) and without (b) drift correction, demonstrating 65.8 nm and 61.7 nm resolution before and after
drift correction, respectively. A threshold of 0.143 was used. h Localization precision histogram of the image shown
in b. The mean localization precision was 12.8 + 5.8 nm. i Dot plot of the absolute values of drift from f. The mean
drift was 2.4 + 2.2 nm along the x-axis and 9.0 + 5.8 nm along the y-axis. The dots represent the drift data points

while the central bar represents the mean drift. The upper and lower bars denote one standard deviation.
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Figure S22. The third iteration of STORM imaging of Nup96-SNAP-AF647 in fixed U20S cells using the ROCS-STORM
system. a Widefield image. b STORM image without drift correction and c drift-corrected STORM image using
redundant cross-correlation (RCC). d and e Magnified view of the boxed area in b and c. f Drift trajectory of the
image series from STORM over about 15 minutes (33000 frames). The trajectory was calculated using RCC with
each circle representing the drift of one bin, i.e. the drift of one image subset relative to the first subset. A total of
17 bins were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM images with (c) and without
(b) drift correction, demonstrating 63.5 nm and 60.9 nm resolution before and after drift correction, respectively.
A threshold of 0.143 was used. h Localization precision histogram of the image shown in b. The mean localization
precision was 12.3 + 4.7 nm. i Dot plot of the absolute values of drift from f. The mean drift was 8.1 + 2.8 nm along
the x-axis and 5.4 + 2.5 nm along the y-axis. The dots represent the drift data points while the central bar represents

the mean drift. The upper and lower bars denote one standard deviation.
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Figure S23. STORM imaging of Nup96-SNAP-AF647 in fixed U20S cells using an off-the-shelf microscope. a Widefield
image. b STORM image without drift correction and c drift-corrected STORM image using redundant cross-
correlation (RCC). d and e Magnified view of the boxed area in b and c. f Drift trajectory of the image series from

STORM over about 15 minutes (33000 frames). The trajectory was calculated using RCC with each circle



representing the drift of one bin, i.e. the drift of one image subset relative to the first subset. A total of 24 bins
were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM images with (c) and without (b) drift
correction, demonstrating 330.2 nm and 64.6 nm resolution before and after drift correction, respectively. A
threshold of 0.143 was used. h Localization precision histogram of the image shown in b. The mean localization
precision was 17.7 + 6.6 nm. i Dot plot of the mean drifts from three experimental iterations. The dots represent
the absolute values of drift data points and are colored according to their dataset. The central black bar represents
the mean drift of all three iterations while the upper and lower bars represent one standard deviation. The mean
drift of each dataset is represented by a different shape. The mean drift of the first dataset shown above was 53.4
+29.8 nm along the x-axis and 135.2 + 65.7 nm along the y-axis. The mean drift from all iterations was 89.3 + 62.0

nm along the x-axis and 82.0 + 59.6 nm along the y-axis.
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Figure S24. The second iteration of STORM imaging of Nup96-SNAP-AF647 in fixed U20S cells using an off-the-shelf
microscope. a Widefield image. b STORM image without drift correction and c drift-corrected STORM image using
redundant cross-correlation (RCC). d and e Magnified view of the boxed area in b and c. f Drift trajectory of the
image series from STORM over about 15 minutes (33000 frames). The trajectory was calculated using RCC with
each circle representing the drift of one bin, i.e. the drift of one image subset relative to the first subset. A total of

24 bins were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM images with (c) and without



(b) drift correction, demonstrating 288.1 nm and 95.7 nm resolution before and after drift correction, respectively.

A threshold of 0.143 was used. h Localization precision histogram of the image shown in b. The mean localization

precision was 14.5 + 5.6 nm. i Dot plot of the absolute values of drift from f. The mean drift was 145.0 £ 76.1 nm

along the x-axis and 78.9 + 23.3 nm along the y-axis. The dots represent the drift data points while the central bar

represents the mean drift. The upper and lower bars denote one standard deviation.
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Figure S25. The third iteration of STORM imaging of Nup96-SNAP-AF647 in fixed U20S cells using an off-the-shelf
microscope. a Widefield image. b STORM image without drift correction and c drift-corrected STORM image using
redundant cross-correlation (RCC). d and e Magnified view of the boxed area in b and c. f Drift trajectory of the
image series from STORM over about 15 minutes (33000 frames). The trajectory was calculated using RCC with
each circle representing the drift of one bin, i.e. the drift of one image subset relative to the first subset. A total of
24 bins were used. g Fourier ring correlation (FRC) resolution evaluation of the STORM images with (c) and without
(b) drift correction, demonstrating 198.7 nm and 45.4 nm resolution before and after drift correction, respectively.
A threshold of 0.143 was used. h Localization precision histogram of the image shown in b. The mean localization
precision was 14.9 + 6.0 nm. i Dot plot of the absolute values of drift from f. The mean drift was 78.1 + 36.5 nm
along the x-axis and 30.5 £+ 17.0 nm along the y-axis. The dots represent the drift data points while the central bar

represents the mean drift. The upper and lower bars denote one standard deviation.
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Figure $26. Thermodynamic simulation of the sample stage unit in the ROCS-STORM system. a lllustration of the

sample stage unit, which includes a sample stage, a coverslide, and a sample holder. The enlarged view of the

central region of the coverslide highlights the ¢ 50 um field-of-view (FOV) in green. This central region is

consistently shown in all subsequent figures. b The temperature field distribution when the FOV temperature

increases by 0.1°C due to laser radiation, with the ambient temperature maintained at 22°C. c-e Thermal expansion-

induced directional deformation along the x, y, and z axes under the conditions outlined in b. The results showed

maximum thermal expansions of 6.6 nm in the lateral direction and 14 nm in the axial direction on a coverslip,

corresponding to a 1 °C temperature increase induced by laser radiation.

Table S1. Parts list of the bench-top ROCS microscope

Part mf Qt Part N Specificati Unit Price Not
ar r art No. ecifications otes
Y P (USD)
Cage rod 12 C08 02 00 L =200 mm 16.82
Cage rod 2 C08 05 00 L =500 mm 44.86
Cage rod 4 C08 04 00 L=400 mm 36.45
Cage rod 4 C08 02 50 L=250 mm 21.03
Cage rod 4 C08 01 00 L=100 mm 8.41
Cage rod 2 C08 06 00 L= 600 mm 58.88
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holding
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D=25/25.4mm
Card loader 5 C122011 25.23
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Right angle
turning D=25.4mm,
] 3 C050101 210.27
pitch angle 1Imm-7mm
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