
Anatomically Based ModelingUCSC-CRL-97-10Jane Wilhelms and Allen Van GelderUniversity of California, Santa CruzApril 15, 1997AbstractWe describe an improved, anatomically based approach to modeling and animating animals.Underlying muscles, bones, and generalized tissue are modeled as triangle meshes or ellipsoids. Musclesare deformable discretized cylinders lying between �xed origins and insertions on speci�c bones. Defaultrest muscle shapes can be used, or the rest muscle shape can be designed by the user with a small setof parameters. Muscles automatically change shape as the joints move. Skin is generated by voxelizingthe underlying components, �ltering, and extracting a polygonal isosurface. Isosurface skin verticesare associated with underlying components and move with them during joint motion. Skin motion isconsistent with an elastic membrane model. All components are parameterized and can be reused onsimilar bodies with non-uniformly scaled parts. This parameterization allows a non-uniformly sampledskin to be extracted, maintaining more details at the head and extremities.
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1 IntroductionHumans, and other animals, are among the most important and interesting objects simulated using computergraphics, but they are also the most di�cult to realistically model and animate. They are important becausecomputer simulations of them provide insights into medical, biomechanical, sports, and ergonomic problems,make virtual reality applications more realistic, provide a means to safely include humans and animals(real, imaginary, and extinct) in motion pictures and advertising, and indicate useful control strategies forrobotics. They are interesting because they are beautiful, varied, and capable of more engaging behaviorthan plants and machines. They are very di�cult to model because they are complex, having many movingjoints and billions of soft cells. They are even harder to animate because their motion is �nely controlledand coordinated, and their control methodology is even now not well understood.In general, computer graphics has achieved greater realism by developing methods that simulate the realworld, rather than using ad hoc methods. As a step in this direction, we present a modeling and animationapproach that is more closely based on anatomical principles than previously described methods. This modelconsists of individual muscles, bones, and generalized tissues covered by an elastic skin. The componentsmimic actual components of the animal body.In real animals, muscles stretch across joints to cause motion, and skin movements caused by underlyingmuscles can occur across a wide area. In those with well-developed muscles, it is possible to actually identifyindividual muscles in motion. For simulated animals (and humans) to appear realistic, these widespreadskin e�ects must be seen, and what better way to simulate these e�ects than to actually model individualmuscles?Our modeling approach involves the following steps:1. A body hierarchy of segments and joints is speci�ed and a rest position given for the joints;2. Individual muscles, bones, and generalized tissues (the underlying components) are designed to givethe body shape;3. The underlying components are voxelized into a 3D grid, the grid is �ltered to smooth irregularities,and a skin is extracted using isosurface techniques;4. Skin vertices are mapped parametrically from world space into the coordinate system of the underlyingcomponent to which they are closest. Skin is modeled as an elastic material which in turn isapproximated as a spring mesh. Rest lengths and spring constants are stored for each edge.Animation involves repetition of the following steps:1. Motion at joints is speci�ed;2. New positions of bones, generalized tissue, and muscles are calculated. Muscle lengths may change dueto change in the distances between their origins and insertion points (see Section 4 for terminology).Muscle shapes are deformed appropriately to preserve volume.3. Skin vertices are mapped from local component space to world space, taking into account joint motionand muscle deformation.4. An iterative relaxation algorithm adjusts position skin vertices to achieve equilibrium of the elasticmembrane forces.The remainder of the paper is organized as follows: Background and related work are discussed inSection 2. The basic anatomically based model is described in Section 3. Technical details of muscles3



and skin are discussed in Section 4 and Section 5. Results are evaluated in Section 6, and future work isdiscussed in Section 7. Conclusions are drawn in Section 8. A shortened version of this paper has beenpublished [WVG97]. Examples from our work on anatomically based modeling can be found on our web sitewww:cse:ucsc:edu=�wilhelms=fauna.2 Background and Related WorkHuman and animal models of considerable complexity are being produced, but rarely would one confusethem with the real thing. In most cases, including the memorable dinosaurs and bears seen in commercialanimations [Car94, SD93], initial material models were digitized and animated laboriously by trained people.Creating realistic models and animations involves enormous expense in time and compute power, as well asartistic and technical training. In most cases, the chief aim is verisimilitude, so the underlying model andanimation do not represent actual body constituents.Articulated bodies such as humans, other animals, and robots are almost universally modeled using atree-structured hierarchy of rigid segments (sometimes called links) connected by joints that bear a more orless close relationship to the skeleton in animals [BZ91, BPW93, MTT93]. The hierarchy itself only providesfor motion at joints, but such a model would appear at best like a jointed plastic doll { fairly realistic fora single position but obviously not correct when seen moving. For certain applications, such as ergonomics(where issues such as reachability and comfort are central), a high level of realism isn't necessary, but ingeneral it is desirable.2.1 Modeling Deformable Materials in GeneralModeling soft body tissues such as muscles, viscera, and fat is a special case of the larger problem ofmodeling deformable materials in general. Deformable materials may be represented as three-dimensionalsolids, or just a two-dimensional surrounding surface. Because these materials deform, their animation isdeeply integrated with their modeling. Kinematic methods only consider positions taken; dynamic methods(also called physical simulation) consider the underlying physics. Kinematic methods include specifying keypositions and interpolating [KCP92]; applying deformation transformations to analytical models [Bar84];deforming a discretized model of space around the object parameterized within it (free-form deformations)[SP86]; and implicit surfaces (isosurfaces) [Bli82, WMW86, LC87, Blo88, DG95]. Implicit or iso-surfacesare basically equivalent, each being a two-dimensional surface of constant value within a three-dimensionalscalar �eld. Implicit �elds can be used to extract an outer surface around an object or to animate deformablematerials (by moving the generative particles that de�ne the �eld relative to each other, causing the �eldfunction to change).The isosurface for a given threshold value in the �eld can be extracted by a wide variety of approaches.Blinn extracted it during rendering [Bli82]. Many methods assume or create a voxel space (voxelization)[WMW86, LC87, Blo88]. In voxelization, a three-dimensional grid of sample data values is created over theunderlying �eld [WK94]. Voxelized representations su�er from the usual discretization problems, which canto some extent be dealt with by �ltering [MN88]. The \marching-cubes" extraction approach is simple andfast [WMW86, LC87]. Physically based approaches have been used [dFdMGTV92, WH94]. The �eld maybe sampled with particles [WH94, HDD+93, ST92, Tur92], or a closed geometric model may be adjustedto match the desired iso-curve or surface [KWT88, TPBF87, MBL+91]. If the number of points de�ningthe surface is prohibitively large, it can be reduced using hierarchical methods [SBD86, Tur92] or meshdecimation [SZL92, HDD+93].Physical simulation of deformable material involves creating a discretized version of the continuous4



material as a mesh of connected point masses (�nite element meshes) [TPBF87, PB88, TF88, MTT91,CZ92, TT94]. In the simplest case, connections are springs and dampers [Mil88]. In more sophisticatedapproaches, more expensive methods using elasticity theory are used [TPBF87, TW88].2.2 Modeling Soft Tissues on Articulated BodiesRelatively simple approaches have been used for modeling soft deformable tissue on an articulated bodybecause of the complexity of the models involved. Muscles, skin, or other soft tissues are generally attachedonly to the nearest body segment. This can cause joints to appear unnatural [Cat72, FB88]. Badler etal. mimicked deformable material in early work by covering the body with many spheres [BOT79], whileHerbison-Evans used ellipsoids to represent each segment [HE78]. Blinn's seminal work on implicit surfacemodeling included a \blobby man" made by extracting a surface from around an articulated skeleton [Bli82].Gascuel extracted a spline surface around a skeleton [Gas89]. Sometimes the surface is geometrically adjustedduring motion to mimic deformation [HHS87]. Magnenat-Thalmann and Thalmann extended this idea intheir joint-local deformations (JDL's) where procedures are associated with each joint to simulate naturalchanges [MTT91]. Singh et al. presented an approach using implicit surfaces [SOP95].Chadwick, Haumann, and Parent presented a method for layered construction of exible animatedcharacters [CHP89] using free-form deformations [SP86]. The free-form deformation approach was alsoused by Komatsu [Kom88] for skin. Mark Henne used a layered approach [Hen90], in which implicit �eldssimulated body tissue. Turner et al. use an elastic skin model for character animation [TT93]. Skin wrinklinghas been explored by Wu et al. [WKT96]. Gourret et al. [GMTT89] used a �nite element method to modelthe hand during grasping. None of these methods attempted to model individual three-dimensional muscles.Chen and Zeltzer presented a biomechanically based muscle model using a �nite element method torealistically simulate a few individual muscles without an overlying skin [CZ92]. The muscles were modeledusing polyhedral meshes and a biomechanical contraction model used to calculate non-linear forces at meshpoints. The cost would be prohibitive for the whole body at present. At some point, hopefully, computationalresources will make it possible for animation and biomechanical simulation to converge further.Another example from biomechanics is the work of Delp and Loan [DL95]. Bone surfaces, joint kinematics,lines of action, and forces caused by muscles can be speci�ed. The function of muscles is analyzed bycomputing such parameters as length, moment, forces and torques. Using computer graphics, the user canview the model in three-dimensions and manipulate kinematics and geometry.Recent work by Scheepers et al. is most closely related to ours [SPCM97]. Their emphasis is on modelingmusculature, using a variety of geometric primitives.2.3 Facial ModelingThe most anatomically detailed simulations have been done for the human face. Facial expressions areso complex and meaningful that doll-like rigidity is not acceptable [PB81, Par82, Wat87, TW90, TW93,LTW95]. Skin is generally modeled as a surface mesh whose points must move as expression changes. Earlygeometric models soon became parameterized [Par82] to allow higher level control over the number of skinvertices. Facial skin vertices were geometrically adjusted to mimic the actions of facial muscles [PB81,Wat87]. Physical simulation was integrated into facial modeling by Terzopoulos and Waters [TW90, TW93].Lee et al. [LTW95] used a highly automated physics-based approach where a triangulated facial meshfrom scanned data was combined with a fatty-tissue/muscle layer and a bone layer, which were connectedby springs. Koch et al. also describes a system for simulating facial surgery using �nite element models[KGC+96]. None of these models used individual muscles with a physical presence to deform overlying tissue,though some do mimic individual muscle actions. 5



2.4 Whole Body ModelingThe work that is closest to that presented in this paper is a system [Wil97], which we shall call theellipsoidal model , that shows that simple animal models can be created and animated using only ellipsoidalapproximations to underlying bones, muscles and generalized tissues. These elements are then covered byan implicit skin surface. The research described here di�ers from and extends that work in several ways:1. Bones and generalized tissues can be triangle meshes, and muscles can be discretized deformablecylinders, whereas the ellipsoidal model requires all underlying components to be ellipsoids.2. Muscles are closely based on the main muscles found in the body, whereas the ellipsoidal model justgives a general impression of shape.3. The muscle model accommodates two pairs of attachments (i.e., two origin points and two insertionpoints, see Section 4 for terminology), located parametrically on individual bones, which is biologicallymore realistic than single attachments; the ellipsoidal model is inherently limited to single attachments.4. Skin vertices are mapped to muscle space using a parametric trilinear mapping for smooth deformationin response to changes in muscle shape.5. The �nal skin position is adjusted toward equilibrium, based on an elastic membrane model.6. The skin surface extraction method permits �ner resolution at the head and extremities, where detailsare most important, with a coarser resolution over the rest of the body.7. The greater accuracy of this model makes it possible to see the e�ects of individual muscles on theskin, though the model is still very much an approximation compared to a real animal.3 The Basic ModelOur body model uses a standard hierarchy of rigid segments connected by joints and emanating from asingle root. The body consists of four types of materials. Individual bones are rigidly embedded in segments.Individual muscles are attached to bones, and stretch across one or more joints. Generalized tissue givesshape to regions where detailed bones and muscles aren't used, and for features such as eyes and nails. Anelastic overlying triangle-mesh skin is attached to underlying tissues with anchors, but adjusts in responseto forces from neighboring skin vertices. The model is appropriate for any vertebrate; we illustrate it herewith a monkey body model.The monkey model has 85 segments, including all segments connected by major moving joints in avertebrate body: skull, jaw, 44 vertebrae,1 pelvis, arms, legs, wrists, ankles, �ngers, and toes. All joints arecapable of three revolute degrees of freedom, but their range can be limited by a maximum and minimumangle. (Three translational degrees of freedom between segments are available, but not normally used.) Also,one can designate \synergies", so that a requested rotation is distributed over a series of joints. E.g., a 12degree rotation of the thoracic region is interpreted as a one degree rotation at each thoracic vertebra. Thismakes it possible to control many degrees of freedom easily, and has some basis in fact, because joints of thebody do move as a group. We �nd synergies particularly useful for the spine and hands.Figure 1 shows the underlying components and the skin in the rest position of the body. The rest positionis represented in a geometry �le. Each segment has a basic segment size based on this rest geometry, that isused in parameterizing components. The basic segment size is the long diagonal of a bounding box over the17 cervical (neck), 13 thoracic (chest), 7 lumbar (lower back), 1 pelvis, 3 sacral, 13 caudal (tail).6



segment de�ned by the positions of the segment origin and the origins of its child segments, de�ned in thelocal coordinate system of the segment. If a segment has no children, it uses the segment size of its parent.The use of the segment size in parameterization is described later.3.1 Skeleton and Generalized TissueThe skeleton and generalized tissues are modeled as triangle meshes or ellipsoids. Meshes should be closedpolyhedra, so that there is a distinct inside and outside for voxelization. These components do not changeshape during motion, but can change position relative to each other. Each has its own local coordinatesystem, which is positioned within a single body segment and moves with that segment. When stored, thesizes and locations of bones and generalized tissues are parameterized by the basic segment size. I.e., if abone coordinate frame origin is located at (5,10,15) relative to its segment coordinate frame, and the basicsegment size is 20, the bone origin is stored as (0.25,0.5,0.75). This way, the same components can be usedin an individual where segments are di�erent sizes.The monkey skeleton consists of 88 individual triangle-mesh bones, which were originally taken froma human skeleton model from Viewpoint DataLabs , and altered using the Alias/Wavefront software to bemore monkey-like. There are also 68 ellipsoidal bones for the tail and parts of the hands and feet. Bonesare shown in white in Figure 1. All of the generalized tissue in the monkey model are ellipsoids, shown inpurple in the lower left quadrant of Figure 1. There are 54 such ellipsoids in the monkey model. The eyesand nails are also modeled with ellipsoids.4 MusclesA typical skeletal muscle is an elastic, contractile material. In anatomical terminology it originates viatendons at �xed origin locations on one or more bones, passes across one or more joints, and inserts viatendons on �xed insertion locations on one or more other bones more distal to the body center. Whenthe muscle contracts, and shortens, the bones to which the muscles are attached are pulled toward eachother; usually the distal bone moves more than the proximal. The diameter and shape of the muscle changesdepending on the relative positions of origins and insertions. In a real animal, muscle contraction causesjoint motion. In our virtual animal, muscles change shape because of joint motion, to cause realistic skindeformations during animation.Initial work [Wil97] used ellipsoids for muscles, which is adequate for those with a simple fusiform shapeand a single origin and insertion. This model is insu�ciently general for many muscles; e.g., only the lowerarm muscles of the monkey model are ellipsoidal.4.1 Deformed Cylinder Model for MusclesMany muscles originate from or insert on more than one location. The various origins may be in di�erentsegments, and the same is true for insertions. To model such muscles, we have developed a muscle modelbased on a deformed cylinder . Our interests lie in producing relatively realistic animals that can be animatedquickly and designed in a reasonable time frame. We have found this model to provide a good compromisebetween realism and speed.Muscles may be sheet-like, and bend around other components. For example, the pectoralis majororiginates all along the breastbone (sternum) and is a relatively at sheet that curves around the ribs andattaches to the upper arm (humerus). The triceps at the back of the upper arm has a tendon that stretchesaround the \funny bone" in the elbow and inserts on a lower arm bone (ulna).7



An exact model of each individual muscle would be extremely complex and time-consuming, though adesirable long-term goal. As our interests lie in producing relatively realistic animals that can be animatedquickly and designed in a reasonable time frame, we have chosen a muscle model based on a deformablecylinder.The system generates, on request, a default deformed-cylinder muscle that is completely de�ned by twoorigins and two insertions (Figure 2). For example, the extended origin of the pectoralis is modeled byan origin at the top of the sternum and another at the bottom (Figure 3). Origin and insertion points aredescribed as three-dimensional locations on speci�c bones, parameterized by the size of the bounding box ofthe bone. In this way, the same muscle model can be used in di�erent individuals.Origins and insertions may all be on di�erent bones and in di�erent segments. This exibility is importantfor biological realism. There are two constraints on these four points. First, origins must be proximal relativeto insertions in the body hierarchy (i.e., closer to the root of the hierarchy, in anatomical terminology).Second, the �rst origin listed in the speci�cation �le must be proximal to the second if they are on di�erentsegments; this just makes the programming slightly simpler.Each muscle is a discretized, deformed cylinder whose axis is a curve that proceeds from the midpoint ofthe origins to the midpoint of the insertions. Generally, the cylinder is discretized into 7 longitudinal musclesections demarcated by 8 elliptical cross-sectional slices (see Figs. 2 and 10). Though �ner discretization canbe used, this seems to provide a good approximation. A parametric trilinear function (more technically, atri-a�ne function) is de�ned by adjacent slices, and is used to locate and move skin vertices (see Section 5.1).The �rst elliptical slice lies between the two origins, and the last elliptical slice lies between the twoinsertions. The six intervening elliptical slices lie between and de�ne the shape and longitudinal axis ofthe muscle. (The section of the muscle cylinder that begins at the origins, and the section that ends atthe insertions, could be considered tendons, though they are not treated di�erently than the other sectionsin our model.) Each cross-sectional slice is then discretized into regularly spaced radial points, de�ning aplanar polygon. Connecting the radial points between neighboring muscle cross-sections produces a polygonmesh. Figure 2 shows a default lower leg muscle in outline below and shaded above. Origins and insertionsare shown as paired red and green spheres, and cross-sectional slices are shown in yellow.While there are hundreds of individual muscles in the body, many are deep and small and have littleexternal e�ect on shape. There are approximately 80 major muscles that a�ect the shape of the arms, legs,and trunk (ignoring �ngers and toes), most of which occur symmetrically on the right and left sides of thebody (i.e., there are about 40 on each side) [Wak79]. The monkey model used here groups some of thesemuscles, divides a few, and ignores others. 40 deformed-cylinder muscles are used altogether.The basic muscle de�nitions are provided to the program by an ascii �le giving the muscle name, its originand insertion bones, and the parameterized two origin and two insertion locations for each muscle. This�le was created manually, using texts on human and animal anatomy, which contain tables and diagramsdescribing this information. Origins and insertions can be interactively adjusted as needed for best e�ect,and the results saved.When a muscle �le is read, the origin and insertion bones are found and the externally stored parametriclocations of the origin and insertion points are converted to actual locations in the local coordinate systemsof appropriate bones. Remember that each bone's coordinate system is de�ned relative to the coordinatesystem of its segment. Origins and insertions are also internally stored relative to the segment coordinateframe. Origin and insertion locations are constant within their respective muscle, bone, and segment frames,so the calculation need only be done once.
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4.2 Setting the Default Muscle ShapeThe default muscle shape is automatically created based on the origins and insertions, and can then bealtered interactively by the user. Figure 2 shows a default muscle, which illustrates the procedure describedin this section.There is a slice coordinate frame associated with each of the (normally eight) sliced segments of themuscle. The origins of these coordinate frames de�ne the piecewise linear longitudinal axis of the muscle,and lie at the center of each slice ellipse. The X, Y, and Z axes of these slice frames are shown as red, green,and blue lines (respectively) in Figure 2. The XY planes of these slice coordinate frames de�ne cross-sectionsof the muscle, and their Z-axis points along the longitudinal axis of the muscle, from muscle origins to muscleinsertions. (We somewhat verbosely describe the (�xed) origin points of the muscle on bone as muscle originsand the origins of the slice coordinate frames as coordinate frame origins to prevent confusion in the di�erentuse of the word origin.)The polyhedral vertices of the muscle's surface lie in the XY plane of each slice, arranged symmetricallyaround the slice coordinate frame origin, discretizing the ellipse. The number of vertices in each slice isunder user control; the default number is 8. Figure 2 connects the muscle vertices within each slice withyellow lines, and muscle vertices between slices by reddish lines.The locations of these frames and vertices are found as follows: First, all muscle origin and insertionlocations are converted into the frame of the �rst muscle origin location's segment (i.e. the segment thatcontains the bone that the �rst muscle origin is attached to). The �rst muscle origin is just the one listed�rst in the muscle description �le. Since the relative positions of muscle origins and insertions change duringmotion, this must be done anew each time any joint between origins and insertions changes.Next, two end-slice coordinate frames are created. The midpoint of the two muscle origins becomes theorigin of one end-slice frame, and the midpoint of the two insertions becomes the origin of the other. The linesbetween origins, and between insertions, de�ne X-axes of end frames. (X-axes shown in red in the outline�gures). The Z-axis of the origin slice coordinate frame is perpendicular to the X-axis and points outwardfrom the origin bone. The Z-axis of the insertion slice frame is similarly perpendicular to the insertion frameX-axis, but points into the insertion bone. (Z-axes shown in blue in the outline �gures.) These Z-axes arefound by averaging the outward normal vectors to the bones at the origin locations, and the inward normalvectors to the bones at the insertion locations. The Y-axes for these coordinate frames (shown in green inthe outline �gures) complete right-handed systems.Now, the planes of the intermediate slices are calculated. Initially, they are arranged along a straight linebetween the origins of the two end coordinate frames described above, and equidistant from each other alongthis line. The intermediate slice frames have their Z-axes aligned along the line between end coordinate frameorigins, and their X-axes are interpolated between the X-axes of the end frames. Again, the Y-axes completethe right-handed systems. Once the thickness of the muscle slices is found, the origins of the intermediateframes are slightly displaced in the negative Y direction (outward from the underlying bone), to compensatefor the greater thickness of the muscle near its center. Thus, the centers of the muscle follow a curved pathfrom origin to insertions.Finally, the vertices around each slice frame, which de�ne the actual polygon mesh for the muscle surface,are calculated. These points are radially located around the coordinate frame origin of the slice in its XY-plane. They are stored in an ellipse around that origin. The two end coordinate frames are constrained sothat the width of the muscle (in X) is the distance between muscle origin points, and muscle insertion points,respectively. The vertex locations for the intermediate slices are scaled in X and Y to produce a fusiformshape, larger in the middle slices than in the end slices, and larger across (in X) than in thickness (in Y).The default muscle shape, while somewhat complex to describe in words, is easily found using standardtransformation methods common in computer graphics.9



4.3 Non-Default Muscle ShapesOften, the default muscle shape is not the right thickness, or does not take into account underlying parts well.The user can interactively alter the size of a muscle, and the orientation and location of slice coordinateframes, and the locations of origins and insertions. Figure 3 shows two non-default muscle shapes (thepectoralis major and quadriceps femoris), which illustrate the topics of this section.First, the interface provides a facility to change the scale factors de�ning the X-width and Y-thicknessof a muscle or any individual muscle slice. The cross-section of the muscle is always elliptical, controlled bythe X and Y scale factors, which are modi�able by the user. Because most muscles show a great deal ofsymmetry in their external cross-sections, this was deemed a reasonable simpli�cation, and it makes muscleshape modi�cation much easier than moving individual muscle vertices would be. It does mean that musclesinternally may intersect other body components. Muscles such as the gastrocnemius in the leg, the biceps inthe arm, and the sterno-cleido-mastoid in the neck are well represented by slightly scaling the default muscleshape.Other muscle-modi�cation parameters alter location and orientation of the muscle slice coordinate frames.The simplest modi�cation is to interactively translate the coordinate frame origin of any slice from its defaultlocation. (This can only be done to the intermediate slices, because the end slices are constrained by themuscle origins and insertions.) This is used for muscles like the pectoralis, across the chest, which follows acurved path from the sternum, around the ribs, to the arm. The orientation of the slice frames can also berotated, in X, Y, or Z for intermediate frames, or in X alone for end frames.Figure 3.A shows the pectoralis major muscles in the chest as shaded polygons on the left and in outlineon the right. Note that the shape of the muscle is more triangular than fusiform, the muscle is quite at,and the slice coordinate frames are in an arc around the ribs, not in a straight line from origin to insertion.Another modi�cation method is to designate a pivot coordinate frame. In this case, the path of the muscleis not from muscle origins to insertions, but from origins to pivot, then from pivot to insertions. Pivots arehelpful in modeling muscles that must bend over joints, such as the quadriceps femoris, which runs acrossthe front of the thigh and bends over the knee (Figure 3.B). The origins of pivot coordinate frames are shownas blue spheres in outline �gures. Generally, pivots can reduce the problem of interpenetration of the musclewith the material beneath it. (See Section 7 for further discussion of this problem.)The pivot frame is de�ned relative to a speci�c segment, usually that of the segment containing the boneto which the �rst muscle origin is attached. Its location and orientation are under user control. A speci�cslice uses the pivot frame as its slice frame, and other frames arrange themselves on the line to the pivotframe, or from the pivot frame, depending on their position relative to the pivot slice. The pivot framecan be permanently in e�ect (always used), or it can be used intermittently depending on whether the joint2 origin locations parameterized on bones (x,y,z)2 insertion locations parameterized on bones (x,y,z)x,y scale of each muscle shape slicex,y,z translate of slice coordinate frame from defaultx,y,z rotation of slice coordinate frame from defaultwhether pivot is on, o�, or variablewhich muscle shape slice acts as the pivotlocation of the origin of the pivot coordinate frameorientation of the pivot coordinate frameTable 1: Muscle parameters controllable by the user.10



angles make it natural to use it. In Figure 3.B, the pivot frame is the seventh frame, as the bend occursnear the very end of the muscle. The right leg is in its rest position, and the left lower leg is exed, showingthe muscle bending around its pivot.Table 1 summarizes the user-controllable parameters for muscle design. Nearly all the muscles in themonkey model shown in Figure 1 used some non-default parameters.4.4 Muscle AnimationMuscle animation involves the automatic recalculation of the muscle shape whenever a joint lying betweenmuscle origins and insertions moves. The muscle origins and insertions are converted to the frame of the�rst origin, given the new joint positions. A default shape is found, and automatically adjusted using theuser-speci�ed non-default muscle parameters described in the previous section.Finally, the muscle width and thickness are scaled to maintain approximately constant muscle volumeduring joint changes. The rest length of the muscle is the distance from the midpoint of the muscle origins,through the pivot, if present, to the midpoint of the insertions, while the muscle is in the resting position,as designed. A present length is similarly calculated for when the muscle is repositioned due to jointchanges. The width and thickness of the internal slices of the muscle (not the end slices) are scaled byprest length / present length . This increases the cross-sectional area if the muscle shortens, and decreasesit if it lengthens. Volume is preserved exactly in regions between parallel slices, and is changed as a secondorder e�ect in regions between two nonparallel scaled slices. However, end slices do not change shape, soregions involving an end slice will normally vary in volume.In any case, exact volume preservation of muscles is not biologically justi�ed. Isometric deformationsprovide a case in point. Future work should address a more exible and more biologically sophisticatedmethod for adjusting muscle volume.The new muscle shape is stored and reused for display and skin adjustment purposes until another jointchange necessitating recalculation occurs. Figure 5 shows four stills from an animation of the shouldermuscles (shown in red outline) deforming during motion. Figure 4 shows a muscle from the front and sideat three levels of contraction.5 SkinThe skin is an elastic triangle-mesh surface that is attached to underlying components but can move relativeto them; i.e., a separate, controllably loose layer over underlying components. The initial creation of thesurface is based on fairly standard implicit surface techniques [WMW86, Blo88, WK94, Wil97], and issummarized below. The novel contribution of this paper is the methodology for skin deformation in responseto deformation of the underlying tissue, described in subsequent subsections.The region around the animal in the rest position is voxelized to create a three-dimensional discrete gridof points. Values at points de�ne an arti�cial density function that is positive if the point is inside any bodypart and zero otherwise. (In addition, certain arti�cial components may have a negative density to createa repulsion e�ect, discussed below.) Then the initial density function is �ltered with a Gaussian kernel,whose width is under user control. The user chooses a threshold, and an isosurface of the �ltered density isextracted as a triangulated surface mesh.Figure 6 shows these steps. Upper left shows the underlying components; the head and extremities areenlarged for better skin detail in those areas, as described in Section 5.3. Upper right is a voxel grid whosemaximum resolution is 200, showing interior grid points in magenta. Grid points outside the body are notshown. Interior points are given a value of 200. Exterior points are given a value of 0. The purple spheres11



near the eyes are actually negative components , which have a value of -100. Use of negative componentsdrives the isosurface away from those regions, making deep orbits for the eyes to sit in. Lower left is thevoxel grid after �ltering, showing the grid points with positive �eld values in cyan. The Gaussian �lter kernelhad a standard deviation of about 3 voxel separations. Lower right is the extracted skin, with an isosurfacevalue of 30.5.1 Anchoring SkinAfter surface extraction, in a second stage called anchoring , each vertex in the triangle-mesh skin is associatedwith the closest underlying body component (muscle, bone, or generalized tissue).The anchor of a particular skin vertex is the nearest point on its underlying component. More importantfor animation is the virtual anchor , which is the initial position of a skin vertex relative to its underlyingcomponent. This is the position of the vertex when the skin was extracted, which is generally over bodycomponents that are in a rest position. The anchors and virtual anchors are stored parameterized in the localspace of the component. If shape changes occur in the underlying component, they are transmitted throughthe anchors and virtual anchors, to a�ect the skin vertices correspondingly. Each skin vertex is consideredto be connected to its virtual anchor by a spring of rest length zero, and a speci�ed spring sti�ness. Springparameters are discussed in Section 5.2.Anchoring refers to the process of �nding the nearest underlying component of each skin vertex,converting that skin vertex to a parameterized local location relative to the component, and storing thislocal position of the skin vertex as its virtual anchor. Anchoring skin to ellipsoids was previously described[Wil97]. Anchoring skin to triangle-mesh bones is simple, because they don't change shape. The skinvertices are converted into the coordinate system of the bone and scaled by the size of its bounding box ineach dimension. Anchoring points to deformed-cylinder muscles is a more interesting problem, and is nowdescribed.A skin vertex is associated with a muscle if it is found to be closer to the polygonized surface of the musclethan to any other underlying component in the body. The skin vertex is then associated with a section ofthe muscle that lies between two muscle slices. I.e., if it is closest to a polygon stretching from slice 4 toslice 5, the skin vertex is associated with the segment between those slices. Figure 10 shows these concepts.The lighter skin vertex lies nearest to the muscle segment between slices 4 and 5, and will be mapped to aparametric location in this region. One cannot simply map the skin vertices into the frame of single slice,because bumps appear in the skin when the muscles change shape, due to the abrupt changes in mappingfrom one slice frame to the next.Rather, we de�ne a parametric trilinear transformation (more precisely named \tri-a�ne") over thespace between the planes of the two slices in rest position, and assign parameters to the virtual anchor inaccordance with the inverse of this transformation. A parametric trilinear transformation is a three-vector ofindependent trilinear functions, each of which maps parameter-space (s; t; u) into physical-space (X;Y; Z).X(s; t; u) = Axs+Bxt+ Cxu+Dxst+Extu+ Fxsu+Gxstu+HxY (s; t; u) = Ays+Byt+ Cyu+Dyst+Eytu+ Fysu+Gystu+HyZ(s; t; u) = Azs+Bzt+ Czu+Dzst+Eztu+ Fzsu+Gzstu+HzThe parametric trilinear transformation maps a unit cube into a warped cell such that edges in the originalcell remain as straight lines. Parametric trilinear transformations are de�ned on adjacent cubes so thatthey map each shared corner of their cubes to the same point. This ensures that they combine to make aC0 continuous transformation. Parametric trilinear transformations are often used in computational uid12



dynamics simulations to map regular grids into \warped" curvilinear grids. Related ideas are found in free-form deformations of computer modeling [SP86], but usually higher-order functions are used. We do notneed the higher orders of continuity because this mapping is only used to give an initial skin position, whichis then adjusted towards elastic equilibrium (see Section 5.2).The parametric trilinear transformation for a muscle segment is found by taking four correspondingmuscle vertices from each of the slice planes that bound the segment. The four from the \proximal" slicewill be the image of a parametric unit cube's u = 0 face, while the four from the \distal" slice will be theimage of the unit cube's u = 1 face. Joining corresponding vertices of the two slices makes the warpedimage of the unit cube. In Figure 10 such a warped cell is shown in red. These eight vertices provide the 24unknowns necessary to specify the coe�cients of the parametric trilinear transformation. Each skin vertexassociated with a particular muscle segment is then mapped inversely to a parametric position (s; t; u) withinthe domain of the parametric trilinear transformation de�ning that segment. The inverse mapping has noclosed form, and requires 3D Newton-Raphson iteration [VGW92]. The (s; t; u) parameterized position is thevirtual anchor for that skin vertex. This expensive operation needs to be done only once per point, duringanchoring.Now we describe how the (s; t; u) parametric position is used. When the body is moved, new world spacepositions are calculated for the slices (see Section 4.4). Then for each adjacent pair of slices a new parametrictrilinear transformation is de�ned. (This process is not expensive, compared to calculating general inversemappings.) Virtual anchor points associated with this segment are mapped from (s; t; u) to world space,using the new parametric trilinear transformation, in the forward direction. Each virtual anchor providesan initial skin position for its corresponding skin vertex, for this body con�guration.Figure 7 illustrates these concepts on the left shoulder and arm of the monkey. The arm is raised awayfrom the rest position, with consequent deformation of nearby muscles. In the left image, virtual anchorpoints have been remapped from parameter space to world space, taking into account both the rigid motionand deformation of their respective muscles, but no elastic relaxation has been done. The yellow lines connectskin vertices to their muscle anchors, i.e., their closest underlying component when they were extracted ina rest state. Magenta lines connect skin vertices to anchors on bones. At this point, the skin vertices andtheir virtual anchors are in the same position. This initial position is generally undesirable, because skinvertices attached to components on opposite sides of a moving joint can be pulled very far apart or pushedinto each other, as is obvious from Figure 7. In world space, skin positions are now moved to achieve anelastic equilibrium, as described in Section 5.2, and shown in the right image of the �gure.5.2 The Elastic ModelThe skin surface is de�ned as a triangle mesh. To simulate an elastic membrane each edge of the trianglemesh is considered to be a spring with a certain rest length and sti�ness. Together with other forces andconstraints in the system, these springs are brought into equilibrium by means of a series of relaxationoperations. The initial skin positions, from which relaxation commences, are provided by the positions ofthe virtual anchor, as described in Section 5.1. Relaxation operations continue iteratively until a user-de�nedconvergence tolerance is reached, or a user-de�ned maximum number of iterations has occurred. Details ofthe spring forces and other constraints are now described.The spring sti�ness coe�cient (sti�ness, for short), for edges between skin vertices is denoted as ke. Thisvalue is automatically calculated as ke(v; vj) = a1 + a2len2 (1)where len is the length of the edge between skin vertices v and vj , and a1 and a2 are the areas of the two13



triangles sharing the edge, all calculated once in the rest position. This formula provides a more accuratemodel of uniformly elastic skin than would uniform sti�ness for all springs [VGW97b]. The formula usedis simpli�ed from the general case by assuming the Poisson coe�cient for skin is 0. (A more complicatedformula with the more realistic Poisson coe�cient of 0.25 did not produce observable di�erences.) Variationsin elastic properties can be de�ned by the user, if desired.The spring sti�ness for the edge between the skin vertex and its virtual anchor is denoted as ka. This\edge" has zero rest length. For each skin triangle, the force resulting from pulling the skin away fromthe underlying material is assumed to be proportional to the area of the triangle (as is standard for \bodyforces" in elasticity), and this area is distributed equally to the three skin vertices incident upon the triangle.Consequently, ka(v) = CaPi ai3 (2)where ai denotes the area of the i-th triangle incident upon the skin vertex v, and the sum is over all suchtriangles. The coe�cient Ca is a proportionality constant to control the relative strengths of skin-skin springs(ke's) and skin-virtual-anchor springs (ka's). For the monkey model, the anchor spring sti�ness is generallyscaled by Ca = 0:10, which allows the skin to slide readily over the underlying parts. If constant springsti�ness coe�cients are used instead of the geometrically determined values in Eqs. 1{2), then we observedthat the equilibrium position of the skin appears irregularly stretched.To �nd the change in position to be applied to a vertex due to the inuence of a connected edge, theelastic force vector is calculated. First, the vector wj = vj�v is de�ned, where v is the vertex being analyzed,and vj is the vertex at the far end of the edge. The length of wj is the present length of the edge. The restlength of the edge is subtracted from the present length, giving the length excess , which may be negative.Now the spring sti�ness, ke(v; vj) may be modi�ed, based on the length excess , providing a form of nonlinearspring (see below). The length excess is multiplied by the (possibly modi�ed) spring sti�ness for the edge togive the scalar value of elastic force due to this edge. The direction of the elastic force is just the directionof wj . Thus the elastic force is toward vj if the length excess is positive, and away from vj if it is negative.For each vertex v, the sum of the elastic forces due to each of its edges to other skin vertices vj , and dueto the edge to its virtual anchor, de�nes the net elastic force acting on this vertex. This net force is dividedby the sum of the spring sti�ness coe�cients that contributed to the net force, giving the elastic relaxationvector for v. (This denominator is conservatively large, as various forces tend to cancel each other; howeverit stabilizes the relaxation.) All skin vertex positions are translated by their relaxation vectors in one roundof relaxation. The relaxations are iterated until the maximum relaxation vector is below the user-speci�edthreshold, or the user-speci�ed maximum number of iterations occurs.Figures 8 and 9 show the e�ect of elastic relaxation on the skin. In the left images, skin vertices havenot been adjusted, and lie on their virtual anchors. In the right images, thirty iterations of relaxation havebeen applied. In Figure 8, the texture indicates the shape of the skin triangles relative to their rest shapes.In the rest position, all dots are circular and �t within a particular triangle. Since the isosurface extractionproduces triangles of varying size and shape, the circles are of di�erent sizes. Notice that after iteration,most of the dots are deformed about equally from their initial circular form. In Figure 9, the fur attached toskin triangles is pulled apart and the skin is stretched abnormally in the left, non-relaxed image, but bothappear normal in the right image [VGW97a].A few other parameters can be applied to the skin. First, we want the skin to pull from a stretchedposition toward its rest state more strongly than it pushes back when it is compressed. Therefore, a user-controlled scale factor can be applied to scale down the spring force if the present length is less than the restlength. Typically this scale factor is 0.1. 14



Second, the skin can appear more smooth if we adjust the model so that the skin is slightly stretched inits extracted con�guration. I.e., the rest length of the edge is taken to be some percentage of the measureddefault length of the edge when extracted. Suppose the user has chosen 90% for this parameter, and 0.1for the above \pushing back" parameter. Then ke, the spring sti�ness will be modi�ed by the followingcontinuous function of length excess , discussed above. If length excess is positive, ke is used as is (100%). Iflength excess is more negative than �0:1�(rest length), then 0:1ke is used (10%). If length excess is betweenthese bounds, the multiplier for ke is interpolated between 10% and 100%. We believe that this continuoustransition of sti�ness also serves to stabilize the relaxation process, but do not have de�nite data to supportour belief.Finally, a collision inuence can be applied to prevent the skin from sinking into underlying components.Each skin vertex is prohibited from penetrating a sphere whose center is somewhat below the anchor pointin the underlying component. The surface of this sphere is tangent to the tangent plane of the skin atthe virtual anchor point. I.e., if the calculated new position of the skin vertex penetrates such a sphere, arepelling force is activated to displace the skin vertex outward toward the sphere surface.This approach only handles collisions between the skin and its nearby underlining tissues. A secondcollision type occurs when a joint is bent so that skin on either side of the joint meet. In this caseinterpenetration can occur, but it is hidden within the folds of the skin. A third collision type occurswhen skin from one part of the body presses on another. This would require modeling the inuence ofexternal collision forces on the skin, which we do not do.5.3 Non-Uniform Scaling and Re-usabilityBecause all components are parameterized, they can be re-used to a large extent in di�erent individuals. Thebasic reference for all components is ultimately the basic segment size, calculated as described in Section 3from the rest geometry of the animal. If a model with larger or smaller segments is used, componentscompensate automatically for the change in size.For easy scaling, it is possible to scale the basic size by applying an extra scale factor to each segmentwhen the body is read in. In this way, we created the model shown in Figure 6, with extra large extremities.By voxelizing such a model, more detail is preserved in the hands and feet. The skin is then saved, and canbe re-used on a model with more normal-sized segments. All the monkeys shown in this paper used suchscaling. Because of the similarity between vertebrates, many of the components of one model can be usedfor other species as well. It is also possible to scale the thickness of the skin, by moving the virtual anchorsfurther from their underlying components.Figure 11 shows the e�ects of scaling. These three monkeys were made from the identical underlyingcomponents and skin as all the other monkeys in the paper but in the left image the arms are lengthened, inthe right image the legs are lengthened, and in the center the skin thickness is increased to create a plumpmonkey.6 Results and DiscussionAs mentioned above, the monkey model contains 85 body segments, 156 bones, 52 muscles, and 54 generalizedcomponents. The skin was voxelized over a grid whose maximum dimension was 225. Internal points wereassigned 200 as density, outside points were 0. It was �ltered by a Gaussian kernel with standard deviation3.2. The isosurface threshold was 35. There are about 75,000 skin vertices and about 150,000 skin triangles.Table 2 gives times for various steps. 15



Steps Done Once to Create SkinVoxelization (Max. Dim. 225) 185Filtering (3.2 std.dev. kernel) 160Isosurface Extraction 16Anchoring 645Steps Required if Joints MovedRedraw of Underlying Components Less than 1Skin Repositioning - 0 relaxations 3Skin Repositioning - 10 relaxations 9Skin Repositioning - 30 relaxations 25Table 2: Elapsed times in seconds for various steps, on an SGI with four 150-MHz R4400 processors, usingshared-memory multi-processing.Figure 12 shows a selection of monkey images in various positions. The \mohawk" fur [VGW97a] is arather whimsical addition to make the monkey seem less bald without obscuring the skin deformations thatwe wish to emphasize.The parameterized muscle shape model is fast and easy to change, and provides a good approximation tothe shape of most muscles (but see below). The monkey model could be improved by making more muscles.There can be problems in certain extreme positions. However, as the images and animations show, the bodylooks good over a wide range of motions.The most time-consuming part of creating the model was to model individual muscles. Knowledge ofanatomy is helpful, although students with no background in anatomy were able to perform many modelingtasks with light supervision of a trained biologist, and appropriate texts on anatomy (e.g., [Wak79]).An alternative to adjusting a permanent skin in response to underlying tissue deformations would be tore-extract skin over new body positions. However, this would raise questions about consistency from oneposition to the next. For example, how would a texture be associated with the skin that appears to shiftrealistically?The current skin model produces a smooth surface that is visually close to equilibrium after about 30iterations; after this, changes from one iteration to the next are barely noticeable. Even after 5 or 10iterations, acceptable convergence is found in many cases.7 Future WorkThis remains a very approximate model when compared to actual animal anatomy. It is a reasonablecompromise between detailed realism and acceptable modeling and animation speed, and is a considerablestep forward from ellipsoidal models.The major next step we envision is underlying components that interact with each other, and do notinterpenetrate. This will allow more detailed, space-�lling components to be created, which repositionthemselves based on inuences from neighboring components. Generalized tissue should also be extended toaccommodate shape changes, as muscles do now. While these additions will be more expensive, the minimalcomputational cost of adjusting the present underlying components suggest it will still be feasible in a fairlyinteractive system.It would be a relatively simple matter to have muscles pull on their bones and implement a realphysically based simulation of joint motion. This could be useful for educational purposes or for research16



in biomechanics. However, the control problems of physically simulating general realistic motion usingcontraction of individual muscles is really beyond present capabilities.It would be desirable to have more detail in the face than provided by the non-uniform scaling. Becausethe skin is initially a separate polygonal layer that is then connected to the underlying components, itwould be possible to connect a triangle-mesh skin from elsewhere to underlying components. For example, adigitized head model or a model extracted from CT scans could be connected to the underlying parts. Thiswould require appropriate positioning and scaling. The skin and underlying components should also reactto outside forces, such as gravity, and detect and respond to all collision types.8 ConclusionsThis paper describes a new and improved modeling and animation approach for animals and humans thatis based on actual three-dimensional representations of individual body components such as bones, muscles,and miscellaneous tissue, covered by a skin. We believe this is the most natural approach to use for creatingrealistic animals and humans. The scheme is a good compromise between realism and complexity, and canbe displayed and animated interactively. We believe the approach can be extended to produce much greaterrealism at an acceptable computational cost.AcknowledgmentsList processing software by Yumi Tsuji was used in this software package. Marlon Veal helped withprogramming. Research supported by a gift from Research and Development Laboratories, and by NSFGrant CDA-9115268.References[Bar84] Alan H. Barr. Global and local deformations of solid primitives. In Hank Christiansen,editor, Computer Graphics (SIGGRAPH '84 Proceedings), volume 18, pages 21{30, july1984.[Bli82] James F. Blinn. A Generalization of Algebraic Surface Drawing. ACM Transactions onGraphics, 1(3):235{256, July 1982.[Blo88] Jules Bloomenthal. Polygonization of implicit surfaces. Computer-Aided Geometric Design,5:341{355, 1988.[BOT79] Norman I. Badler, Joseph O'Rourke, and Hasida Toltzis. A spherical representation of ahuman body for visualizing movement. Proceedings of the IEEE, 67(10):1397{1403, October1979.[BPW93] Norman I. Badler, Cary B. Phillips, and Bonnie Lynn Webber. Simulating humans :computer graphics animation and control. Oxford University Press, New York, 1993.[BZ91] Norman Badler and David Zeltzer, editors. Making Them Move. Morgan KaufmannPublishers, Inc., San Mateo, CA., 1991.[Car94] Phil Carpenter. Commercial spot cola bears. Cinefex Magazine, December 1994.[Cat72] Ed Catmull. A system for computer-generated movies. In Proceedings of the ACM AnnualConference, pages 422{431. ACM, 1972.17
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Figure 1: Anatomical components in the default resting posture. The skeleton is shown in white, the musclesin red, and the generalized tissue in purple. The skin with external features (eyes and nails) is shown in thelower right.
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Figure 2: Typical default deformed-cylinder muscle, also illustrating anatomical terminology. The proximaldirection is left, distal is right. The muscle is de�ned by two origins (red and green spheres at left) and twoinsertions (same at right). In the wireframe view below, eight yellow cross-sectional slices are connected byred edges to form a polygon mesh. The short blue and green lines are slice coordinate frame Z� and Y�axes.Note how the Z�axes rise from the origin bone at the �rst (left) slice, continue along the longitudinal axisof the muscle, and bend down into the insertion bone at the 8th (rightmost) slice. The shaded polygon meshis shown above.
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Figure 3: A. (at left) The right pectoralis major muscle, shown shaded, and the left, shown in outline,illustrate a non-default muscle shape set interactively by the user. B. (at right) The quadriceps femorismuscles illustrating the use of a pivot. The right lower leg is in the rest position, and the left lower leg isexed showing the muscle bending around its pivot.

Figure 4: A muscle seen from side and in front at three di�erent levels of contraction.23



Figure 5: Four images showing shoulder muscle deformations (shown in red outline) during motion.
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Figure 6: Voxelization and skin extraction illustrated: Upper left is the monkey with enlarged head andextremities for increased skin detail in those areas. Upper right is the initial \density" function over voxelgrid whose maximum resolution is 200, showing positive densities in magenta. Interior points are given avalue of 200. Exterior points are given a value of 0. Lower left is the \density" after �ltering, showing gridpoints with positive densities in cyan. Lower right is the extracted skin, with an isosurface value of 30. Referto Section 5 for further discussion. 25



Figure 7: This �gure illustrates the concepts of anchors, virtual anchors, and elastic relaxations, on a raisedleft arm and shoulder. In the left image, skin vertices have been mapped from the positions of their virtualanchors into world space but no elastic relaxation has been done. The yellow lines connect skin vertices totheir muscle anchors; magenta lines connect skin vertices to anchors on bones. At this point, the skin verticesand their virtual anchors are in the same position. In the right image, elastic relaxation has occurred andskin points are close to an equilibrium state. In this image, the red lines connect the skin vertices in theiradjusted positions to their virtual anchors, showing the displacement necessary to equalize spring forces.

Figure 8: This �gure illustrates the e�ect on skin of elastic relaxation, using the same model and position asin Figure 7. In the rest position, all dots are circular. In the left image, no elastic relaxation has occurredand skin vertices lie on their virtual anchors. In the right image, 30 relaxations have occurred and the skinhas largely stabilized. 26



Figure 9: This �gure illustrates the same e�ect as the previous two Figures 7 and 8 when fur is attachedto skin triangles. In the left �gure, the unequal stretching of the skin produces gaps in the fur, as well asirregularities in the skin surface. On the right, the fur and skin appear normal.
27
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Figure 10: Illustration of mapping skin vertices to parametric trilinear functions over muscle segments. Thelightest skin vertex lies between muscle slices 4 and 5, and is mapped into an (s; t; u) coordinate systemde�ned by the eight muscle vertices shown in red.

Figure 11: These three monkeys were made from the identical underlying components and skin as all theother monkeys in the paper. but in the left image the arms are lengthened, in the right image the legs arelengthened, and in the center the skin thickness is increased.28



Figure 12: A selection of monkey images. Notice the e�ect of individual muscles, and the ability of themodel to simulate both stretching and folds. 29


