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Figure S1. MolAR functionalities. (a) Users can directly draw a hydrocarbon structure inside the 

app and visualize it in AR. (b) The molecule gallery lets users browse molecules and search for 

them by name. (c) Users can read the description of each molecule and visualize it in AR. 
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1. MolAR workflow 
This section provides an overview of the process for creating a USDZ file from an image 

of a chemical structure or an object. The process is automatic. It consists of the following 

intermediate steps: (1) image, (2) SMILES, (3) SDF, (4) geometric primitives, and (5) USDZ. 

  

1.1 Chemical structure to SMILES 

After receiving an image of a chemical structure from the app, the server feeds the image 

to Mathpix,1 which returns a SMILES string. 

 

1.2 Object to SMILES 

 
Image  Google Cloud Vision API  Amazon Rekognition 

 

 Objects Confidence  Objects Confidence 
 Brown .980  Coffee Cup .997 
 Tableware .973  Cup .997 
 Coffee cup .959  Milk .996 
 Drinkware .952  Beverage .996 
 Dishware .933  Drink .996 
 Cuban espresso .929  Wood .971 
 Single-origin coffee .929  Hardwood .868 
 Java coffee .918  Pottery .810 
 Cup .917  Floor .571 
 Coffee .913    

Figure S2. Example results from using Google Cloud Vision API and Amazon Rekognition to 
recognize objects in an image. 
 

For the object recognition feature, the server uses Google Cloud Vision API2 and Amazon 

Rekognition3 to recognize objects in a given image. Figure S2 shows example results from both 

services. We combine the output from both services together because we find that it makes the 

results more robust, as sometimes one service successfully recognizes the object in an image 

while the other service does not. Once a list of potential objects in the image is obtained, the 

server goes through each object, starting from the object with the highest confidence score, to see 

if it is in our object-to-molecule database. If so, the server returns its associated molecule to the 

app. The database contains a list of common objects and their characteristic molecules 

responsible for their color, taste, or smell. Table S1 shows a selection of those objects. 
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Table S1. The object-to-molecule database contains a list of common objects and their 
characteristic molecules responsible for their color, taste, or smell. A selection of objects in the 
database is shown here. The complete up-to-date list can be found in the source code. 
 

Objects Associated Molecules 
asparagus asparagusic acid 

bean phaseolin 
beer ethanol 

broccoli chlorophyll 
cabbage chlorophyll 
carrot carotene 

cauliflower sulforaphane 
coffee caffeine 
garlic allicin 
grape resveratrol 
leek folate 
lentil thiamine 

lettuce lactucin 
milk lactose 
onion propanethial-S-oxide 

parsley apiole 
pea pisatin 

potato lutein 
pumpkin carotene 

rice amylopectin 
tomato lycopene 
water water 
wine ethanol 

 

1.3 SMILES to SDF 

The XYZ coordinates of each atom in the molecule and the type of the bond between 

pairs of atoms are contained in the SDF file (Figure S3). The server retrieves the SDF data from 

the Online SMILES Translator by the National Cancer Institute by passing the SMILES to the 

URL https://cactus.nci.nih.gov/chemical/structure/[SMILES]/file?format=sdf&get3d=true. 
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Figure S3. The SDF file for carbon dioxide, obtained from the Online SMILES Translator at 
https://cactus.nci.nih.gov/chemical/structure/O=C=O/file?format=sdf&get3d=true. Line 4 
indicates that there are three atoms and two bonds. Lines 5-7 list the coordinates of the atoms. 
Lines 8-9 list the bond numbers of the bonds. 
  

1.4 SDF to geometric primitives 

In this step, a list of spheres and cylinders is generated from the SDF data (Figures S4 

and S5). Each atom is represented by a sphere with the color according to the CPK coloring and 

the radius according to the van der Waals radius scaled down by a constant. Each bond is 

represented by cylinders. The number of cylinders depends on its bond number. Suppose that a 

bond connects atoms at positions a1 and a2. Let am be the middle point of a1 and a2. Let 

Cylinder(p1, p2) denote a cylinder with endpoints p1 and p2. If the bond is a single bond, it is 

represented by two cylinders: Cylinder(a1, am) and Cylinder(am, a2). If the bond is a 

double bond or triple bond, it is represented by parallel cylinders, spaced out evenly. That is, 

Cylinder(a1 + kv, am + kv) and Cylinder(am + kv, a2 + kv), where v is a unit vector 

perpendicular to the vector a2 − a1 and k ∈ {-0.18, 0.18} for double bonds or {-0.25, 0, 0.25} for 

triple bonds. Each cylinder has the same color as the atom it connects. 
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Figure S4. The geometric primitives of a carbon dioxide molecule in the 3D representation. 
They consist of three spheres (one for each atom) and eight cylinders (four for each double 
bond). 
  

 
Figure S5. The geometric primitives of a carbon dioxide molecule in the text format. 

 

    
Figure S6. Visualizations of carbon dioxide with different bond orientations. Even though they 
represent the same molecule, it is easier to tell that the bonds are double bonds in the left figure 
than in the right figure. MolAR tries to orient bonds such that the gaps between the bonds are 
widest in the user’s initial view, as shown on the left. 

{type: "sphere", center: [-1.208, 0, 0], radius: 0.3495, color: 0xFF0D0D} // O
{type: "sphere", center: [     0, 0, 0], radius: 0.3910, color: 0x909090} // C
{type: "sphere", center: [ 1.208, 0, 0], radius: 0.3495, color: 0xFF0D0D} // O
{type: "cylinder", p1: [-1.208,  0.18, 0], p2: [-0.604,  0.18, 0], radius: 0.12, color: 0xFF0D0D} // O-
{type: "cylinder", p1: [-1.208, -0.18, 0], p2: [-0.604, -0.18, 0], radius: 0.12, color: 0xFF0D0D} // O- 
{type: "cylinder", p1: [-0.604,  0.18, 0], p2: [     0,  0.18, 0], radius: 0.12, color: 0x909090} //  -C
{type: "cylinder", p1: [-0.604, -0.18, 0], p2: [     0, -0.18, 0], radius: 0.12, color: 0x909090} //  -C
{type: "cylinder", p1: [     0,  0.18, 0], p2: [ 0.604,  0.18, 0], radius: 0.12, color: 0x909090} //   C-
{type: "cylinder", p1: [     0, -0.18, 0], p2: [ 0.604, -0.18, 0], radius: 0.12, color: 0x909090} //   C-
{type: "cylinder", p1: [ 0.604,  0.18, 0], p2: [ 1.208,  0.18, 0], radius: 0.12, color: 0xFF0D0D} //    -O
{type: "cylinder", p1: [ 0.604, -0.18, 0], p2: [ 1.208, -0.18, 0], radius: 0.12, color: 0xFF0D0D} //    -O
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Note that v represents the bond orientation in the visual representation, and there are 

many choices for v (Figure S6). We choose to orient bonds such that the bond orders are 

instantly apparent to the user without the need to change their point of view. For example, 

suppose that the screen is the xy-plane and the z-axis is a line that projects out of the screen to the 

user. We choose v to be Normalize(<0, 0, 1> × (a2 − a1)). Thus, v is perpendicular to the 

vector a2 − a1 and lies in the xy-plane. Therefore, the gap between the cylinders representing 

double and triple bonds is maximized in the user’s initial view. 

  

1.5 Geometric primitives to USDZ 

In this step, the app generates a USDZ file from a list of geometric primitives. USDZ is a 

file format created by Pixar.4 It can be displayed in augmented reality on iOS devices without the 

need to install any third-party software.5 

 

 
Figure S7. MolAR subdivides the surfaces of spheres and cylinders into small triangles and 
rectangles to create smoother models than the default models in USDZ. 
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Figure S8. An example USDZ file in the text format. This file shows a blue square that is 
composed of two triangles. It is created using a mesh object with a physically based rendering 
(PBR) material. 
 

The USDZ file format supports several types of geometric primitives, including meshes, 

spheres, and cylinders. However, we choose to use meshes for all the objects because spheres 

and cylinders in USDZ are rendered using fixed polyhedra whose resolution cannot be adjusted. 

The resolution for these polyhedra is too low and thus they look blocky. To create smoother 3D 

models, the app subdivides the surfaces of spheres and cylinders into small triangles and 

rectangles and then writes them as meshes (Figure S7). Figure S8 shows an example USDZ file 

that uses a mesh. 

For the AR experience to be as high quality as possible, it is important to render the 

model with a high frame rate. To maximize the frame rate, we employ several optimization 

techniques. We merge objects with the same color into one object, as each object requires one 

draw call which can be computationally expensive. For models with many spheres such as 

diamond, we reduce the resolution of the surface subdivision to reduce the number of triangles to 

be drawn. USDZ has both text and binary versions. The binary version is not human-readable, 

but it is more compact. We use the binary version to make the processing faster. 

  

#usda 1.0

def Material "material1" {
    token outputs:surface.connect = </material1/shader.outputs:surface>
    def Shader "shader" {
        uniform token info:id = "UsdPreviewSurface"
        color3f inputs:diffuseColor = (0, 0, 1)
        float inputs:roughness = 0.2
        token outputs:surface
    }
}

def Mesh "mesh1" {
    int[] faceVertexCounts = [3, 3]
    int[] faceVertexIndices = [0, 1, 2, 2, 1, 3]
    point3f[] points = [(0,0,0), (1,0,0), (0,1,0), (1,1,0)]
    normal3f[] primvars:normals = [(0,0,1), (0,0,1), (0,0,1), (0,0,1)] (
        interpolation = "vertex"
    )
    uniform token subdivisionScheme = "none"
    rel material:binding = </material1>
}
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1.6 Molecular vibrations 

Molecular vibrations are visualized using keyframe animations, which are supported by 

the USDZ format.6 Transformation matrices can translate, rotate, and scale the objects over time 

(Figure S9). Bonds and atoms are animated separately, with the atoms translating according to 

their normal mode vibration and bonds translated, rotated, and scaled to maintain the connection 

between the atoms.  

 

 
Figure S9. An example USDZ file with animation. Objects can be animated by specifying 
transformation matrices at different points in time. This file shows an object being scaled up by a 
factor of 2 and translated by 5 units in the z direction on a loop. Details are omitted for brevity. 
 
1.7 Molecular orbitals 

Molecular orbitals are visualized by calculating the amplitude of the wave function at 

each point in space from the Molden file returned by TeraChem Cloud7 and then using the 

marching cubes algorithm8 to extract a mesh of an isosurface from the amplitudes. We visualize 

a positive isosurface (0.05 atomic units) and a negative isosurface (-0.05 atomic units). 

 

1.8 Dipole moments 

 Dipole moments are visualized by drawing an arrow with the direction and magnitude 

calculated by TeraChem Cloud.7 The arrow’s origin is at the center of mass. 

#usda 1.0
(
    startTimeCode = 0
    endTimeCode = 32
)

...

def Mesh "mesh1" {
    ...
    matrix4d xformOp:transform:t.timeSamples = {
        0: (
            (1, 0, 0, 0),
            (0, 1, 0, 0),
            (0, 0, 1, 0),
            (0, 0, 0, 1)
        ),
        32: (
            (2, 0, 0, 0),
            (0, 2, 0, 0),
            (0, 0, 2, 0),
            (0, 0, 5, 1)
        )
    }
    uniform token[] xformOpOrder = ["xformOp:transform:t"]
}
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