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MOTOR EQUIVALENCE

MOTOR EQUIVALENCE

Primary Disciplinary Field(s): Motor Control, Cognitive Psychology, Neurobiology

1. Core Definition

Motor equivalence represents a fundamental capacity of the human motor system, defined as the
ability to achieve a specific behavioral goal or outcome using a variety of different, non-identical
movement patterns, muscle groups, or effector systems. This concept highlights the distinction
between the abstract representation of a motor goal and the multitude of physical pathways
available to execute that goal. For instance, the simple act of writing a signature remains visually
recognizable whether executed by the dominant hand, the non-dominant hand, the foot, the mouth,
or even through extreme changes in environmental conditions, such as writing while experiencing
physical fatigue or intense cold. The essence of motor equivalence lies in the invariance of the
outcome despite the variance in the means of execution.

This phenomenon is critical because it demonstrates that the central nervous system (CNS) does
not command muscles directly in a rigid, one-to-one fashion for every task. Instead, it seems to
organize movements at a higher, more abstract level, focusing on kinematic or dynamic goals
rather than specific muscle activation sequences. The successful demonstration of motor
equivalence suggests that motor commands are not rigidly tied to specific peripheral effectors but
are organized according to the functional requirements of the task. This flexibility ensures
robustness and adaptability, allowing individuals to successfully interact with their environment
even when primary effectors are impaired or environmental constraints change.

The core example provided--writing a letter using an arm while warm versus writing the same letter
using the same arm while cold--illustrates equivalence under changing internal and external
constraints. When the hand is cold, muscle viscosity increases, nerve conduction velocity
decreases, and joint stiffness may be altered. To maintain the consistent spatial trajectory and
temporal characteristics of the writing, the CNS must automatically adjust parameters such as
force, timing, and muscle recruitment patterns. These compensatory adjustments, which result in
the equivalent output (the recognizable letter), are the defining feature of this motor phenomenon.

2. Theoretical Origins and Context

The theoretical foundation of motor equivalence is deeply rooted in early 20th-century motor
control research, particularly the work that sought to understand the organizational structure of
voluntary movement. One of the earliest proponents to implicitly address this issue was Karl
Lashley, who, in his seminal 1951 paper, "The problem of serial order in behavior," questioned how
complex sequences of movements are organized without reliance on peripheral feedback loops for
every step. Lashley's observations suggested that motor control must rely on central, abstract

PSYCHOLOGICAL SCALES scales.arabpsychology.com



https://en.wikipedia.org/wiki/Motor_control
https://en.wikipedia.org/wiki/Karl_Lashley
https://en.wikipedia.org/wiki/Karl_Lashley
https://scales.arabpsychology.com/?p=48989
https://scales.arabpsychology.com
https://scales.arabpsychology.com

MOTOR EQUIVALENCE

planning mechanisms capable of generating output across different musculatures.

However, the concept was most rigorously formalized in the context of solving the "Degrees of
Freedom" problem articulated by the Russian physiologist, Nikolai Bernstein. Bernstein recognized

that the human body possesses an overwhelming number of independent kinematic possibilities
(joints, muscles, motor units), making it computationally impossible for the CNS to control each
individual element separately at every moment. Equivalence provides a fundamental solution to
this complexity: instead of controlling the specific physical elements, the CNS controls functional
synergies or collectives of muscles and joints that are geared toward achieving the desired
outcome, effectively constraining the potential degrees of freedom to a manageable set.

The subsequent rise of the Generalized Motor Program (GMP) theory, pioneered by Richard
Schmidt in the 1970s, provided a computational framework for explaining equivalence. The GMP
proposes that a movement class (e.g., throwing, walking, or writing) is stored centrally as an
abstract program, characterized by invariant features such as the relative timing of muscle bursts
and the relative forces used. When a movement is required, the CNS selects the GMP and
specifies variable parameters (e.g., overall force, overall duration, and the specific effectors to be
used). Motor equivalence is therefore understood as the outcome of applying the same invariant
GMP across different parameter specifications or different effector systems.

3. The Degrees of Freedom Problem and Synergies

The Degrees of Freedom problem is inextricably linked to motor equivalence. If a task is
performed, for example, by involving 50 different muscles, and each muscle has several degrees
of freedom in terms of force and timing, the computational space for controlling that movement is
immense. Motor equivalence demonstrates that the CNS manages this redundancy not by
micromanaging every element, but by exploiting it--that is, by allowing multiple combinations of
joint and muscle movements to achieve the same result.

Bernstein suggested that the body simplifies control by grouping effectors into functional units
known as synergies. A synergy is a neural organization that links multiple muscles and joints
together, causing them to act as a single, coordinated unit. When a task requires stability or
robustness, the CNS activates a synergy, and the individual components within that synergy adjust
automatically and compensatorily. For example, if an unexpected perturbation causes one joint in
the writing chain to move slightly off target, the other joints within the synergy immediately adjust
their actions to ensure the pen tip maintains the desired trajectory. This compensatory behavior is
the physical manifestation of motor equivalence in real-time control.

The presence of motor equivalence also highlights the distinction between kinematic variables (the
spatial path of the endpoint, such as the hand) and dynamic variables (the forces and torques
required). When we switch from writing large letters on a blackboard to small letters on paper, the
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underlying spatial pattern (the invariant features of the letter shape) is preserved, even though the
magnitudes of the forces applied and the exact muscle groups recruited are drastically scaled and
adjusted. This ability to decouple the invariant goal from the variant means of execution is central
to the efficiency of the motor system.

4. Characteristics of Motor Equivalence

The observed properties of motor equivalence can be categorized into several key characteristics
that distinguish it from simple behavioral flexibility. These characteristics underscore the
hierarchical organization of the CNS.

Invariance of Outcome: Despite vast differences in movement parameters (e.g., speed, force,
duration, limb used), the fundamental goal of the action--the specific signature, trajectory, or object
manipulation--is maintained. This invariance suggests that the motor command is encoded
abstractly before specific effector selection occurs.

Adaptability to Perturbations: Equivalence is demonstrated not just across different effectors,
but within the same effector system under varying conditions (as in the warm/cold example). This
demonstrates the system's robust capacity for immediate, internal compensation for unpredictable
disturbances or changes in the physical state of the body (e.qg., fatigue or injury) or the environment
(e.g., surface slipperiness).

Hierarchical Control: The system must operate on at least two levels: a higher level that specifies
the abstract goals and constraints (the invariant GMP), and a lower level that maps these abstract
commands onto the specific biomechanical realities of the currently available effectors (the
parameterized variables). This hierarchical structure allows for efficient reuse of motor plans.
Transferability: The ability to perform a skill with a previously unused limb (e.g., learning to juggle
with one hand and immediately showing competency with the other) demonstrates that the learned
motor skill is stored centrally and is readily transferable across the body's various motor
apparatuses, confirming the independence of the motor program from the specific muscles
employed during learning.

5. Neurobiological Mechanisms

The neurobiological underpinnings of motor equivalence involve widespread activity across various
regions of the brain, reflecting the necessity of abstract planning, sensory feedback integration,
and execution mapping. The cortical areas involved suggest a complex interplay between planning
and execution modules.

The Posterior Parietal Cortex (PPC) is implicated in defining the spatial goals of the action,
providing an abstract, effector-independent representation of the desired trajectory or target. From
the PPC, information flows to the Premotor Cortex (PMC) and the Supplementary Motor Area
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(SMA), which are crucial for high-level motor planning and selecting the appropriate motor program
(the GMP). Evidence suggests that these areas hold the invariant representation of the movement.

The Primary Motor Cortex (M1) then acts as the final output layer, translating the abstract plan
into specific muscle activation patterns. This translation is modulated by feedback loops involving
the Cerebellum, which ensures coordination and error correction, and the Basal Ganglia, which is
involved in movement initiation and scaling. When an equivalent movement is performed by a
different limb, the higher-level planning areas (PPC, PMC, SMA) remain relatively consistent in
their activity patterns, while the M1 activity shifts dramatically to recruit the appropriate new muscle
groups (e.g., switching from hand-specific motor neurons to foot-specific motor neurons).

6. Practical Applications and Examples

Motor equivalence is not merely a theoretical construct but a demonstrable feature with profound
implications for skill acquisition, rehabilitation, and technology design.

In Rehabilitation, understanding equivalence is crucial. When a stroke or injury impairs the use of
a dominant limb, the goal of therapy is often to help the patient establish motor equivalence using
the non-dominant limb or alternative strategies. Because the underlying motor program (the
abstract skill) is typically preserved, rehabilitation focuses on retraining the CNS to successfully
map that program onto the new, available effectors, thereby facilitating functional recovery.

In the context of Skill Acquisition, a master craftsman or athlete achieves equivalence through
extensive practice. A skilled golfer, for example, can adjust their swing slightly (variant means) to
account for wind speed, uneven terrain, or a different club, yet still achieve the same accurate
result (invariant outcome). Their motor system has developed sophisticated synergies that
automatically compensate for environmental variability.

For Prosthetics and Robotics, motor equivalence informs the design of intuitive control systems.
A successful prosthetic limb must not require the user to learn entirely new, muscle-specific
commands. Instead, the prosthetic interface aims to tap into the abstract, goal-oriented commands
generated by the CNS, allowing the user to simply "intend" the movement, and letting the robotic
system handle the complex, specific joint and motor adjustments necessary for execution.

7. Debates and Future Directions

While the concept of motor equivalence is widely accepted, debates persist regarding the precise
nature of the invariant unit and the mechanisms by which the CNS selects and refines movement
parameters.

One major debate centers on whether the invariant unit is fundamentally kinematic (related to
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spatial geometry) or dynamic (related to forces and torques). While evidence often points to the
preservation of kinematic features (e.g., the shape of the written letter), critics argue that the
underlying planning must be dynamic because muscles operate based on force, and the system
must account for the inertial properties of different limbs. Current research tends to favor a hybrid
model where both kinematic goals and dynamic constraints are integrated during motor planning.

Another area of ongoing research involves computational models. Establishing a truly
comprehensive computational model that can accurately predict how the CNS resolves the
massive degrees of freedom problem while achieving equivalence remains a significant challenge.
Future directions in motor control research are increasingly focusing on how predictive coding and
reinforcement learning within the basal ganglia and cerebellum contribute to the selection of
optimal synergies that satisfy the requirement of motor equivalence with minimal energy
expenditure.

Further Reading

Nikolai Bernstein and the Degrees of Freedom Problem

Foundations of Motor Control Theory
Generalized Motor Program (GMP) Theory
Motor Skill Acquisition and Transferability
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