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Abstract
This paper presents techniques for simulating the motion of a human hand on a computer graphics display. This simulation is based on a generic 3D model of the human hand in which the bone structure is described as an articulated linkage. Soft tissue around the bones is represented using mass-spring meshes. A predictor-corrector method, including the treatment of incompressibility and collision constraints, is used to compute soft-tissue deformation while bones are moving. Tendons responsible for the movement of the fingers are not explicitly represented as distinct objects, but their mechanical effect on the bone structure (application of forces) is included in our model. The implemented software simulates a human hand, including bone movement, soft-tissue deformation, and collision handling, at interactive rates on a PC. This software may be used as a tool to teach anatomy or simulate surgical operations.
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1. Introduction

Virtual-reality techniques have increasing applications in medicine. For instance, they can be used to teach anatomy to medical students. Surgeons can also train and develop their skills on virtual models before operating real patients. In this paper, we describe methods that we have integrated into a software system to simulate a generic human hand. We describe the hand skeleton as an articulated linkage. Visco-elastic soft tissue around the bones is represented using damped mass-spring meshes. A predictor-corrector method computes the deformation of the meshes by taking both incompressibility and collision constraints into account. Tendons responsible for the movement of the fingers do not have a separate geometric model, but their mechanical effect is explicitly represented by means of forces and rotational springs at the joints between finger bones. The implemented software simulates a human hand, including bone movement, soft-tissue deformation, and collision handling, at interactive rates on a PC. It may be used as a tool to teach anatomy or simulate surgical operations. Another possible application is in the simulation of digital actors for movies and video games.

The interactive simulation of human hands is studied in [1,6] as part of broader efforts to create digital actors. Video streaming techniques (instead of models) augmented by haptic interaction is proposed in [4] to teach hand anatomy. The representation of skeleton structures by mechanical linkages is investigated in [5,7,8]. The modeling and simulation of visco-elastic human-body tissue is studied in many publications, using either mass-spring meshes, finite-element methods, or a combination of both. See [1]. Techniques for adapting an external skin layer to the motion of underlying structures are presented in [2].
2. Simulation of the Bone Structure
2.1. Anatomy
The human hand consists of 29 bones (Fig.1). In our system, all bones are explicitly represented by geometric models, but only the movement of the phalanxes is simulated. Each finger (except the thumb) consists of three phalanxes: proximal, intermediate, and distal. We consider its four degrees of freedom, which are controlled by five tendons: Extensor EXT, Interosseus Left INL, Interosseus Right INR, Flexor Digitorum Profundis FDP, and Flexor Digitorum Superficialis FDS. EXT, FDP, and FDS create phalanx motions in the flexion-extension plane, while INL and INR are responsible for abduction-adduction movements, accompanied by partial extension. One end of each tendon connects to hand muscles and the other is attached to the bone structure. Some tendons are attached to more than one phalanx (e.g., EXT), whereas others are attached to both the top and bottom sides of a phalanx (e.g., FDP). When a tendon is pulled, another tendon acts in the opposite way, thus ensuring the mechanical stability of the hand. The thumb is made of two phalanxes. Our model only considers the two degrees of freedom in the flexion-extension plane.
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Figure 1: Anatomy of the hand

2.2. Kinematic Model
The surface of each bone is modeled by a mesh of about 200 triangles. The entire geometric model contains approximately 6000 triangles. As mentioned above, we only simulate the motion of the phalanxes. Each finger (except the thumb) is modeled as a serial linkage of three phalanxes with four revolute joints. See Fig.2. Three degrees of freedom are in the flexion-extension plane, and one is in the abduction-adduction plane. In our model, each joint connects a phalanx P to a previous bone B, and allows P to rotate around a point that is fixed relative to B. The thumb is modeled as a linkage of two phalanxes with two degrees of freedom, both in the flexion-extension plane.
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Figure 2. Kinematic model of a finger. Left: Three degrees of freedom in the flexion-extension plane. Right: Single degree of freedom in the abduction-adduction plane.

2.3. Mechanical Model
The motion of the hand results from the application of forces by tendons. We do not explicitly represent the geometry of the tendons, but we model the result of their combined actions on the bone structure. This is done by means of a simple linear transform that maps the set of tendon forces to forces applied at specific points on each phalanx. In turn, these forces create torques mi, i = 0 to 3, applied at the four joints.

The feedback action of the tendons is modeled by rotational springs, each of which is associated to one degree of freedom. Therefore, our finger model contains four rotational springs (only two for the thumb): two at the proximal-metacarpal joint, one at the intermediate-proximal joint, and one at the distal-intermediate joint. Given a set of angular variations ai, these springs induce reaction torques -kiai, where ki are the spring constants. When the hand is at rest, the torque at each joint is null. When new forces are exerted on the tendons, some joints between phalanxes rotate. Rotational springs then induce reaction torques opposed to this motion. This leads to a new equilibrium of the hand.

Numerical integration techniques are often used to compute angular variations caused by torques. Instead, we opted for a quasi-static approach [1], by assuming that the hand achieves static equilibrium at any one time, hence ignoring inertial effects on the motion. This assumption is valid for a wide range of common hand motions. The equilibrium state of a finger is defined by the angles ai, i = 0 to 3, such that the torques induced by the tendons at the joints are exactly balanced by the reaction torques of the rotational springs. We compute these angles by minimizing the potential energy of the hand. In practice, these angles must also satisfy anatomical boundary conditions [5]. From these limits, we can easily infer the minimum and maximum torques that can be applied at a specific joint.

Assume that the finger is initially (time 0) in equilibrium with a set of applied tendon forces F1. To generate the motion leading to the equilibrium corresponding to a new set of forces F2 at time t, we first sample the time interval [0,t] at a fixed step δ. At each successive time sample tk=kδ we compute a set of forces F by linearly interpolating between F1 and F2. Then, we compute the angles ai corresponding to the equilibrium when F is applied. Finally, we refresh the graphic display with those new angles. To simulate the motion of the entire hand, we simply perform the same computation for each finger, plus the thumb. 

3. Simulation of the Soft-Tissue Structures

3.1. Soft-Tissue Model
We model soft-tissue structures by mass-spring meshes attached to the bone structure of the hand. Soft tissue is mostly fat tissue, called pulp space, with two important properties: visco-elasticity and incompressibility. For each phalanx, we model the pulp space at rest by an ellipsoid whose principal axis is aligned with the principal direction of the phalanx, and whose dimensions are about the same as of the phalanx. The volume of the pulp space is discretized into a mesh of mass points (nodes) connected by damped linear springs. Some of these nodes are attached to the bottom side of the phalanx. Similarly, we model the soft tissue of the palm by an incompressible damped mass-spring mesh. We explicitly represent the external surface of each mesh not in contact with a bone as a collection of triangles whose vertices are the surface nodes of the mesh.

3.2. Simulation Process

The bone movements are responsible for the motion and deformation of soft tissues. At each step of the hand simulation, we first compute the new configuration of the bone structure (Section 2). Since each mass-spring mesh M is attached to a single phalanx or to the rigid palm, the new positions of the nodes are easily derived from this configuration. But adjacent meshes may have collided. We first detect collisions and “resolve” each of them by shifting penetrating nodes backwards. In turn, such shifts produce spring forces inside meshes and we compute the resulting deformation of these meshes. Overall, the simulation the soft tissue consists of (1) computing the new position/orientation of each mesh (from the current configuration of the bone structure), (2) detecting and resolving collisions, and (3) computing the deformation of the colliding meshes. In (1) the shape of each mesh is the one computed at the previous step of the simulation process.

3.3. Collision Handling

To detect collisions between two meshes, we consider two layers of nodes for each mesh (Fig.3): one layer is simply the mesh surface, while the other layer is obtained by translating each node of the first layer inwards by some small distance L along the surface normal. L is selected so that all nodes move by no more than L during a single simulation step (we assume that L is small enough for the second layer to be homeomorphic to the first). Each pair of corresponding triangles from the two layers defines a prism. For any two adjacent meshes that may have collided, we compute all sets of intersecting prisms, and we determine all the nodes of one mesh that may have penetrated the other one. The collision is then “resolved” by projecting these points onto a separation plane computed as the plane passing through the barycenter of the penetrating nodes and perpendicular to the average of the surface normals at these points. The contact between the two colliding meshes is flattened along the separating plane during this last step. This process is illustrated (in two dimensions) in Fig.3. To speed-up collision detection, we pre-compute a hierarchical bounding representation of the prisms, using Axis-Aligned Bounding Boxes (AABB) as described in [3]. Because objects deform, the AABB hierarchies are recomputed at each simulation step. 
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Figure 3. Collision treatment. 

3.4. Soft-Tissue Deformation

In a colliding mesh, the relative positions of the penetrating nodes have changed relative to the other nodes. Internal spring forces are induced by these changes, leading the mesh to undergo some global deformation. Various techniques exist to compute the deformation of a mass-spring mesh. Here, we use a predictor-corrector method, in which spring forces in a mesh are predicted and node positions are corrected accordingly. More specifically, all spring forces Ft in a mesh are computed at time t according to the current lengths of the springs and a predicted set of new node positions Št+dt is derived using explicit Euler integration. From Št+dt we compute the corresponding set of predicted spring forces. A second Euler step, using these predicted forces applied to the current positions St leads to the corrected node positions St+dt.

We also take soft-tissue incompressibility into account. Each pair of original and displaced triangles defines a prism. The sum of the signed volumes of all such prisms is an approximation δV of the volumetric variation of the mesh during the deformation steps. To neutralize this variation, we translate every surface node that is not involved in a collision by the same amount in the direction of the surface normal computed by averaging the normals to the triangles adjacent to this node.
4. Implementation
Our software is written in C++, uses the SGI's OpenInventor library, and runs on a Linux PC with two 1-GHz processors and 1GB of memory. The overall geometric model of the bone structure contains approximately 6000 triangles. For each phalanx, the pulp space is modeled with a mesh of 40 mass points connected by 80 springs. In total, the soft-tissue model of the whole hand (including the palm) contains 700 mass point and 1400 springs.

In addition, our current software creates a “skin surface” wrapped around the bone structure and the soft tissue. This surface is created by extruding vertices of the bone and soft tissue structures by a small amount. Our skin model consists of 2000 triangles. 

The time step of the simulation needed to perform all simulation operations – update of bone structure, collision resolution, soft-tissue deformation, adjustment of the skin – is approximately 10 milliseconds. Fig.4 shows two computed configurations of the hand.
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Figure 4. Left: Initial configuration of the hand. Right: Flexion of three fingers.

Our future research will aim at incorporating a better model of the skin, modeling additional degrees of freedom, simulating grasping operations of rigid and flexible objects, taking into account reaction torques exerted by soft tissue on the joints of the bone structure, and generating patient-specific hand models.
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